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The Transcendental Model 1-G, the world’s first successful tiltrotor, made its initial
untethered hovering flight on July 6, 1954.

The first step towards the Model 1-G was taken when Mario A. Guerrieri and Robert L.
Lichten left the Kellett Autogyro Company and started up the Transcendental Aircraft Corporation in
October 1946. The company had its office in Glen Riddle, Pennsylvania. After completing preliminary
design in early 1948, Lichten left to join Bell Aircraft Corporation. Guerrieri continued (nearly alone)
with development of the Model 1, which was completed in September 1950. However, the Model 1
was destroyed by ground resonance in November 1950. On January 1, 1951, William E. Cobey joined
the organization as Chief Engineer. Together, Guerrieri and Cobey carried on with development of the
Model 1, renamed the Model 1-G. In September of 1952, Guerrieri sold his share of Transcendental to
Cobey and left to take a position at Hiller Helicopters. Cobey, as president of Transcendental,
continued development of the Model 1-G. Then, on July 20, 1955, while in high-speed forward flight
with conversion virtually completed, the friction lock on the collective pitch stick slipped, causing the
aircraft to enter a steep dive very abruptly. Although the pilot was able to initiate recovery, insufficient
altitude was available for complete recovery, and the landing gear struck the Delaware River, flipping
the aircraft onto its back. At the time of this accident, during which the aircraft suffered major damage,
it had accumulated 23 airborne hours in over 100 individual flights.
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PREFACE

This last volume could easily be subtitled, Having Our Cake and Eating It Too. 1 write
this because ever since the convincing demonstrations of the autogyro, the helicopter, and the
airplane,” the aviation industry has continually focused on two fundamental objectives. These
two objectives have been to:

1. Offer fixed-wing machines that carry more, go faster, fly higher, and yet still take
off and land within rationally sized airports. This aviation branch has pursued
its objective with metal monoplanes, retractable landing gears, variable-pitch
propellers, swept wings, gas turbine engines, and of course, high-wing-lift devices
such as the Fowler flap.

2. Offer rotary wing machines that carry more, go faster, fly higher, and yet still take
off and land vertically (VTOL). This side of the aviation industry has pursued its
objective with successive improvements to the helicopter (including the use of gas
turbine engines) and with a decades-long search for airplane-like speeds. Today,
the tiltrotor configuration has emerged as the first positive rotorcraft step toward a
VTOL machine having a significantly higher operational speed increment than the
helicopter.

It is with these two fundamental objectives in mind that I thought you would like to know a
little about rotary wing performance at high speed and fixed-wing performance at low speed.
Thus, Chapters 2 and 3 provide at least an introduction to these subjects, and they constitute
the bulk of this volume.

In Chapter 2 you will read about how the rotorcraft industry has dealt with rotor
behavior at high advance ratios. These advocates view advance ratios typical of today’s
helicopters as the lower bound of “high.” On the upper end, they have restricted their thinking
to advance ratios less than 1.0. My view is that high advance ratio extends up to forward
speeds divided by tip speeds more like 2.0, and I have provided rotor performance test data
showing that rotor-alone lift-to-drag ratios above 10 can be achieved. Of course, the tiltrotor
type of rotorcraft—specifically the U.S. Marine Corps/Bell Boeing V-22 now in service—has
established one way of having our cake and eating too. Therefore, you may reasonably ask if
the edgewise flying rotor, with the limitations I have suggested, is worth pursuing. I have no
answer to that question.

In Chapter 3 you will see that STOL performance at low speed was thoroughly
studied, both with propeller-driven aircraft and then with turbojet-engine-driven aircraft. The
fixed-wing advocates of STOL got a big boost when the turboshaft engine was coupled to a
ducted fan (they call this power plant a bypass engine). Using relatively lower temperature,

* I suggest that Wilber and Orville Wright accomplished this in 1908. After rather secretive development from
1903 to 1907, Wilber gave widely attended demonstrations in Europe, and Orville fulfilled the brothers’ U.S.
Army contract at Ft. Myer, Virginia. In 1925, Juan de la Cierva demonstrated his C-4 Autogyro to the Royal
Aeronautical Society in England, and then Henrich Focke’s helicopter was flown before thousands inside the
Deutschland Halle sports stadium in Berlin in 1936.
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high-volume airstreams from the ducted fan to blow over deflected flaps, they jumped
maximum lift coefficients from 3 up to 6, 7, and even 8. This led STOL advocates to develop
what they called “powered lift.” By the early 1970s, powered lift STOL technology was so
well developed that the U.S. Air Force created a competition for an Advanced Medium STOL
Transport (AMST). The Air Force ultimately chose Boeing to build a YC-15 and McDonnell
Douglas to build a YC-14. The competition was fierce right up to the end when the Air Force
changed their mind. They decided that a tactical machine was not what they wanted; they
wanted a strategic aircraft instead, and this led to the McDonnell Douglas C-17, which is now
in service. And so a STOL aircraft comparable to the U.S. Marines/Bell Boeing V-22 has yet
to be seen in either military or commercial service.

Chapter 4 summarizes my examination of 100 V/STOL aircraft split nearly equally
between rotorcraft types that can hover and go fast, and fixed-wing types that can go fast and
land slow. My selection is hardly complete, but I have gathered enough data about each
aircraft to convey the progress made by the aviation industry since the 1920s. This data may
be of use in the future. From this data, I selected 16 concrete examples of V/STOL aircraft
that are representative of what has been accomplished over nine decades.

Let me add that what interested me most in my literature search and compiling of this
volume was the continual rejection of V/STOL by the commercial side of the business. This
rejection by airlines and government regulatory bodies—despite aircraft having demonstrated
quite adequate technology—appears to be simply because a pressing need has yet to come
upon us. In short, I found no clamoring by the traveling public for short-haul service. The
traveling public appear satisfied with their cars, some buses, and a few trains. Over the
decades, rotorcraft and fixed-wing STOL advocates alike have offered any number of
solutions to congestion and no one has taken them up on them—regardless of the cost of a
ticket. I imagine this situation will change sometime in the future, in which case this
concluding volume may be of some use.

In closing, Winston Churchill famously said:

“Writing a book is an adventure. To begin with it is a toy and an
amusement. Then it becomes a mistress, then it becomes a master, then it
becomes a tyrant. The last phase is that just as you are about to be reconciled to

your servitude, you kill the monster and fling him to the public.”

He’s right about servitude. So I particularly want to thank my wife, Sue, for putting up with
this three-volume tyrant who has occupied our house and made constant demands.
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1 INTRODUCTION

The period from Cierva’s demonstration of his C.6A Autogiro in Farnborough,
England, in October 1925, up to when Pan American World Airways ushered in jet age
service to Europe with a Boeing 707-120 on October 26, 1958, was one of enormous progress
in the aviation world. This progress was made primarily in the fixed-wing world as references
[1-3] clearly relate. This 33-year period saw the conventional takeoff and landing (CTOL)
machine achieve increases in cruise speed, range, cruise altitude, and number of passengers
carried. These improvements were not, however, accompanied by reductions in takeoff and
landing space required. In fact, just the opposite occurred. And with the arrival of the
autogyro, and then the helicopter, fixed-wing advocates were presented with a clear challenge
to fix the airplane’s major shortcomings—stalling and loss of control at low speed.

I do not think airplane advocates felt particularly threatened by autogyros in the late
1920s because it quickly became apparent that the cruise performance of these short takeoff
and landing (STOL) aircraft would never become competitive. Even the vertical takeoff and
landing (VTOL) capability offered by the helicopter was relegated to a niche market. Fixed-
wing advocates felt (and still feel, in my opinion) that helicopters would never take much of
the traveling public’s business away from their major civil airlines—or trains, buses, cars, or
ships for that matter.

Understanding the fundamental performance problem of the CTOL is a prerequisite to
learning about VTOLs and STOLs. Therefore, let me use this introduction to set the stage for
an in-depth discussion of vertical and short takeoff and landing (V/STOL) aircraft.



1. INTRODUCTION

1.1 THE AIRPLANE

The issues of airplane stability, control, and performance at low speed have been
serious ones for fixed-wing advocates. The public’s perception of airplane safety was quite
unsatisfactory until the late 1940s. You read about this safety situation, and the attack on the
growing number of fixed-wing-aircraft accidents, in Volume II, Chapter 2.10. What you may
not know is that a safe aircraft competition was held in the late 1920s. This competition was
sponsored by Daniel Guggenheim and his son Harry (an aviator), major figures who promoted
aeronautics in the United States through the Daniel Guggenheim Fund.! As the final report [5]
about the competition relates, they announced on April 20, 1927:

“A Safe Aircraft Competition. The object of this competition was to achieve a real
advance in the safety of flying through improvement in the aerodynamic characteristics of
heavier-than-air [machines], without sacrificing the good, practical qualities of the present day
aircraft.

As an incentive to the development and construction of an aircraft having
characteristics which would fulfill the conditions laid down by the Rules for the Daniel
Guggenheim Safe Aircraft Competition, the Fund offered a First Prize of $100,000 and five
‘Safety Prizes’ of $10,000 each.

Applications for entry in the Competition were invited on and after September 1,
1927, up to October 31, 1929, as a final date.”

To just qualify for the competition, any aircraft entered had to meet minimum rules, which,
with respect to general performance, were stated as:

“3. Performance
When carrying full load the aircraft shall satisfy the following minimum
requirements in regard to performance:
Maximum Speed (corrected to standard air at sea level)}—110 m.p.h.
Rate of Climb (at 1000 ft.)—400 ft. per min.

4. Useful Load
The aircraft shall carry 5 1bs. of useful load per h.p. ‘Useful load’ shall include the
following items:
Pilot
Observer
Fuel
Oil
Any special instruments or equipment fitted by the Fund for the purpose of the
Competition.

' A portion of Daniel Guggenheim’s fortune was used to create the School of Aeronautics (a part of the College
of Engineering) at New York University in 1926. Daniel’s son Harry championed the creation. This was the first
university aeronautical program in the United States. The professor was Alexander Klemin, who we honor in the
American Helicopter Society with an annual award to a very deserving individual. The school’s 30th anniversary
was celebrated in 1956 with a small, beautiful pamphlet [4] that recounts the school’s history and honors Klemin
for his enormous effort in making the school so successful. Many of our rotary wing pioneers graduated from the
School of Aeronautics and were taught by Klemin (May 15, 1888—March 13, 1950). Wayne Wiesner, a graduate
of the school, gave me his copy of the pamphlet shortly before he died.
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5. Fuel and Oil
The aircraft shall provide tank capacity for fuel and oil for 3 hours at full throttle at
the normal r.p.m.

6. Instruments
The aircraft shall be provided with all necessary power plant instruments required by
the engine installation, and the following flying instruments:
Altimeter
Air Speed Indicator

7. Accommodations

Adequate accommodations and dual control for pilot and observer. For every 10 Ibs.
of useful load carried in addition to the items specified under (4) above, there shall be at least
one cubic foot of cabin or cargo space.”

Any aircraft that satisfied the qualification requirements was then permitted to do “Safety
Tests and Demonstrations.” I have include (a) the complete description of the nine
tests/demonstrations, (b) the basis for the award of prizes, and (c) other more general
conditions in Appendix A of this volume. In summary, the nine tests were:

1. Speed Tests—controlled flight at minimum speeds not in excess of 35 mph.

2. Test of Landing Run—power-off landing and come to rest within a distance of
100 feet from touchdown. Safe, controlled braking allowed. No trick flying
allowed.

3. Test of Landing in Confined Space—glide over a 35-foot-high obstruction and,
after touchdown, come to a rest within a distance of 300 feet from the base of the
obstruction.

4. Test of Takeoff—wheels off the ground in less than 300 feet. Clear a 35-foot
obstacle before 500 feet. Trick flying not permitted.

5. Test of Gliding Angle—a power-off “flat glide” angle no greater than 8 degrees. A
“steepest glide,” power off, of at least 16 degrees with airspeed less than 45 mph.

6. Test of Stability in Normal Flight—remain in stable flight for at least 5 minutes
with hands (and feet) off all controls for any airspeed between 45 mph and
100 mph, even in gusty air.

7. Test of Ability to Recover From Abnormal Conditions—benign behavior
following loss of power even in dive at an airspeed up to 120 percent of maximum
level flight speed.

8. Test of Controllability—in both calm and gusty air, demonstrate effectiveness of
each and all controls throughout the flight envelope.

9. Tests of Maneuverability in Restricted Territory and on the Ground—given a 500-
foot-by-500-foot square plot surrounded by an obstruction 25 feet high along its
entire boundary, land and take off.
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There was real interest in this competition as evidenced by the 27 aircraft
manufacturing companies that entered.2 However, as you might expect, only 15 airplanes
(Table 1-1) appeared at Mitchel Field* where the tests were conducted. The tests were finally
completed on January 1, 1930, and the Curtiss Aeroplane and Motor Company collected the
$100,000 first prize with its Curtiss Tanager, shown here in Fig. 1-1. In 2012 dollars,
$100,000 becomes about $1.4 million according to the U.S. Bureau of Labor Statistics.

=== ) _dEL e
Fig. 1-1. The Glenn Curtiss Tanager was the outright winner of the Guggenheim Safe

Aircraft Competition. It featured manually controlled flaps, floating ailerons,
long-stroke rugged landing gear, and independently operated brakes.

2 Both the Cierva Autogiro Company and the Pitcairn-Cierva Autogiro Company of America signed up but, as
Peter Brooks notes on page 91 of his superb book about autogyros [6], “the C.18 machine’s high vibration and
poor performance” caused the Cierva and Pitcairn teams to withdraw.

3 Located on the Hempstead Plains of Long Island, New York.
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Table 1-1. Only the Glenn Curtiss Tanager and the Handley-Page Entries Were
Clearly in the Running Out of 27 Initial Contestants Who Entered and the 15
Who Actually Showed Up
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The reason I have brought this Safe Aircraft Competition to your attention is because
it demonstrated the very practical benefit of flaps (and later, slots and slats) and their ability to
reduce landing speeds to values that pilots could handle given the size of “airports” then in
use. In fact, in early airplane designing during and after World War I, a rather interesting rule
of thumb was often quoted. The rule was that the ratio of maximum speed to minimum speed
was about 3. When landing speeds approached, and then began to exceed, 50 miles per hour,
many pilots were very reticent to fly the new, “hot,” larger machines. Of course, the design
objective was always faster, higher, and farther, which just meant higher landing speeds,
longer runways, and bigger airports. By the early 1930s, speeds were exceeding 200 miles per
hour and, even with flaps, landing speeds were over 60 miles per hour.

An interesting example of the importance and application of flaps and other high-lift
devices to CTOL aircraft is illustrated in Fig. 1-2. Here you see the trend in landing speed
versus maximum speed for about 800 airplanes certificated by the Civil Aeronautics Authority
(CAA) and the Federal Aviation Administration (FAA) from 1926 up to the end of 1946. You
can see that without flaps the landing speed was, in fact, increasing as maximum speed
increased, roughly as Vismng = Vmax/3. Had fixed-wing advocates not accepted the increase in
complexity, weight, and cost associated with high-lift devices, 10,000-foot runways would
probably not be long enough, even today!

The scatter that you see in Fig. 1-2 is due, of course, to variations in aircraft type
(i.e., monoplanes, biplanes, and seaplanes) and basic design parameters (i.e., gross weight,
wing area, wingspan, aircraft drag, installed power, etc.). Still in all, the difference between
CTOL aircraft with and without high-lift devices is quite clear.

160

140

120
Landing
Speed 199
(mph)

Flaps
(& Slats Later)

80

60 3 _..i:_. o ol

40

20 A N v

| | |

| | |

| | |
0 i 1 1 1 i 1 1 1 1 1 i
0 50 100 150 200 250 300 350 400 450 500 550 600
Maximum Speed (mph)

Fig. 1-2. High landing speeds have only been accommodated with 5,000- to
10,000-foot runways.
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The data for Fig. 1-2 came from a very unique source that you should be aware of.
Joseph P. Juptner (Dec. 3, 1913 to Jan. 3, 2000) compiled a 9-volume set of over 800 civil
aviation aircraft [7]. He organized the volumes by CAA Aircraft Type Certificate Number.
Using a lifetime of collected historical data, books, magazines, and photos, he gave us a story
of aviation (in the United States from 1927 to 1957) that is absolutely unmatched. Because the
story of each aircraft is intertwined with the airplane companies that grew—and the many that
failed—I think even the casual reader will find each volume a treasure. To whet your appetite,
I have included the forward of each volume in Appendix B.

The fact that landing speed is related to maximum speed in a linear manner is quite
easy to understand given some simple thinking and the most basic experimental data.
Consider, if you will, the fundamental wing lift coefficient (Cy) defined as

L L
(1'1) CL = = 1 2 >
qsw (A p VFP ) SW

where (L) is wing lift in pounds, (q) is dynamic pressure in pounds per square foot, (p) is the
density of air being 0.002378 slugs per cubic foot at sea level on a standard day, and (Vep) is
the aircraft’s speed along the flightpath in feet per second. A constant (L/Sw) for a given
airplane flying at a given gross weight (W) and having a given wing area (Sw) means that
CL q = L/Sw and, therefore, it follows that at all airspeeds and altitudes (i.e., densities) you
have the following relationship

L
(1 2) (CLq)landing == (CLQ)max s
speed S

W speed

which, with a little algebra, becomes
1/2 1/2
( 1 3) \flanding — patmax speed CLatmax speed
Vmax pat landing CL at landing

Broadly speaking, airplanes have a maximum lift coefficient that is associated with
stalling of the wing. This coefficient is frequently written as Cpyax Or sometimes as Cpgay.
When a pilot forces his airplane to fly at slower and slower speeds, wing stalling will occur at
some speed denoted here as Vi, and the pilot must be ready for his airplane’s nose to drop
toward a dive, followed by the beginnings of a spin. The general advice to pilots is to
approach landing at a speed no slower than 1.25 to 1.3 times V.. As the airplane gets very
close to the runway surface, the pilot can reduce speed below the approach speed, fly just
above the ground while slowing down and, with practice, lightly touch down just before
stalling occurs. At the other extreme, airplanes are designed for high-speed cruising flight at
the lift coefficient where the best lift-to-drag ratio occurs. This lift coefficient for (L/D)max 18
considerably lower than the lift coefficient for landing. Furthermore, the lift coefficient for
maximum speed is again lower than the lift coefficient at which maximum L/D is obtained. In
short, the ratio of Cp at max speed t0 CL at landing @s used in Eq. (1.3) is considerably less than 1.0.
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The square root of the ratio of densities is 0.9282 at 5,000 feet on a standard day and
decreases to 0.5565 at 35,000 feet. Juptner was only able to quote altitude at which maximum
speed was obtained for a few points shown on Fig. 1-2. However, judging from the maximum
altitude most of the early aircraft were capable of, I would say a square root of 0.93 is
reasonable. Of course, the two Boeing aircraft are associated with 35,000 feet.

There are literally thousands of reports offering experimental data on the aerodynamic
behavior of lifting wings and providing values of lift coefficients suitable to Eq. (1.3), but let
me suggest starting with Ludwig Prandtl’s fundamentals from the mid-1910s, which were
reported in NACA Report No. 116 [8]. Prandtl discovered the now classical relationship
between wing lift and drag, which we write in modern notation as

2
(1.4 C, =1=CDO + G :
qSy TAR

Here Prandtl used (Cp,) as the profile drag coefficient, aspect ratio (AR) as wingspan (b)
divided by wing chord (c) for the rectangular wing, and defined wing lift coefficient (Cy) in
accordance with Eq. (1.1).

Prandtl supported his theoretical work with experimental lift-drag polars for
rectangular wings having aspect ratios from 7 down to 1, which is a square wing. His results
are reproduced here (to the best of my ability) as Fig. 1-3. To give more weight to the validity
of Prandtl’s theory, I have replotted his experimental results in Fig. 1-4.
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Fig. 1-3. Prandtl’s experimental data for rectangular wing lift and drag [8].
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T
|
0 AR=7 :
= AR=6 i
A AR=5 :
02 F--0AR=4 ~—————-— !
x AR=3
o AR=2

A AR=1

0.1 0.15 0.2 0.25
Ideal Induced Drag Coefficient (Cf /1: AR)

Fig. 1-4. Prandtl’s theory is clearly supported by experimental data as you see here.
Prandtl defined the ideal-induced-drag coefficient as

D, C:
(15) CD. — induced — L ]
ideal qSW TCAR

It is rather natural to plot experimental wing drag versus Prandtl’s ideal induced drag as I
have done in Fig. 1-4. Now you see that Prandtl’s drag measurements—primarily at induced
drag coefficients below 0.05—have collapsed the data at several aspect ratios from Fig. 1-3 to
one line. For Prandtl’s wings (which had a cambered airfoil), a reasonable approximation is
simply
2
(1.6) C, :L:O.OIO6+1.O443 ¢ .
qSy TAR

One thing that has always fascinated me is to see experimental data for low-aspect-
ratio wings give the appearance of being immune to stalling when the results are presented in
the format of Fig. 1-4. Of course, as Fig. 1-3 shows, low-aspect-ratio wings actually have very
high drag when compared to high-aspect-ratio wings at the same lift coefficient.

It might surprise you to know that wing aspect ratio is not a major parameter in actual
pounds of drag. Aspect ratio only appears in the coefficient form of drag versus lift. You see
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this immediately by dimensionalizing Eq. (1.4). That is, if you multiply Eq. (1.4) through by
gdSw, and remember that AR equals b/c for a rectangular wing, you arrive at

2
(1.7) D=qSWCDO+L(£j ,
nq\ b

and this result shows that induced drag in pounds is a function of what we call span loading
(i.e., L/b). Many aerodynamicists, myself included, prefer to work in terms of drag divided by
dynamic pressure (D/q) in square feet, where you have

2
(1.8) B:SWCDO+1(LJ.
q n\ gb

Another fundamental that Prandtl gave us with Eq. (1.4) is the fact that every practical
wing has a maximum lift-to-drag ratio (L/D), Fig. 1-5, or C/Cp if you prefer. Simple calculus
shows you that a wing achieves a maximum L/D when the lift coefficient is

(1.9) C, for maximum L/D = /nC, AR

and, therefore, the maximum lift-to-drag ratio is calculated as
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Fig. 1-5. Maximum L/D occurs at lift coefficients well before stall (i.e., Cr max)-
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This discussion giving you some background about conventional takeoff and landing
(CTOL) airplanes would be incomplete without extending Prandtl’s wing theory contribution
to a complete airplane. The example I have selected comes from the National Advisory
Committee for Aeronautics (N.A.C.A.), specifically from the Langley Memorial Aeronautical
Laboratory located near Newport News, Virginia. In 1936, researchers tested a Fairchild
Model 22 C7A, powered by a 95-horsepower engine with a modified wing, in the Langley
30- by 60-foot full-scale wind tunnel and in flight. They were investigating the change in
performance and handling qualities that came with a Fowler flap.4 Their Langley report came
out in August of 1936 [9]. The commercial Fairchild 22 C7, Fig. 1-6, was not sold with flaps.
The Langley engineers built a test wing that had the Fowler flap system, which is shown in
cross section in Fig. 1-7. The flap span was 22 feet, and it had a chord of 1.29 feet. The
wingspan was 31 feet—a reduction from the commercial model-—and the wing area, with
flaps not deployed, was 132 square feet.

Fig. 1-6. The Fairchild 22 C7 had a 75-hp engine. The wingspan was 32.83 feet with a
66-inch chord and an area of 170 square feet. The weight empty was 870 pounds,
and the gross weight was 1,400 pounds. It sold for $2,675 at the factory [10].
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Mgore 2. <Hsctionel view of Foeler wing abowing erxtress posliioma of flap.
Fig. 1-7. N.A.C.A. Fowler flap configuration used in Langley testing [9].

4 Harlan D. Fowler (June 18, 1895—April 27, 1982). His papers can be found in the Special Collections and
Archives at San Jose State University in File Identification MSS-1995-04.
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The Langley engineers showed just how practical their experiments could be by
selecting the Fairchild 22 as the test aircraft. When you look at this “parasol” monoplane, you
can see that changing to any kind of wing was extremely easy from a structural point of view.
After all, the wing was attached by a simple arrangement of struts. The aircraft became
nothing more than a flying wind tunnel to study wings. This is very clever thinking in my
mind. The Langley Fairchild 22 with the Fowler flap test wing is shown in Fig. 1-8. Because
of reflected sunlight, the wing appears tapered. It was, in fact, rectangular.

The summary to the test report [9] is quite interesting. The authors, Dearborn and
Soulé, stated:

“Full-scale wind-tunnel and flight tests were made of a Fairchild 22 airplane
equipped with a Fowler flap to determine the effect of the flap on the performance and control
characteristics of the airplane. In the wind-tunnel tests of the airplane with the horizontal tail
surfaces removed, the flap was found to increase the maximum lift coefficient from 1.27 to
2.41. In the flight tests, the flap was found to decrease the minimum speed from 58.8 to
44 .4 miles per hour. The required take-off run to attain an altitude of 50 feet was reduced
from 935 feet to 700 feet by the use of the flap, the minimum distance being obtained with
five-sixths full deflection. The landing run from a height of 50 feet was reduced one-third.
The longitudinal and directional control was adversely affected by the flap, indicating that the
design of the tail surfaces is more critical with a flapped than a plain wing.”

The classical aerodynamic characteristics of the Langley Fairchild 22 with flap
retracted and at flap angles of 7.0, 18.0, 24.5, and fully extended and fully deflected to
32.2 degrees, is shown in the following figures. The coefficients are based on a wing area of
132 square feet even though the flap increases the actual area as it deflects as Fig. 1-7 shows.
The progression is that the “chord” grows as follows: 0 deg (co =4 ft 4 in.), 7 deg (¢ = 1.1
Co), 18 deg (¢ =1.19 cp), 24.5 deg (c = 1.226 ¢y), and 32.2 deg (c = 1.26 cy).

" TRV

: g S A Ll PRI TS

Fig. 1-8. The Langley modified Fairchild 22 had a 95-hp engine at 2,100 rpm. The

wingspan was 31 feet with a chord of 4 feet 4 inches and an area of 132 square

feet. The aspect ratio was 7.27, and the airfoil was a NACA 2415. The testing was

conducted at a weight of 1,574 to 1,600 pounds (photo courtesy of Langley
Memorial Aeronautical Laboratory).
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The wind-tunnel-measured drag polar (i.e., Cp versus Cp) for the Langley Fairchild 22
is summarized in Fig. 1-9 and enlarged in Fig. 1-10, but with a reversal of axes (i.e., Cp
versus Cr). A number of important facts can be obtained from these two graphs. First, from
Fig. 1-9, progressively deflecting and extending the flap does raise the maximum lift
coefficient. It also raises the aircraft drag, which can be very helpful in the approach to
landing and to the final flare and touchdown. Second, the aircraft, like most airplanes, has a
drag polar that is not symmetrical around C;, = 0. This is a measure of the overall aircraft
camber. Because of this cambered aircraft geometry and the resultant airflow, the drag polar
is not as simple as Prandtl’s data for a cambered wing showed. You see this fact in Fig. 1-10.
To quantify this point, I have curve fit> the five polars in the region below stall with a second-
order polynomial as

(1.11) C,=C,,+8,C, +kC?

and included the constants (Cp,, 81, and k) for each flap deflection where test data was
obtained.

It is worth noting that the lift coefficient for maximum L/D and the actual maximum
L/D now become

C L 1
— Do —
(112) CLformax LD — T and B = —8 .
max 2/ KCp, 9,
2.4
2.1
Lift 1.8
Coefficient
Coys
1.2
0 9 . / 'f/ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0.6 —8— Flap 7 deg
—4— Flap 18 deg
03 | —o— Flap 24.5 deg _
—%— Flap 32.2 deg
l
0 4
0.45 0.5
|
|
-0.3

Fig. 1-9. Drag polars for the Langley Fairchild 22 [9].

51 used the Microsoft” Excele trendline tool assuming a polynomial.
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Keep in mind that the constant (k) in Eq. (1.11) includes Prandtl’s 1/mAR that
accounts for ideal induced drag. Thus, for the wing with the flap fully retracted (i.e., a plain
wing of aspect ratio 7.27), the Langley Fairchild 22 had a drag polar described by

(1.13) ¢, =0.05808-0.04479C, +0.08836C;}

and k = 0.08836. Now, 1/tAR = 0.04378, and if you say that k = 5, + 1/TAR, it follows that &,
equals 0.04458. Therefore an aircraft’s drag polar can be approximated as

(1.14) C,=C,, +6,C, +3,C; + C =Cpoei +C—i
0 TCAR paraSIe TEAR

where the parasite drag is defined as C ... =C,, +6,C, +3,C .

The major point of this opening discussion of CTOL aircraft and the importance of
Eq. (1.3), repeated here for convenience,

172 1/2
\flanding _ pat max speed CL at max speed
3 5 = C ;
max pat landing L at landing
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Fig. 1-10. Below stall, a drag polar can be approximated with a second-order
polynomial [9].
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is that flaps reduce the ratio of Cp 4 max. speed t0 CL at landing- YOU see this for the Langley
Fairchild 22 in Fig. 1-11. I have set the CL 4t max. speed at 0.9 based on Fig. 1-9. The Cy 4 tanding
can be taken as Cp max, Which increases with Fowler flap deflection. If you now say that
landing occurs at sea level, then p g landing 15 0.002378 slugs per cubic foot. The only other
variable 1S P ¢ max. speed> and this says obtain maximum speed at as high an altitude as practical
because density goes down with altitude.

There is an important additional message here. Advocates of CTOL aircraft learned
that their aircraft—designed first for maximum speed at high altitude—could have its landing
speed further reduced by increasing the wing area (Sw) for landing. I have not included that
variable in the preceding discussion, but many flap and slot/slat high-lift systems do just that.
This fact leads you to the subject of short takeoff and landing (STOL) aircraft, which I will
discuss later in this volume.

0.90

0.85

0.80

1/2
CL at max.speed
CL at landing
" \\

0.70 \\
0.65 \\
o)

0.60

\\O

0 5 10 15 20 25 30 35
Flap Deflection (deg)

Fig. 1-11. Flaps, slats, and slots allow a wing to have two configurations—one
configuration optimized for efficient cruise and the other for slow-speed landing.
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1.2  GROWTH OF CTOLS, HELICOPTERS, AND OTHER V/STOL AIRCRAFT

There are three concluding points to this introduction that I want you to appreciate.
The first point has to do with how slowly the helicopter (VTOL) side of the aviation industry
developed in comparison to the progress made with CTOL aircraft. To make this point, [ have
used the growing number of Aircraft Type Certificates issued by the CAA and the FAA since
1926.6 For the 800 CTOL aircraft, I have used data from Juptner’s 9 books [7]. For the
helicopter count, I have gone to the FAA website and downloaded every Helicopter Type
Certificate Data Sheet I could find (there may be more). You see the comparison in Fig. 1-12.
To make the comparison crystal clear, I have indexed the date as years after the first Type
Certificate was issued.
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yp I I I I I I
Certificates Depression ; ; ; ot ! . ;
I I I | otorcra |
Issued 400 F- -4 - - _ e P mmmmm o e T mmmmm =
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Fig. 1-12. Compared to CTOL aircraft, helicopters have been very slow taking their
place in the civil aviation world.

6 The Air Commerce Act of 1926 created the father of aviation regulation, the Civil Aeronautics Authority
(CAA). Legislation gave the CAA power to regulate airline fares, approve routes, and oversee safety. The safety
arm of the CAA, the Civil Aeronautics Board (CAB), was established in 1940; the CAA issued pilot and aircraft
certifications and handled safety enforcement, and the CAB became responsible for safety regulations and
accident investigations. The Federal Aviation Act of 1958 recombined the CAA and CAB into the Federal
Aviation Administration (its name was formalized in 1967), which became a part of the newly created U.S.
Department of Transportation. The National Transportation Safety Board (NTSB) was made independent of the
FAA in 1967.
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It is very interesting to me to see just what impact the economic crash of October 1929
(i.e., the Great Depression) had on the aviation world as viewed in Fig. 1-12. Juptner devotes
the forewords of several volumes (see Appendix B) to how the fixed-wing manufacturers
dealt with the economic circumstances. Furthermore, when World War II loomed on the
horizon, manufacturers seemed to have rushed certification of many new models. Then when
the industry buildup for WWII really began, all attention was devoted to converting civil
aircraft to military use, and the development of fighters and bombers. With the end of WWII,
industry turned back to commercial aviation, and then, as you know, jet engines and swept
wings arrived.

What is so painfully obvious about Fig. 1-12 is that there is not one V/STOL—other
than helicopters—that appears on the FAA list of certificated rotorcraft. Well, that is not quite
right. There are a few autogyros (STOLs in my mind) and a few other fixed-wing STOLSs to
be considered, but too few to single out at this point in this volume. That is not to say that
both fixed-wing and rotary wing sides of the aircraft industry were not doing V/STOL
in-house homework. There were literally hundreds, if not thousands, of paper studies.
However, and even more importantly, all three military branches in several countries began to
take a very serious look at V/STOLs—so serious, in fact, that many experimental and
development programs were funded.

My second point helps you appreciate the search for a useful V/STOL aircraft just by
counting the sheer number of configurations that reached some level of flight status. By my
count shown in Fig. 1-13, all the paper studies led to 100 V/STOL aircraft that have become

110

100 Total - -
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1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Date of First Hint at Flight

Fig. 1-13. The number of V/STOL aircraft that have demonstrated at least a hint of
flight worthiness. The real weeding-out process took less than 25 years.
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1. INTRODUCTION

technologically and historically significant. Of these 100, only 64 are VTOL machines, and
out of the 64, only 2 have gone into production. Of the 36 STOLs, only a very few reached
production status and, as I have said, only a few STOLs have obtained an FAA Type
Certificate. 4s of December 2015, no VTOL has received an FAA Type Certificate

This raises my last point, which is how I have kept track of VTOLs, STOLs, and
CTOLs in this volume. The way I think about the three classifications (Fig. 1-14) is this:

1. A VTOL aircraft can take off and land vertically at a quite respectable operational
weight, which includes operationally useful payload and fuel. At an overload
weight, it can also take off and land over a 50-foot obstacle in 1,000 feet or less,
which is the demarcation used by the U.S. Air Force for a short takeoff and
landing aircraft [11] (i.e., a STOL7 aircraft). Furthermore, most VTOL aircraft can
operate as CTOL machines.

2. A STOL aircraft cannot take off and land vertically, but it meets the U.S. Air
Force 1,000-foot criteria. While a STOL aircraft may have the power to perform as
a VTOL, it does not have an adequate flight control system for flight at zero, or
even very low, speeds.

3. A CTOL aircraft cannot take off and land vertically and, because of an inadequate
flight control system, has only a bare minimum of STOL capability and no VTOL
capability.

You might note that by applying the U.S. Air Force criteria for STOL, I have immediately
included virtually every light airplane and glider ever made, whether it had flaps and other
high-lift devices or not. This is not my intent at all for the purposes of this V/STOL volume as
you will see from the examples of STOL aircraft I have selected. At the other extreme are
airplanes that operate off of a Navy carrier deck. I suppose these are the ultimate STOLs. But
my emphasis in this Volume III is on aircraft suited to civil aviation and particularly
passenger- carrying V/STOL aircraft, which I think of as transports. For the 10- to 120-
passenger V/STOL machine that will become FAA certificated, it is hard for me to accept
STOL landing or takeoff accelerations greater than 0.2 times 1 unit of gravity (g = 32.17-feet-
per-second squared), which means about 6-feet-per-second squared. With this criteria, you
can imagine a STOL landing over a 50-foot obstacle with a deceleration of 6-feet-per-second
squared. Basic F = ma physics says that

(115) \/landing = “2 S’

where deceleration (a) equals 6 ft/sec® in my view and, say, landing distance from the obstacle
(S) equals 1,000 feet. Then the landing speed at the obstacle can be no greater than 110 feet
per second, which is 75 miles per hour or, if you prefer, 65 knots. If you extend the runway
length to 2,000 feet, the landing speed at the obstacle becomes 105 miles per hour or 92 knots.
At 5,000 feet, you compute 167 miles per hour or 145 knots, and in the extreme of a 10,000-
foot runway, you get 236 miles per hour or 205 knots.

7 The U.S. Air Force later amended its position by extending the distance to 1,500 feet [12].
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Fig. 1-14. Most VTOLSs can improve their takeoff and landing performance as STOLs
and even as CTOLs [13].

In late September of 1969, George Schairer, Vice President of Research and
Development for the Boeing Company, provided a more practical view® of landing distance as
related to approach speed than what Eq. (1.15) offers [14]. Mr. Schairer noted, with my
additions in brackets, “I can assure you that I started my career designing helicopters 35 years
ago and have had many years of experience with propellers [B-17, B-29], jets [B-47,
B-52, Dash 80, 707, etc.], and fans. I will try to be impartial.” Based on his decades of
experience, he offered the statement that

(1.16) S=600+0.255V2,

where the all-weather, safe landing field length (S) in feet was for sea level on a standard day,
and the approach speed (V) was in knots. He included several very important comments about
operational considerations that 35 years of experience had taught him. He wrote:

“TAKEOFF AND LANDING DISTANCE

Takeoff and landing performance as presented in V/STOL literature has been
computed to widely different standards and direct comparisons are seldom possible. In this

8 This view was presented in his speech given at the U.S. Air Force—sponsored V/STOL Technology and
Planning Conference held in Las Vegas, Nevada—then the V/STOL technology capital of the world!
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paper I will attempt to make comparisons using field size and the ability to hover as primary
definitions. Takeoff field length means to me the size field from which an aircraft can take off
under all weather conditions at the stated temperature and altitude. This field length permits
aborting the takeoff, following an engine failure, to land back into the same takeoff field, or
alternatively, the aircraft must be able to complete the takeoff without aborting. The field size
definition is the size field which an operator would find acceptable for day-in and day-out
continued operation at the stated altitude and temperature. Similarly, my definition of landing
field length is the size field into which, for the stated altitude and temperature, and under
instrument weather conditions, landing operations can be safely completed and with engine
failures anticipated at any time during the landing operation. Thus, field length represents the
size field into and from which the aircraft can be routinely operated and not the performance
which can be demonstrated under flight test and stunt operations.

In addition to the field length and engine-out definitions given above, I define VTOL
aircraft as those aircraft which are able to hover in and out of ground effect at takeoff gross
weight with all engines operating. I define STOL aircraft as those aircraft which operate into
and out of small fields but which are unable to hover in or out of ground effect.

LANDING FIELD LENGTH

Although there are many factors affecting the choice of a safe landing field length,
experience has shown that approach speed dominates any comparison. Figure 1 [see Fig. 1-15]
is a plot of landing field length versus approach speed. The data at higher approach speeds are
taken directly from aircraft which are approved under civil air regulations to operate in these
length fields. They permit wet weather landings under instrument conditions of aircraft
equipped with good brakes and aerodynamic braking devices such as reverse thrust, but
operating into slippery landing fields. These aircraft have provisions, through redundancy, for a
degree of failure of the braking devices. The approach speed is one which can be used under
most circumstances of gusts and winds and provides for adequate margin from stall. There have
been very few commercial landing accidents due to lack of adequate field length, but most
commercial operations are conducted from landing fields substantially longer than that which is
permitted, as shown on figure 1.

Aircraft with hovering capability can complete their approaches and slow to a hover
before landing. They require a cleared area for a safe landing but only a pad for touchdown.
Slow flying aircraft will need both clearance during approach and a reasonable length of
runway.

Quite arbitrarily I have chosen 600 feet as the minimum length of field into which most
operators would care to conduct day-in and day-out all weather VTOL landing operations. The
landing field sizes shown provide for being in error by a reasonable amount when flying down a
landing approach aid and for reasonable alertness in the application of deceleration devices
following landing. Developments are possible which will permit bettering this relationship
shown in Figure 1, but I doubt that they will come soon, and suggest that the required landing
field size for safe operation of V/STOL aircraft is well represented by Figure 1. If operations
are desired into small fields, low approach speeds are absolutely necessary. I do not believe that
safe operations, all weather or otherwise, can be conducted by approaching at 100 knots and
using 1 G deceleration devices to permit operation into fields like 1500 feet long.”

You might note in passing that the Super Sonic Transport (SST), the Concorde, had a
maximum speed of 1,350 knots and was certificated to a minimum control speed—during
approach to landing, with the critical engine inoperative—of 150 knots [15], which is 172.5
miles per hour. It was said that the Concord could land anywhere a Boeing 747 could land.
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Fig. 1-15. Boeing’s Vice President of R&D, George Schairer, presented this view on

aircraft landing field lengths in September 1969 [14].

From Mr. Schairer’s experience, the safe landing field length for the Concorde would
be no less than 6,400 feet.

It is fascinating to me to reread Mr. Schairer’s views [16] from 1961.° This vintage 50-
page paper includes 5 pages of references that he used to examine data for a number of
configurations in the most fundamental aerodynamic way I am aware of. It includes no direct
discussion of the tiltrotor. I believe he felt that the tiltwing was the more promising VTOL
configuration. His final summary is quite brief—all he said was:

“In final summary, the author finds that the technology of vertical lift aircraft is
reasonably well developed in the case of the helicopter but hardly explored for other
arrangements. Much progress is possible in the helicopter and very great improvements can
be expected in other vertical take-off schemes. The application of the design methods used for
large fixed-wing aircraft is likely to result in a marked rate of improvement in V/STOL
aircraft.”

To refer to V/STOL aircraft as “vertical take-off schemes” seems, to me, an indication
of just how unsatisfied with industry progress Mr. Schairer and many, many other V/STOL
advocates were in 1961.

9 1 applied to Piasecki Helicopter Corp. for a job in late 1955. But in March of 1955, Frank Piasecki was forced
out by Laurence Rockefeller and Felix DuPont, and my job offer came from the Vertol Aircraft Corp. I went to
work at Vertol in June of 1956. On March 31, 1960, we became the Vertol Division of the Boeing Company.
The Boeing guys came in to manage us. The first thing they did—that affected me—was to take the coffee
machines out. Later we became the Boeing Vertol Company, and we moved from Morton, Pennsylvania, to
brand new offices in Ridley Park, Pennsylvania. The name was changed to the Boeing Helicopter Division in
1987, but I had moved to Bell Helicopter Textron in July of 1977. As a part of my apprenticeship, it was my
privilege to discuss, and rarely debate, many helicopter and V/STOL thoughts with Mr. Schairer. In truth, I was
in awe of Mr. Schairer, who had (I felt then and still feel) more in-depth knowledge of ALL aviation
fundamentals then any leader I have encountered in my career. I contributed in a minor way, along with several
others, to three papers [14, 16, 17] that Mr. Schairer wrote, and he signed copies of the papers, which I cherish.
In 1991, Mr. Schairer wrote me a letter in which he said, “Take a good look at tiltwings with rotors instead of
propellers. They may be much simpler.” He retired from Boeing in 1978 and died in late October 2004.
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1.3 CATEGORIZING V/STOLS

The successful application of gas turbine engine technology shortly after World War II
let the decades-long imagination of V/STOL advocates soar. You get a sense of this pent-up
imagination by reading volume 13 of Gene Liberatore’s Rotary Wing Aircraft Handbooks and
History [18]. He prepared this 18-volume series for the U.S. Air Force Wright Air
Development Center, located on the Wright-Patterson Air Force Base in Ohio. At that time
(1954), VTOL aircraft were quite frequently referred to as convertiplanes. Volume 13 opens
with an organization table showing what could be done with rotary wing aircraft. I have
included his table here as Fig. 1-16, and the sketches he drew are in Appendix C. When you
look at Gene’s sketches in Appendix C, I think you will conclude that he emphasized what we
have categorized today as compound helicopters. Note that he shows most concepts first in a
vertical takeoff configuration and secondly in the forward-flight configuration.

The rest of Liberatore’s volume 13 is devoted to some 70 different “convertiplanes”
and includes historical summaries with some technical data. He reaches back to 1904 and
concludes in the 1940s. If your criteria were more generous than just some hint of flying—
which was the basis of Fig. 1-13—then you could probably add 100 to 150 more “V/STOLs”
to the list. For one example, Mr. Luther C. Crowell of West Dennis, Massachusetts, got a
patent [19] on June 3, 1862, for a configuration that could be flight adjusted to be a
compound, an airplane, a tiltrotor, or many combinations thereof. The patent allowed for
folding wings (to avoid download in hover), and the wings could tilt independent of the
tiltable rotors! As a second example, Liberatore might have included the famous Danish
aviation engineer Jacob Ellehammer’s coaxial fan-in-wing model from the 1930s [20], which
you see here as Fig. 1-17.

When military interest became serious, there was real money infused into the search
for both tactical and logistic aircraft (i.e., fighters and transports). V/STOL advocates at the
McDonnell Aircraft Corporation composed what was called a wheel so their aviation industry
activity could be summarized at a glance. I believe the first version came out in 1963. This
first version accounted for 76 aircraft in various stages of thinking or doing. By 1967
the V/STOL waterfront was becoming clearer, and the first McDonnell V/STOL wheel was
cleaned up with a revision published in September of that year and shown here in Fig. 1-18.
You read this wheel from the innermost ring outward. Thus, the top level of categorization
consists of just five approaches to V/STOL:

Same propulsion system for hover and forward flight.
Augmented power plant for hover.
Combined power plant for hover.

Separate power plant for hover.

A

And, of course, the proverbial catchall for some fixed-wing advocates, special
types and helicopters.
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1. INTRODUCTION

Fig. 1-17. Jacob Ellehammer believed that “an aircraft should have the maximum
cruising speed and require a minimum of runway.” A venetian blind was to
unroll over the fans (top and bottom) in forward flight [20].

In 1988 Bernard (Bernie) Lindenbaum, with the benefit of several decades of
hindsight, constructed a different V/STOL categorizing chart. Bernie wrote an extremely
valuable report [22] for the U.S. Air Force Flight Dynamics Laboratory. You can see from
Fig. 1-19 and Fig. 1-20 that Bernie used disc loading (the ratio of weight to disc area) as the
primary sorting parameter, and worked his way from rockets and turbojets/turbofans
(Fig. 1-19) down to propellers and finally rotors (Fig. 1-20). In his foreword to the first
volume, he wrote:

“To date only the first volume has been completed and published. It contains, in

addition to the Introduction and Background section, sections covering: Rocket Based

Vehicles, Turbojet/Turbofan-Powered Vehicles of the wingless type, and Turbojet/Turbofan-

Powered Aircraft of the Vertical Attitude Take Off and Landing type. Other volumes, yet to

be written, are intended to cover all of the other forms of turbojet/turbofan V/STOL aircraft,
aircraft which use propellers, and those which use helicopter type rotors.”

There were to be five volumes in toto, but I do not think he was able to finish them before he
died in late September of 2002. The depth of detail Bernie was able to go into from his
massive collection is just mind-boggling. Today, thanks to his son Stephen, Bernie’s papers
are in the library at Wright State University in Dayton, Ohio. (This collection is a gold mine
that I hope will be tackled and published for all to read.)

The V/STOL wheel that we know today (Fig. 1-21) began with Harold (Hal) Andrews’
efforts in the mid-1990s. At that time the U.S. Air Force, Navy, and Marines began a very
serious effort to develop a fighter that could at least supplement, if not replace, the Harrier. It
is now called the Joint Strike Fighter (JSF) program. Hal went to work to update the V/STOL
wheel [23]. He limited the aircraft to be included to “only those VSTOLSs that had reached the
stage of getting off the ground.” We owe a great deal of thanks to Mike Hirschberg for the
beautiful artwork that first appeared in the March/April 1997 issue of Vertiflite [23], the
American Helicopter Society’s (AHS’s) quarterly magazine. Mike was an engineer at the
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ANSER Corporation at that time. Later, Mike changed hats and became Director of the AHS
when Rhett Flater retired. Mike has not, however, lost his interest in V/STOL history, which
we can also appreciate.

|| moowe prororer
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Fig. 1-18. By 1967 the aviation industry had a much clearer view of potentially
worthwhile V/STOL configurations.
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(part 1) [22].
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updated the McDonnell wheel to help the Joint Strike Fighter

(JSF) program survey the state of the art for V/STOLs. Mike Hirschberg, then at

ANSER Corporation, turned Hal’s careful selection into an absolute work of art

Fig. 1-21. Hal Andrews
in 1997 [23].
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The one thing that stands out above all else in the categorizing of V/STOL aircraft that
you have just read is this: The engines (power plants, if you prefer) are all important to
V/STOL. Because of this indisputable fact, I group V/STOLs by engine type (and there are
really only two available types): (1) piston engines and (2) gas turbine engines. It is true, of
course, that subsets of the two engine types are available. For instance, a piston engine can be
turbocharged or not. The gas turbine has three popular subsets: (1) turboshaft (which includes
turboprop in my mind), (2) turbojet, and (3) turbofan.!® To me, that is it—at least in this year
of 2014. All the aircraft that have come and gone fall into piston or gas turbine boxes, but
several gas-turbine-powered V/STOL aircraft use a combination of turboshaft (or turboprop)
and turbojet (or turbofan) engines. Because there are several helicopter rotors that are rotor-
blade tip driven rather than shaft driven, you can have a category of tip driven for hover and
piston or gas turbine for forward flight. You can see right away how difficult it can be to
categorize V/STOL aircraft on a wheel or in an organization chart format.

After putting a configuration into the piston or gas turbine column in my mind, the
most logical subsets appear (in hindsight) to be transports (commercial and military) and
fighters (just military); then below that you have VTOL and STOL. In Fig. 1-22 you see 100
aircraft that [ have selected for further study in this volume.

It is now November of 2014 and, from the efforts of so many over 75 years, the
V/STOLSs that are currently in production number just three by my count. They are:

1. The Bell/Boeing V-22 (Fig. 1-23), a VTOL transport powered with gas turbines.
2 The Boeing C-17A (Fig. 1-24), a STOL transport powered with gas turbines.

3. The McDonnell/British Aerospace Harrier (Fig. 1-25), a VTOL fighter powered
with a gas turbine.

Now stop for a moment and take a close look at each of these aircraft. Imagine a
commercial airliner derivative carrying ticket-paying passengers rather than transporting
military troops or cargo. When I look, I do not see a sleek fuselage like, oh say, a Boeing 737
that Southwest operates. Furthermore, I cannot imagine approaching a Southwest executive
with some warmed-over artist’s rendition of any one of these aircraft in airliner colors. I
suppose you could take the Harrier and convert it to a corporate jet capable of carrying 3 or
maybe 4 passengers in rather cramped quarters. You might even add some windows. The
C-17A’s fuselage probably could be converted to an upper- and lower-deck seating
arrangement since its basic fuselage is a tube, 15 feet in diameter and 70 feet long. The V-22’s
fuselage looks to be one-third rear ramp, and it only seats 24 troops. In short, modern day
fuselages for the military just never appear adaptable to commercial airliners. This is a direct
contrast to the situation just prior to WWII when Douglas and Lockheed airliners were
pressed into quite satisfactory service for the military, who could then concentrate on
designing and building just bombers and fighters.

10 T really think a turbofan engine is just a turboshaft engine driving a ducted fan, and a turboprop engine is
really a turboshaft engine with a gearbox to reduce RPM down to what propellers need.

29



1. INTRODUCTION

IVI-JIVA A9JA0Y X

SE-MVA AdJA0Y X

9E€-MVA AJA0Y X

€H 19 0A-MAA
133dod[0) 0S¥D VINDANS
L9-S KSI0YIS

1-JS 3oys

€I-X uely

q161 VA MIA 340y (109
VII-AAX [PMYI0Y

DT0T LA YA T PIWYISIISSITAI
JPLUIBH HVE/VAIN

dy-AX P9y d07]

V-AX P9y 0]

T-AAX PI9y}a0]

SE€-X UILIBIA] PI9aYYI07]

091-D Iesued],

uBAAYS s3I0y

[-Sd MBI UuIys

VIS0 suwog VSVN
VAMYV 3urpog VSVN
ST-DA [PRUUOQIA

VLI-D Se[sno( [[PUUOdIA
[LT-D BIUS[Y/PIdYYI07]
HOET-D PI9dYI07]
DTH0ET-D PIdYI0]
4LLH 0€1-D P9dY0]
VISV TVN 2souedep
TI-11 urysn&yy

9Z1'H Sunpuny

L-DHJ PUe[[IAEH dp
9-DHAJ PUE[[IALH dp
(8-D) S-DHA PueE[[IARH P
1$6 19n32ag

yI-DX Surog

9L-A 10} DA
suejdiuw () paenSuep
AT9-S AysaoxI§
€ZA T6 uely

I-H91 PPadserd
PPpED 005 PION
MOOH 9-1IAl ITIN
CI-ATIN TN

HOH S01 "od ddIN
WWI-DX ALT
VIS-HX PdYI0]
-8y Aowey|

7-HN uswed]

SI-X WIIH

869 UBWIWINID)
Jukpojoy Aadareq
S7ZA vTT PIIyda1e
1€ o Jd1wIo(q

PZA 91 eoq

61-X WSLIA\-SSIND)
001-X JYSLIA -sspIn)
+8-"1D Idiepeue))

JIPUBSATT PUBPISIAL
VyEI-DA Mdnong
1€ "d’H stoqnQ-piny

7 -\ [B)UdPUIISUBL],
DT -IA [BIUIPUIISURBL],
TO.LA U0s12qoy
I-AX [RUUO@IA

S8 1A PuUNA

VIS-HYV P323y}207] Suimidr doyreg-ieg SI-AX P9 9G] 1] IS QUAPOIAD) J3r Adare]
P18 LTI d 1MeH 7L-UY Aouojuy VX P9 MEZI-D PIIYdare QUAPO.IAD) Adare
VS-AX Uey-a40 0L-UV Aouojuy PI-X IPd €-0d se[snoq PA THE UM Joulqoq
A-TI1 98RAIN Nnesseq 7€-uy Aouojuy I-HN 1Pd #-DHJ Pue[[IAEH dp (papelq €) €-AX 1P
A dezied jnesseq {1-uy Aouojuy ALY S9 PPOIN IPH €-DHA PUE[IIACH P (PopEIq 7) €-AX IPY
0304 [-AAX JleAU0) NO0FV snqary TT-A Sunog [RY T-OHA Pue[[IAeH 3p Surq SuIp\ PPOIA 11PY
X Bupog T EENY 609 PUEDSIA EISNBY | | VT-Nd UBULION-UIILIG IM0dS XNOIS LOT [1PF

TOLA £€7 TOLS 92 TOLA 67 TOLS 01 TOLA TI

12)y31q yodsuea], yiodsuea ],
saulqIny, sen (= STTOLS/A uo)sig

Fig. 1-22. Harris’ categorizing of V/STOL:s.
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o o

Fig. 1-23. The Bell/Boeing V-22, a VTOL transport powered with gas turbines. A collage
showing the aircraft in hover, in transition with the rotors partially tilted, and in
cruise flight.

Fig. 1-24. The Boeing C-17A, a STOL transport powered with gas turbines. Jet engine
exhaust increases lift from the flaps.
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Fig. 1-25. The McDonnell/British Aerospace Harrier, a VTOL fighter powered with a gas
turbine. To hover, the single engine directs all of its jet thrust downward.

The three V/STOLs that emerged from the 75-year weeding-out process have four
things in common. First, they all use a wing for forward flight. Second, they all use gas
turbines. Third, the same power plant system is used for takeoff and landing, and for forward
flight. Configurations that succeeded experimentally with multiple engines—one set for hover
and another for forward flight—proved unacceptable. Spin-offs of helicopter rotors using tip
drive (rather than shaft drive) plus another power plant for forward flight were equally
unacceptable. Fourth, the 75 years of research and experimentation established that V/STOLs
having two separate lifting surfaces (such as a rotor for hovering, and a wing and propeller for
forward flight) have also just not been in the cards.

One thing you should keep in mind is that the three V/STOLs that reached production
achieved this milestone because the need (military or civil) coincided with available, low-risk
technology, and both coincided with development money—and then production money—
being available. But most important, in my mind, is that each of the three V/STOLs had
champions who stayed the course.

Should you find yourself exploring the pros and cons of V/STOLs other than the ones
I have listed in Fig. 1-22, let me suggest a path that I have found quite helpful. I find it rather
easy to sort out the configurations themselves based solely on the fundamental force equations
that follow from F = ma. That is, the sum of vertical forces in the lift (L) direction (Z), and the
sum of the propulsive forces (PF) in the horizontal direction (X), must always equal mass
times acceleration in that direction. This must be true whether the aircraft is in hover or
forward flight or anywhere in between. Following this logic, I suggest that
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( 1 17) ZFZ = 1Tla‘Z = LWings + LRotors + LProps + LDucted Fans + LPistons
+LTurboshaﬁs + LTurbojets + LTurbofans +ete.— WAircraﬁ

and

( 1 1 8) ZFX = 1’na'X = PFWings + PFRotors + PFProps + P]‘:Ducted Fans + PFPistons
+PFTurboshafts + PFTurbojets + PFTurbofans +ete.— DAircraft

From these two equations you can imagine all of the V/STOLs I have listed in Fig. 1-22.
Frankly, if you think about it, there is the possibility that an 8-by-8 matrix can exist from
Egs. (1.17) and (1.18). Thus, one very complicated V/STOL configuration could have 64
components in some unbelievable combination. More rationally, for example, a tiltrotor
(Fig. 1-23) uses the same thrusting unit for lift in hover and propulsion in forward flight, and
uses a wing for lift in forward flight.

A bird is the most fundamental “V/STOL aircraft” you might consider. A bird uses
just one “device,” a wing, to both lift and propel itself. A helicopter is close to a bird because
its rotary wings both lift and propel. Experiments have been conducted where a wing has been
added to a helicopter to augment rotor lift. Other experimental helicopter configurations have
been tested where an additional propulsive force device has been added to obtain high speed.
In my opinion, a compound helicopter is nothing more than a CTOL with the addition of a
rotor. A CTOL fixed-wing aircraft uses a wing plus a propeller (or rotor, or ducted fan) driven
by a piston or turboshaft engine. Alternately, you could have a CTOL with a wing plus a
turbojet or turbofan. It is just a matter of carefully booking the aircraft’s components. It seems
to me that there really is very little need to create a name for each configuration that can be
constructed from Eqgs. (1.17) and (1.18), although we do have a tendency to do just that.

1.4 POPULAR REFERENCES

In contrast to popular books about airplanes and helicopters, which are quite
numerous, authoritative books about V/STOLs are few and far between. However, in
conjunction with this volume, I think you will find the following books and documents of
considerable value:

1. Vertical Takeoff & Landing Aircraft by John P. Campbell [24] (1962). John and
many other key researchers at NASA Langley completed research on virtually
every aerodynamic aspect of most configurations engineers were proposing. The
sketches of VTOL configurations (Fig. 1-26) John included on the book’s flyleaf
are particularly clear. The key problems of many machines, and solutions that
were found, are covered in simple language and without introducing a raft of
equations.

2. VTOL Military Research Aircraft by Mike Rogers [25] (1989). You are updated to
1989 with this compilation of program aspects and operational facts in the most
comprehensive study of virtually every VTOL (and a few STOLs) you can name
(Fig. 1-27). Rogers pays particular attention to flight control systems and handling
qualities.
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Fig. 1-26. Campbell’s categorization of VTOLs in 1962 [24].
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Fig. 1-27. Rogers’ categorization of VTOLs and STOL:s in 1989 [25].
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36

You will quickly see that each machine was initially very deficient in flying
qualities—in fact, dangerously so in several cases. The photos and numerical data
Rogers includes are as comprehensive as any you will find in just one book.

. STOL Progenitors: The Technology Path to a Large STOL Aircraft and the C-174

by Bill Norton [26] (2002). Published by the AIAA as one of its case studies, this
book acquaints you with real STOL aircraft and shows you how the U.S. Air
Force and the fixed-wing side of the house slowly and surely evolved CTOL
aircraft into STOLs without giving up an arm and a leg on cruise speed. In short, it
is a story of how to have your cake and eat it too. The comparison of takeoff and
landing distances for 25 aircraft (Fig. 1-28) cannot be found anywhere else. Bill
Norton got an aeronautical degree from Cal Poly, San Luis Obispo, California, and
the Air Force Institute of Technology in Dayton, Ohio. He was able to draw on his
20 years as an Air Force officer with considerable flight test engineering

experience, which makes his book all the more valuable.

Typecal Typecal
fakeofl tanding
Adrcraf GTOW, |h distance, it distance, [t Comments
C-17A 585,000 30060 IO 160,000-1h payload
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AN (256,51} (4731} { 131ES) projected, over -0
obstacle
YC-14 225,000 1470 § SO0 semiprepared feld
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C-130H | 75,0000 5160 2400 over S0-fi obstacle
An-12 [ 34 480 2300 {2
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AT’ I 15000 QN M max rmam weighl Jown

Fig. 1-28. Norton’s summary comparison of demonstrated takeoff and landing
performance of several real STOLs [26].
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4. Aerodynamics of V/STOL Flight by Barnes McCormick [27] (1967). This is the
only book I know of that provides a comprehensive education in V/STOL
aerodynamics at the textbook level, and we are lucky to have it. Barney’s textbook
includes both theoretical and applied aerodynamics, and gives you an
understanding of the basic physics that control V/STOL configuration possibilities.
His discussion of how flaps (Fig. 1-29) improve wing maximum lift, and how that
lift can be raised even higher with propeller slipstream or jet engine exhaust, is
particularly helpful in calculating STOL performance.

5. Experimental V/STOL Aircraft Lessons Learned by the Dayton Chapter of the
American Helicopter Society [28] (1990). Just the table of contents of this group
of papers should bring you to attention. In mid-September of 1990, an Aircraft
Design, Systems, and Operations Conference was held in Dayton, Ohio. The AHS
Dayton Chapter contributed the Lessons Learned session. The foreword to the
collection of 12 papers states:

“The papers were selected to provide a good representation of projects
which were successful (XV-3 & XV-15, XC-142, CL-84, X-22, X-13, P.1127, and
XV-5A), and unsuccessful (X-18, X-19, X-wing, Avrocar, XFV-12A). Insofar as
possible, individuals who were directly involved in these projects authored and
presented the papers. Consequently, this compilation of lessons learned may never
again be duplicated and is, therefore, historically significant.”
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Fig. 1-29. McCormick’s collection of flap sketches includes blown and jet types that

many group in a class called powered lift [27].

L

37



1. INTRODUCTION

A panel discussion followed the presentation of the 12 papers, and reference [28] includes a
summary of the panel’s views, which I have included here:

“Summary of Panel Discussion

A panel discussion followed the twelve presentations on specific V/STOL aircraft
development projects. The purpose of the panel discussion was to contrast and compare the
lessons learned from the specific development projects and to provide guidance for future
V/STOL development projects. The format included time for each panelist to make an
opening statement followed by questions submitted from the audience. The panel was
moderated by Dr. David Quam of Aerial Mobility, Inc., and the panelists were Harold
Andrews, U.S. Navy, Leo Celniker, Lockheed (retired), Charles Crawford, Georgia Tech
Research Institute, William Lamar, U.S. Air Force (retired), and William Thurman, Boeing
Helicopters. Seven major points were brought out in this discussion. Most of these points
were mentioned by several panelists, and were often amplified by other panelists and
speakers. These seven major points are:

1. Historically, an extraordinary persistence has been necessary for operational V/STOL
aircraft to become a reality (the Harrier, and potentially the Osprey).

The more complex the development program the higher the priority it must have to
be successfully completed within the funding limit and time frame of a single government
agency. V/STOL programs have not been accorded that priority. Consequently, in the cases of
the Harrier and the Osprey, the manufacturers had to find additional agencies for monetary
support (sometimes with additional applications) to continue the development process. It
appears such persistence cannot happen within a government agency because of turnovers in
administration and the accompanying loss of ‘corporate memory.” Thus, a potential V/STOL
manufacturer must have an extremely strong commitment to finding ways to continue a
project to completion.

2. It must be emphasized that V/STOL aircraft provide considerably increased capability (and
survivability) for the price.

Decision makers are apparently not convinced of the overall cost effectiveness of
V/STOL aircraft for many missions. The ‘selling’ of V/STOL aircraft must address several
issues. These issues include operational capabilities and restraints, the ground-based
infrastructure required, and the political environment. In the current situation of tighter
defense budgets, less prototyping, and more emphasis on operational capabilities, the ‘people
issues’ must be directly addressed. In order for decision makers to embrace new technology,
the perceived advantages must outweigh both the risks and the background with conventional
aircraft manufacturers. The engineer/developer must work with the decision makers to find
out and allay these fears and threats. This requires diplomacy and persistence, because
people’s fears and misgivings are generally personal and difficult to surface.

On the other hand, the decision maker must make ‘learned decisions,” by weighing
all possibilities early in a program to avoid unnecessary effort and expense. He must trust his
technical experts, to decide if the new technology is feasible, and then develop the support
necessary to see the program to completion.

3. A development program should be technically well-founded. For new technology, whose
behavior is not well-known for the particular application, sufficient research should be
conducted before design layout. The developing organization needs to have the capability to
solve any problems encountered, or have access to such capability. Otherwise the program
will suffer the fate of being perceived as a failure, and the whole V/STOL industry gets a
‘black eye.’
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4. A development program should be ‘lean and mean,’ using only the resources necessary to
accomplish the program. Innovation should be encouraged, rather than constraining the
contractor by over-specifying the requirement. However, sufficient attention should be given
to detail to deal with possible problems. Success is more likely when the contract monitor
works with the manufacturer from the outset as a team member to help solve problems, rather
than as an adversary.

5. Several factors should be considered at the design stage for any V/STOL aircraft. In
addition to the usual factors of weight, thrust, and performance, these factors should be
addressed:

a. STOL performance
b. Re-ingestion
c. Blowing debris
d. Adequate control power (especially in ground effect)
e. Interior and exterior noise (and fatigue)
Solutions for possible problems should be proposed at the design stage to ensure success.

6. Sufficient ground testing should be included in the development program to verify installed
thrust and other appropriate parameters wherever previous data or analysis is insufficient.

7. Several elements of new technology developed for conventional aircraft should result in a
greater improvement for V/STOL aircraft. These elements are:

a. Integrated flight/fire/propulsion controls

b. Failure management in conjunction with redundant systems

¢. The wide use of simulation for cockpit development to reduce pilot workload and also
for training

d. Damage tolerant structures
e. Lightweight, composite structures
f. Computational Fluid Dynamics

g. LO (Low Observables)”

In my experience, the panel’s first point says it all.

There are, of course, many other general references for you to peruse. I would suggest
starting with the American Helicopter Society (www.vstol.org) and devouring everything that
Mike Hirschberg has published. Mike includes marvelous photos with his many papers and
presentations. Then there are several general references from the V/STOL experimental era
that should provide you more in-depth information [29-72].
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1.5 CONCLUDING REMARKS

After 75 years of searching and weeding out, the first round of V/STOL development
is over and immediate military needs have been satisfied. The militaries of several nations
have both the transports and fighters that they say they need. Furthermore, the second
generation of V/STOL development has begun with a fighter to replace the Harrier. This
aircraft is called the Joint Strike Fighter, shown in Fig. 1-30.

The task now is to satisfy the commercial side of the industry. However, this aviation
group has not said that it needs V/STOL nor has it said if it would ever even consider
introducing V/STOL machines into the world’s transportation system.

The following chapters of this volume are aimed at keeping V/STOL history and
technology handy so that future V/STOL advocates will be ready to respond to the civil
aviation world when the need does arise.

Fig. 1-30. The Joint Strike Fighter, the F-35, is a slightly compromised V/STOL called a
STOVL, which stands for Short Takeoff and Vertical Landing. The approach
defines the mission takeoff gross weight based on a STOL takeoff rather than a
vertical takeoff. After fuel is burned off, a vertical landing and takeoff is easily
accomplished.
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2 ROTARY WING PERFORMANCE AT HIGH SPEED

The number of practical limitations to CTOL, STOL, and VTOL aircraft are so
numerous that they are, in my opinion, beyond the scope of this book. You only need to think
about how to get more productivity from a gallon of gas and you have opened Pandora’s box.
The limitations on reducing weight empty are partly due to design ingenuity and partly due to
material properties such as strength-to-weight ratio. Flight envelopes are frequently limited by
aeroelastic instabilities such as flutter and by unsatisfactory flying qualities, and each aircraft
class suffers from an insatiable appetite for more efficient installed power to go faster, reach
higher cruise altitudes, and go farther with greater payload.

But within a very long list of practical issues lie just a few, very fundamental
aerodynamic limitations. You might suggest that airfoil and wing stalling are so fundamental
that they should be on top of any list, but suppose the limitation still existed even if the airfoil
or wing was assumed to never stall. In other words, suppose that the lift and angle-of-attack
equation was Cp = 2ra for all angles of attack between —90 and +90 degrees. Or take another
example—suppose that compressibility did not increase drag. Suppose the Prandtl-Glauert
Mach number correction to incompressible lift-curve slope (i.e., a = 2m), classically written

as a,.. :211:/ \J1-M?  disappeared, and an aerodynamic limitation to wing behavior still

existed. For that matter, suppose that airfoils and wings (both fixed and rotary classes) had
zero skin friction and zero profile drag, and limitations still existed.

That is what [ mean when I say fundamental aerodynamic limitations. Edgewise flying
rotors and fixed wings each have such limitations on their aerodynamic behavior, and the
limitations are there assuming only that Cp = 2no—or more fundamentally, L = pVI. The
purpose of this chapter is to bring your attention to limitations that affect edgewise flying
rotors (e.g., helicopter rotors) at high speed. Chapter 3 deals with limitations that affect wings
at slow speed.

2.1 ROTOR PROPULSIVE FORCE AND LIFT LIMITATIONS AT HIGH SPEED

The conventional helicopter is very unique in that it uses the same device to both lift
and propel. In that regard, it is a direct parallel to a bird. A bird, of course, uses a single
surface, a wing, to both lift and propel. In contrast, an airplane uses a wing to lift and a
propeller or jet engine to propel. Unfortunately, the conventional, nearly edgewise flying rotor
is unable to propel when the operating advance ratio is approximately 1.0. You will remember
from early discussions about autogyros in Volume I that a rotor’s advance ratio is a
nondimensional form of speed. That is, advance ratio (n) is defined as

Vi COSOL,
V,

t

@) Hy,=

When this speed-ratio parameter is 1.0, the conventional helicopter rotor ceases to have any
ability to propel. The rotor can still do quite useful lifting, but forward tilting of the tip path
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plane (ayp) Will produce no propulsive force. The tip path plane, you will recall, is defined

geometrically in Fig. 2-1.

Volume I: Overview and Autogyros gave you basic information about how the tip path
plane is controlled by the pilot. This primary angle (ay,) is determined by the angle of attack
of the shaft (i.e., the aircraft fuselage angle of attack) and the longitudinal flapping (a;s) as
Fig. 2-1 shows. In turn, the longitudinal flapping is controlled with longitudinal cyclic (Bic)
input, which comes from the pilot through the aircraft control system hardware. Thus, control
of the tip path plane controls trim of an autogyro (and a helicopter). You also learned that the
pilot controls the rotor thrust with his collective stick, which provides the same collective
pitch (6p) to all blades. These two ingredients of controlling rotor thrust and feathering in the

tip path plane are, in their simplest form and for advance ratios up to 1.0, written as

2C I 1 1 1 4 1 1 1 1 1
(2.2) - =X‘pp[ +—u2}+90[—+—u2——u3}+9{—+—u2——u4}—(B1C+als){—+—u3

ca 24 32 on 4 4 32 28

and

(23) (B+ag)=

1 3 8 4 4 1 5
2h {u—4u }+390 {wmu }+29t [u+24u } [Formuing }
moment=0

where the collective pitch is denoted as (8y) and longitudinal cyclic is denoted as (Bjc¢). Keep

in mind that the tip-path-plane inflow ratio (Ayyp) is calculated as

_ Vipsino, —v

2.4) M\

tpp vV )

t

Tip Path Plane

+a;s

- Blade at y =0 deg
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~

=~
Hy,

w

VF light Path

Fig. 2-1. The tip-path-plane angle of attack is the sum of the hub-plane angle of attack

and the first harmonic longitudinal flapping, or o,, = o, + a;s.
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and remember that oy, = anp, + ajs. It only takes a little algebra to show that, to a first

approximation, the rotor-thrust coefficient behaves as
C, a d0C,/o d0C,/o

(2.5) ?ng[Tlamp +T,0, | = a(; Oy + ago

tpp

0,,

and the feathering in the tip-path-plane coordinate system is
a(]31C +alS) a(]31C +alS)
— 0, +t———— 0

aa 20,

tpp

(2.6) (BIC +als) =

for the conventional helicopter with an articulated rotor system. Here, the partial derivatives
depend primarily on advance ratio and secondarily on the airfoil lift-curve slope (a).

You can immediately see the propulsive force (X) problem that Eq. (2.5) creates by
approximating the propulsive force coefficient as
C, dC,/o

(2.7) Sl Sy o +8CT/G
: G tpp G tpp aatpp tpp aeo

6, | Assumes airfoil C; =0,

where the propulsive force component of thrust acts like a propeller in overcoming aircraft
drag. Of course, I have made a number of small angle assumptions along the way. But now
suppose that the collective pitch (8y) is zero, and the rotor is flown at a positive tip-path-plane
angle of attack. Then the rotor will act like a wing and have a negative propulsive force
coefficient, which you and I would call drag, and the aircraft (say an autogyro) will need a
propeller to pull the rotary wing along or the aircraft will start to descend.

Now suppose the tip path plane is tilted forward with a negative angle of attack (the
symbol o). The rotor will have a negative lift (because I chose to start the discussion with
0o = 0), and the rotor will have a negative propulsive force. To get positive thrust and,
therefore, a useable propulsive force, the collective pitch must be increased from zero. This
will happen in the helicopter world because the partial derivative of thrust with collective
pitch is quite large and positive at all helicopter advance ratios. But imagine you are designing
a high-speed helicopter having a tip speed of, say, 600 feet per second, and you want to
achieve a maximum speed of 600 feet per second. This is a speed of about 500 knots and
competitive with a swept wing, turbojet- (or turbofan-) powered commercial transport. Yes,
practically, compressibility is a real stumbling block, but remember, I assumed airfoils with
zero friction drag and said that compressibility did not exist. While it is possible to tilt the
rotor tip path plane forward at an advance ratio of 1.0 using longitudinal cyclic (Bic), if thrust
cannot be obtained with collective pitch then we have reached a fundamental roadblock.

In 1987, I offered an explanation to what could be termed a “control reversal” [73].
Using a simple sketch, I wrote:

“The simple physics of how the reverse flow region creates this unique, conventional
rotor-thrust characteristic is quite easy to see. Sketch A below shows the velocity diagrams at
blade azimuths of 0° and 270° for an advance ratio equal to 1.0. Both regions have exactly the
same velocity distributions. Unfortunately, the reverse flow region has the velocity
approaching the trailing edge of the airfoil.
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E=10

R=Y

AT

Blads oot
W=

First, consider the 0° azimuth position and the blade element velocity and angle-of-
attack diagram shown above in Sketch B. The flow approaches the airfoil leading edge. The
blade element is at a positive angle of attack, and an increase in collective pitch increases the
thrust at the 0° azimuth position. Now, consider the root of the blade in the azimuth position
of 270° as shown by Sketch C. A positive increase in collective pitch will provide a thrust
download. At an advance ratio of 1.0, these thrust increments at these two azimuth positions
approximately cancel for a positive increase in collective pitch. For a rotor in both rolling and
pitching equilibrium (such as teetering or flapping or articulated rotor system, or even a
propeller with correct cyclic inputs) the azimuth positions of 90° and 180° have about the
same symmetry. Thus, the net effect of a positive change in collective pitch is no change in
thrust. From this discussion, it is clear that the primary culprit in this unusual conventional
rotor characteristic at advance ratios approaching 1.0 is simply the reverse flow region, the
velocity orientation in this region, and the ability of airfoils to produce lift proportional to
angle of attack in this environment. The accomplice is the statement that the rotor is in at least
roll equilibrium.”

The preceding quote from reference [73] was accompanied by several figures that showed
how the partial derivatives in Egs. (2.5) and (2.6) varied with advance ratio using data from
eight separate experiments. During my association with the Aeromechanics Branch of NASA
and the U.S. Army Aeroflightdynamics Directorate (AFDD), both located at Ames Research
Center, I was fortunate to be able to revisit this fundamental limit in two additional reports
[74, 75]. Now, this volume provides an opportunity to extend the experimental behavior of
rotors to an advance ratio of 2.4, based in part on data from two rotor systems as reported in
references [74-79].
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Now take a look at Fig. 2-2, Fig. 2-3, Fig. 2-4, and Fig. 2-5 on the following pages.
These four figures illustrate the trends of the four partial derivatives with advance ratio that
Egs. (2.5) and (2.6) called to your attention. Unfortunately, the trend of 9 C, /6/9 6, goes to

zero when advance ratio lies in the range of 0.8 to 1.0. That is the end of the conventional
rotor’s ability to propel. Fortunately for the compound helicopter, the conventional articulated
rotor’s ability to lift appears to have no obvious fundamental limitation. You can see this from
Fig. 2-3 where the rotor lift-curve slope, 9 C, /o /0 a,,, , is positive at least up to advance

ratios of about 2.0. Keep in mind, however, that you would now be getting close to potential
instabilities in flapping [76]. Furthermore, in my experience, blade tracking is a common
problem with lifting rotors at high advance ratios because manufactured blades (whether
model or full scale) for a given rotor system are definitely not “identical.”

Table 2-1 will help you identify the rotors included on Fig. 2-2, Fig. 2-3, Fig. 2-4, and
Fig. 2-5.

Table 2-1. Ten Examples of High-Advance-Ratio Experimental Data

Parameter| Units A B C D E F G H | J
Reference 81, [81, 173, 77-
[80] | [80] | 82] [80] 82] [80] [80] [83, 84]| [74, 76] 79]
Hub — Teeter | Teeter | Teeter| Teeter | Teeter |Articulate| Articulate | Teeter |Articulate| Articulate
Blade no. - 2 2 2 2 2 4 4 2 4 4
Diameter ft 48.00 | 48.00 | 44.00 | 34.00 | 34.00 | 56.00 56.00 15.25 2.22 8.06
Chord ft 175 | 1.75 | 1.75 | 1.75 | 1.75 1.337 1.337 1.16 0.167 0.417
Cutout ft 204 | 204 | 2.04 | 2.04 | 2.04 4.48 4.48 1.25 0.165 0.9269
Twist deg -109 | -109 | -18 | -7.7 | -1.4 -8 0 0 0 0
Solidity — 0.046410.0464(0.0506| 0.0656 |0.0656| 0.062 0.062 ]0.09685| 0.165 0.133
Flap hinge ft 0 0 0 0 0 1.0 1.0 0 0.069 0.261
Flap inertial fi-Ib-sec? | 2,458 | 2,289 | 1,995 | 1,584 | 1362 | 1264 | 1264 | - | variable f{)?;%
Delta 3 deg 0 0 0 0 0 0 0 0 0 26.5
Airfoil 0012 | 0012 | 0012 | 0012 | 0012 0012 0012 0012 0012
to .8R [to .8R
Linear |Linear
taper | taper
to to
21006 (21006
attip | at tip
Torsional 2N 72
lock ﬁ 6.05 | 6.66 - 1.01 | 0.46 6.88 1.39 - - -
number (€]
at RPM| rpm 324 324 - 269 182 222 100 - - -
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Fig. 2-5. The change in feathering with tip-path-plane angle of attack.
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2.2 SOME KEY STEPS

To say that Eq. (2.5), in some form, is a rotary wing classic is a real understatement.
However, as memories of autogyro technology faded with the all-out attack on helicopter
development, rotary wing engineers lost track of rotor thrust and flapping behavior at high
advance ratio. After all, all the helicopters we have been developing since 1938 rarely operate
at advance ratios even up to 0.4. It was not until the beginning of the V/STOL era (say 1950)
that questions about rotor operation at high advance ratio (n = 0.5 to 2.5) started being asked.
The questions arose when compound helicopters were being seriously considered as a way to,
perhaps, double the cruise speed of conventional helicopters.

The problem of slowing down rotor tip speed and shifting rotor lift to a wing (plus
shifting rotor propulsive force onto a propeller or some other propulsive device) meant that
maximum advance ratio might be increased well beyond anything that autogyros had been
operating at. And rotorcraft aerodynamicists and dynamists of all ages were completely in the
dark, to put it mildly. At the start of the 1950s, this engineering group was just beginning
to experimentally examine rotors at moderately high advance ratios approaching 1.0 as
associated with the McDonnell XV-1 (Fig. 2-6) and the Fairey Rotodyne (Fig. 2-7). The
problem at that time was rotor-blade flapping stability and the concern that blade flapping
would go unstable at some “high” advance ratio [85, 86]. The conventional rotor system does
have a “critical advance ratio” where blade flapping instability occurs [74]. However, this
advance ratio is in the range of p = 2.0, well beyond the fundamental propulsive force limit
around p = 1.0 that I am discussing. Kurt Hohenemser, then at McDonnell Aircraft in
St. Louis working to develop the XV-1, was, I think, the first to tackle technology for the
unloaded rotor at high advance ratio [87-90]. There are many, many more contributions Kurt
made during his career, which you will find if you do a complete literature search.

It was, in my opinion, aerodynamic engineers at Sikorsky and United Aircraft
Corporation Research Laboratories in Hartford, Connecticut, who did the second exploration
of conventional articulated (including teetering) rotor thrust and flapping behavior up to very
high advance ratios. At the 19th AHS Forum held in May of 1963, Dave Jenny and Peter
Arcidiacono of Sikorsky,!! and Art Smith at United Technology Research Labs presented a
paper [76] discussing about 5 years worth of their theoretical and supporting experimental
[74] work.!2 The experimental work has not been distributed much beyond Sikorsky,!3 which
is, today, a real tragedy because of its groundbreaking results. However, Dave and Pete did
highlight the key points in their published paper. They wrote:

“I1. In the absence of blade stall, the flapping motions at high advance ratios (above 1.0) for

both articulated and teetering rotors having rigid blades can be determined with sufficient
accuracy for preliminary design purposes by the linearized analysis presented herein.

T In every rotorcraft company, there have always been engineers who just stand head and shoulders above the
rest of us. For my money, Kurt, Dave, and Pete easily fall in this group of immensely talented people. Talking
with them at technical meetings was the greatest of pleasures for me and always a terrific learning experience.

12 Boeing Vertol was much more interested in the tiltwing approach (i.e., the Model 76 or VZ-2) at the time, and
Bell Helicopter Textron was developing the tiltrotor (i.e., XV-3).

13 T got a nearly complete copy (printed from microfiche) directly from then Sikorsky President Dean Borgman.
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Fig. 2-6. The XV-1 was designed and tested by Fred Doblhoff and Kurt Hohenemser. It
first lifted off in February 1954, and the “official” first flight was in July of 1954.

AP

Fig. 2-7. The Rotodyne first flew on November 6, 1957. On January 5, 1959, it raised the
world speed record to 167 knots [70].
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2. The flapping motion of both the articulated and teetering rotors becomes increasingly
sensitive to control changes as advance ratio is increased. Introduction of pitch-flap coupling
reduces the flapping sensitivity.

3. Instability of the flapping motion of an articulated rotor having rigid blades and no pitch-
flap coupling is predicted at advance ratios above approximately 1.8 to 2.2 for rotor Lock
numbers of 10 to 5, respectively. A necessary condition for the presence of this instability
appears to be the existence of second harmonic flapping.

4. The sensitivity of rotor thrust to disturbances as predicted by the linear theory is
approximately 25% higher than that measured experimentally or predicted by a more exact
nonlinear analysis, which includes the effects of blade stall and of large inflow angles.

5. The profile drag of a fully unloaded rotor is predicted to be between 10% and 20% of the
total drag of the aircraft depending on the advance ratio at which the rotor is operated and the
overall drag level of the aircraft.”

Dave and Pete’s study illuminated the positive influence of high-inertia blades in
delaying flapping instability and reducing excessive sensitivity to control inputs and gusts.
While that was the basic intent of the experiment, what is significant to my discussion here is
the lift capability of the conventional rotor that was demonstrated in the experiment [74]. This
capability is shown in Fig. 2-8. The blade loading coefficient (i.e., C1/c) was limited more by
blade tracking problems and test stand limitations. The blade loading coefficient versus rotor
angle of attack (at fixed collective pitch) were quite linear at all advance ratios. This suggests
that with some minor test stand modifications, higher Ct/c’s could have been obtained. While
the conventional helicopter rotor might not be able to propel, this early evidence says the rotor

could most assuredly lift at all high advance ratios.

0

Fig. 2-8. A 1959 experiment showed that a conventional, articulated model rotor
appeared to have no limit to lift capability at high advance ratio provided it did
not have to propel [74]. Points shown are where testing was stopped because
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Then Larry Jenkins at NASA Langley!4 completed an eye-opening experiment with a
15-foot, two-bladed teetering rotor tested in the Langley 30- by 60-foot full-scale wind tunnel.
With the publishing of his findings [83] in February of 1965, 1, for one, saw how incomplete
my apprenticeship really was. In his report, Larry stated:

“The experimental data obtained from wind-tunnel tests of a teetering-type rotor
operating at tip-speed ratios from 0.65 to 1.45 are presented in figure 4. These data are presented
for shaft angles of attack of 0.5° and 5.5° with the tip-path plane of the rotor trimmed normal to
the shaft. This presentation highlights a trend in the rotor-thrust variation which is not believed
to have been previously reported; that is, the slope of the variation of rotor thrust with collective
pitch becomes increasingly negative with increasing tip-speed ratio for tip-speed ratios greater
than 1.00. As shown in reference 3, for the same rotor, the variation of thrust with collective
pitch has a positive slope for tip-speed ratios to 0.54 for the tip-path-plane angles from -9.5° to
10.50. This same positive slope is evident in the present test for tip-speed ratios below 0.94.
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Harris Note: Tip path plane constant at 0.5 deg nose up [83].

The trends shown by these results suggest that at a tip-speed ratio of approximately
1.00 the variation of thrust with collective pitch is zero for a constant rotor-disk attitude. In
other words, increasing collective pitch and retrimming the rotor tip-path plane to its original
attitude with cyclic control produces no change in rotor thrust at a tip-speed ratio of 1.00. At
higher tip-speed ratios, this same procedure produces a loss in thrust and is, in effect, a control
reversal in the sense that the combination of collective and cyclic pitch inputs which produces a
positive thrust increment at conventional tip-speed ratios now produces a negative thrust
increment.

This reversal could be quite disconcerting to a pilot of a compound helicopter with
manual control of the rotor because a reduction in collective pitch and longitudinal cyclic
control is required in order to increase rotor thrust and simultaneously to maintain a relatively
constant rotor attitude. Constant rotor attitude is desired at high tip-speed ratios in order to
maintain a safe rotor-fuselage clearance during maneuvers or gusts. If the rotor is controlled
automatically rather than manually, specific consideration of the problem of rotor-thrust reversal
will be required during the design stage to ensure acceptable operation over the entire speed
range.”

Larry Jenkins was the first to clearly identify a control reversal (i.e., 9 C, /6 /9 6, goes
negative in Eq. (2.5)) for conventional rotors operating near an advance ratio of 1.0.

14 Larry worked with George Sweet and others at Langley to gather and report on blade stall [84] and rotor
behavior at low advance ratio [91]. Larry later came to Bell to become Director of Technology. It was my great
pleasure to work with him until I retired in January of 1992.
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2.3 THE SEGMENTED ROTOR

A particularly interesting approach to overcoming the propulsive force degradation of
the conventional rotor due to the extent of the reverse flow region at high advance ratio was
mounted during the V/STOL era. The approach was based on segmenting the rotor blade into
two separately controllable segments. This approach was moderately successful, aecrodynam-
ically speaking, from a theory point of view, but many rotor blade design engineers were, in a
word, appalled. I wonder if fixed-wing designers felt the same way about flaps.

The initial feasibility study of how to add a generalized pitch control (to what was then
the HC-1B, the forerunner of the CH-47 Chinook) was reported by interoffice memo on
December 4, 1962.15 This effort at the Vertol Division of Boeing was conceived by Leo
Kingston and Maurice Young, and the preliminary design work was done by Adrian Kisovec.
The idea was to have the blade segment from the root to the 50-percent radius station be
controlled separately from the outboard portion of the blade. The outboard segment remained
under the helicopter’s conventional swashplate control. The summary report of the initial
preliminary design [92], distributed August 23, 1963, included several photographs of the
twistable segment, one of which is shown here as Fig. 2-9. Two different approaches to
finishing the segment’s airfoil surface were considered as you can see from Fig. 2-10. One
approach was an elastic membrane, the other an elastomeric filling. With that encouragement,
upper management agreed to build and wind tunnel test a model so that some level of
aerodynamic performance assurance—beyond theory—could be established before going
further.

As it turned out, the independently movable inboard segment was non-twisting for the
8-foot-diameter model (Fig. 2-11). This concept-proving model was designed and built by
Mike Drozda'® (chief of models at Vertol for many years) and his small group, and then tested
at the Glenn L. Martin 8- by 10-foot wind tunnel at the University of Maryland. Results were
reported by Harris [93] in April of 1965, and more formally by Don Ekquist [94] in October
1965. The movable segment was controlled by a pitch link driven at its bottom end by a cam.
Two different cam (i.e., feathering) schedules were selected for test, which you see in
Fig. 2-12.

As Don reported [94], all testing was done at a tunnel-speed-to-tip-speed ratio of 0.6
and an advancing tip Mach Number of 0.36. This is approximately a tip speed of 250 feet per
second and a tunnel speed of 150 feet per second. Don noted further that “shaft angle sweeps
were made at constant collective and [constant] cyclic pitch [of the outboard segment], data
being recorded at incremental shaft positions.”

15 JOM 8-7075-2-238. Subject: Feasibility Study of Generalized Pitch Control on HC-1B Helicopter (author’s
library).

16 Mike Drozda taught me all I know about designing and making models. He was my right-hand man for model
design during my tenure as manager of Boeing’s V/STOL wind tunnel, and he was a very good friend.
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Fig. 2-9. The inboard segment of the twistable, segmented rotor concept as visualized
in August of 1963 [92].

Fig. 2-10. Two approaches to completing the airfoil shape of the twistable segment [92].
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Fig. 2-11. The inboard segment of the 8-foot-diameter rotor blade was non-twisting.
The rotor blades were untwisted, and the solidity was 0.119.

w1 -4 d
w - [ el

Fig. 2-12. The inboard segment was tested with two different feathering schedules [94].

The lift-propulsive-force comparison between the conventional and the segmented
rotor configurations is shown in Fig. 2-13. Clearly, segmentation can extend the propulsive-
force-producing capability of “conventional” rotors. However, the complexity was judged as
just too much, and Vertol decided against pursuing the concept. Much later (in 2001) the
benefits of the concept were re-examined in a paper by Tom Zientek [95]. He explored
inboard segment feathering at two- and three-per-revolution and showed “significantly
increased lifting capability of rotors in high-speed edgewise flight.”
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Fig. 2-13. The inboard segment locked to the outboard segment simulated the
conventional rotor (upper figure). The lower figure shows the expanded envelope
using Schedule 3 shown in Fig. 2-12. The ratio of flightpath speed to tip speed
was 0.6 [94].
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2.4 THE REVERSE VELOCITY ROTOR

More experimental data became available in the 1970s when the Fairchild Republic
Company and Boeing Vertol started to investigate a Reverse Velocity Rotor (RVR) [75, 77-
79]. The concept was to add second harmonic feathering to the conventional rotor to increase
lift at advance ratios from about 0.3 on up to somewhat above 2.0. The focus of the model
rotor experiments was on the lifting capability, not on propulsive force capability. The
approach was, in my opinion, rather promising for a compound helicopter because of the
possibility of unloading the propulsive force requirement onto a propeller (or even a ducted
fan, or turbojet, or turbo fan) and not add a wing. On the negative side, control loads were
more than twice those of a conventional rotor. Nobody in a position to be a real champion
came forth, and the concept never made it to flight testing.

The 8-foot, four-bladed RVR was tested in the NASA Ames 12-foot pressure wind
tunnel,!” first as a conventional rotor [75] in June and July of 1972. The two-per-revolution
feathering control system was activated for the second tunnel entry, which extended from late
February to early April of 1974 [77]. This model rotor accumulated data for advance ratios
from 0.3 to 2.46 at tunnel speeds up to 350 knots. The two reports included fabulated data for
rotor forces, moments, flapping, shaft angle of attack, control positions, etc., which saved the
results “forever”! Now that is an example of foresight.

The fact that the RVR data from the 1972 test gave another example of the derivative
dC,/c/d6, going to zero around an advance ratio of 1.0 is, of course, noteworthy. However,

the apparent stall-free lifting capability of the articulated rotor, even with the higher harmonic
feathering turned off, should be of fundamental interest. You see the maximum levels of Cy/c
(i.e., the rotor-system blade loading coefficient) reached as a function of advance ratio in
Fig. 2-14. The Cr/oc for the best ratio of lift (L) to effective drag (Dg) is considerably below
the thrust levels this rotor demonstrated. The effective drag as used in Fig. 2-15 is defined as

(2 8) D — Ptotal _:( VEp — Pinduced +Ppr0ﬁle
: E
FP VFP

and gives a measure of rotary wing performance in terms that most aircraft engineers
immediately understand and appreciate. Because this rotary wing parameter, effective drag, is
frequently misunderstood, I will discussed it in more detail shortly.

The 1972 RVR test also provided some evidence that the rotor-blades-alone
performance was considerably better than what many of us thought possible based on our
helicopter experience. Of course, in 1965 Larry Jenkins had reported [83] blade loading
coefficients well above Cr/c = 0.1 at advance ratios above 1.0. He also obtained maximum

171t is a sad thing to report that the Ames 12-foot pressure wind tunnel is now mothballed for lack of use—or to
save money. There sits the capability to test at altitude and high speed. So much for short-sighted, penny-wise,
pound-foolish bureaucrats and, perhaps, a lack of awareness by the rotorcraft industry.
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Fig. 2-15. As a conventional rotor, the RVR demonstrated a potential for fixed-wing-like

maximum lift-to-drag ratios [75].
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Fig. 2-16. The Fairchild 8-foot-diameter RVR as installed in the NASA Ames 12-foot
pressure wind tunnel [77]. The rotor solidity was 0.1333.
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L/Dg in the range of 9 to 14. Larry’s data are included in Fig. 2-14 and Fig. 2-15 for the sake
of completeness. These data from 1965 certainly added to a renewed interest in compound
helicopters.

It was, however, with the data from the second entry of the RVR (now with higher
harmonic feathering operating) in the NASA Ames 12-foot pressure wind tunnel, Fig. 2-16,
that I, for one, really sat up and took notice. Just one set of results published in Ewans,
McHugh, Seagrist, and Taylor’s report [77] is sufficient for you to appreciate the potential this
lifting rotor technology might have. The drag polar (i.e., lift versus effective drag) data is
shown here in Fig. 2-17. The tunnel airspeed was 515 feet per second (about 300 knots), and
the rotor tip speed was 365 feet per second. This is an advance ratio of 1.4 and an advancing
tip Mach Number (M g0) of just under 0.78. The tunnel air density was reduced to 0.001168
slugs per cubic foot, which corresponds to about 16,900 feet altitude. The wind tunnel air
temperature was 91 °F giving a speed of sound of 1,150 feet per second.

There is a major point in Fig. 2-17 that I hope you will not overlook. The RVR
model—as a rotor system that includes the hub—has a maximum lift-to-effective-drag ratio of
2.2 because the hub drag is so large in relation to the blades-alone minimum drag. Of course,
if you choose to include the hub drag as part of the airframe drag, then the blades-alone
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Fig. 2-17. The 8-foot-diameter RVR with 4 degrees of two-per-revolution feathering
input demonstrated a maximum L/Dg of 8.1 at 300 knots, a Vyp/V, of 1.4 [77].
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maximum L/Dg is 8.1, which is on par with the maximum L/Dg recorded in the helicopter
advance ratio region shown in Fig. 2-15. It is more than just interesting that Kurt
Hohenemser, the chief engineer of the McDonnell XV-1 compound helicopter, made the
statement in 1949 [88] that “actually, in a compound aircraft, the drag of pylon and hub is of
more importance than the drag of the rotating blades.” This is particularly true for the model
RVR pictured in Fig. 2-16 because the “hub fairing” is overly large to house a portion of the
higher harmonic (i.e., two-per-rev) feathering controls.

The two-per-revolution blade feathering motion used during this experiment appears
in the feathering equation as

(2.9) 6,,=6,+x6,—B, siny—A.cosy+8,, cos(2y),

X

where the radial station is defined as (x = 1/R), the ; ; ;
blade root collective pitch is (6y), the total linear } } }

twist between blade root and blade tip is (6;), and : ﬁ

(Bic and Ajc) are the conventional once-per- : - ﬂ‘ - ‘\ -
revolution feathering motions introduced at the | ¢ 4w135 WoBs s

blade’s root end by a swashplate. The data shown
here in Fig. 2-17 is for 0 and +4 degrees of 0.
You have probably already concluded that a

conventional rotor system is modeled when 0, =

0 degrees. The increment in feathering, due to a positive value of 0,, as the blade completes a
revolution, is illustrated by the sketch. Note that in the reverse flow region around
270-degrees azimuth, the blade’s trailing edge is raised so that a positive lift is obtained. The
Fairchild design rounded the blade’s airfoil trailing edge in the expectation that this would
improve airfoil performance over that of a typically sharply pointed, trailing edge when the
airfoil was “flying backwards.”

The second fact you should be aware of is that at advance ratios well above 1.0,
control of the rotor’s thrust and tip path plane relative to the shaft hub plane is amazingly
linear with the parameters associated with Eq. (2.9)—even up to extraordinary Cr/c’s far
exceeding those levels associated with helicopter retreating blade stall. To illustrate this point,
you need only look at Fig. 2-18 and Fig. 2-19. Here, I have used the Microsoft” Excels linear
regression analysis tool to evaluate data from reference [77], Run 119, which led to Fig. 2-17.

While there is little evidence of blade stall in the fundamental trim parameters of
thrust and flapping, the lift-drag polar of the model RVR shown in Fig. 2-17 is hardly
encouraging. However, a conceptual design study of two compound helicopter configurations
applying the rotor system was reported in 2002 by members of Sikorsky’s Advanced Vehicle
Concepts Group [79]. Their 80-passenger concepts (Fig. 2-20) suggested that cruise speeds
from 310 to 340 knots would be a reasonable objective. However, the ratio of weight empty to
takeoff gross weight would be on the order of 0.65, which would detract from the concept.
Both designs envisioned installed engines rated at 23,000 to 26,000 horsepower at sea level.
Most of this power would drive a 6- to 9-foot-diameter “ducted propfan™ at the 10,000- to
20,000-foot cruise altitude. No champion of the concepts has stepped forward in the decade
since this work by Sikorsky engineers was presented.
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Fig. 2-19. The RVR remained quite controllable at a Vgp/V, of 1.4 [77].
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2. ROTARY WING PERFORMANCE AT HIGH SPEED
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Fig. 2-20. In November of 2002, Sikorsky engineers took another look at what the
RVR system had to offer [79].
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2. ROTARY WING PERFORMANCE AT HIGH SPEED

2.5 FRANK MCHUGH’S ROTOR LIMITATION STUDY

Frank McHugh was the leader of the advanced rotor system technology program at
Boeing Vertol throughout the 1970s. He was also a major contributor to the Reverse Velocity
Rotor (RVR) investigation [77]. In May of 1975 he presented a paper [96] at the AHS Forum
that provided a very concise snapshot of the performance of a “6-foot-diameter, Mach scaled,
dynamically similar model of a CH-47B.” In a 1974 preliminary test of this rotor,'® he
reported the performance data shown here in Fig. 2-21. This preliminary test raised clear
questions about the performance limitations of a conventional rotor. Frank summed up the
situation in his paper by asking, “Can the 200- to 300-knot conventional helicopter be
practically achieved without recourse to auxiliary propulsion and auxiliary lift?”

At that point Frank had a rugged 1/10-scale model of a CH-47B rotor system, a
powerful rotor test stand, and a wind tunnel—in short, the basic tools—to expand the test
envelope beyond his preliminary test. He found a kindred spirit in Larry Jenkins at NASA
Langley, and a NASA contract (NAS 1-14317) allowed a follow-on test to be completed. This
was Boeing VSTOL Wind Tunnel Test No. 193 conducted in November 1976. There were two
phases to the test because a swashplate bearing burned up, which caused a loss of blades.
Phase I stopped after 54 runs. Test stand repairs were made, including a new set of blades, and
runs 219 to 274 completed Phase II. In October of 1977, Frank and his coauthors (Ross Clark
and Mary Soloman) delivered a massive three-volume report [97-99] about the test, which
NASA published as NASA CR 145217-1 (210 pages), -2 (607 pages), and -3 (360 pages). The
second and third volumes contain graphs of most of the key data from runs 21 to 54 (original
blades), 55 to 57 (low-torsional-stiffness blades), and 219 to 274 (replacement blades).
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o - [ =0 —.a - [0 a M oOR DR Qe Do DA 028
ROTOR FROPULSWE FORCE CORFTICHENT — C ROTO® POWER COEFFICIERT — Caar

Fig. 2-21. McHugh’s performance data for a model CH-47B forward rotor at a forward
speed of 250 knots and a tip speed of 486 feet per second, a Vgp/V¢ of 0.6 [96].

I8 T got to see the beginnings of Frank’s preliminary test as my tenure as Manager of Boeing Vertol’s V/STOL
Wind Tunnel Complex drew to a close. In January of 1974 “they” sent me over to be Director of R&D, and I had
to expand my interests.
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2. ROTARY WING PERFORMANCE AT HIGH SPEED

Frank’s approach to the test procedure for the nearly 115-run experiment was quite
different from the earlier test results you saw graphed in Fig. 2-21. Rather than “map out” the
lift, propulsive force, and power performance using a “fix the collective and do a shaft angle
sweep,” Frank chose to fly the model rotor much like a pilot would collect data in flight test. I
believe he was the first one to choose this less traditional test procedure, and the logic behind
his test procedure deserves more discussion.

When you think about it, the domain to be studied centers around a helicopter trimmed
to fly at some given speed. So follow this philosophical thought using Fig. 2-22 as your focal
point. First, select the coordinate system as a rotor lift coefficient (maybe divided by rotor
solidity) versus a rotor propulsive force coefficient (maybe divided by solidity). That is,
following the nomenclature Frank, Ross, and Mary used in their reports [97-99], you have:

G L & X G P
(2.10) 6 p(nR*)Vic s p(nR*)Vio s p(nR*)Vio

Second, define the aircraft and its trim point for the given speed. At that time they were, for
all intents and purposes, modeling the forward rotor of the tandem rotor CH-47B. This Boeing
Vertol helicopter was in service at a normal gross weight of 33,000 pounds and had a
frequently quoted parasite drag area (X/q = f.) of about 47 square feet. The 60-foot-diameter
rotor had three blades, each with a chord of 25.5 inches, which makes the solidity 0.067. The
normal tip speed was 720 feet per second. The maximum cruise speed has been stated as
154 knots, but this is not the normal speed for best range. It was decided that a parasite drag
area to be overcome by one rotor of a low-drag advanced CH-47B would be an X/q of about
12 square feet. They chose to nondimensionalize the 12-square-foot drag area using a
variation on a George Schairer propulsive force coefficient. That is, they set X/qD?c to 0.05
as the baseline propulsive force trim, which is, approximately, independent of advance ratio.
Keep in mind that a conversion from an X/q baseline means that the rotor’s propulsive force
coefficient is dependent on advance ratio. That is to say,

2 2
(2.11) &2V X2 =0.03183 v for X2 =0.05.
c mV )\gDo V, gqD’o

t

For a nominal-trim rotor lift coefficient, they envisioned an advance CH-47B that would
operate at a ¢’ /o of 0.08. For their summary example, they used a forward-speed-to-tip-
speed ratio of 0.53. This baseline trim point is about where the red and green arrows cross in
Fig. 2-22.

Now you can see in Fig. 2-22 that from this trim point the rotor lift limits can be
explored by increasing rotor lift at constant propulsive force. This is similar to collecting
flight test data at several gross weights. Rotor propulsive force limits can be searched for by
tilting the tip path plane nose-down (and increasing collective pitch) while holding lift
constant. This is equivalent to increasing the helicopter’s parasite drag, which happens when
landing gear is lowered for landing or carrying external stores on some mission. Frank
decided that the primary starting point for the Vgp/V; range would be 0.4 and extend to at least
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Fig. 2-22. You can answer many performance questions without filling out a full matrix
of shaft angles and collective pitches.

0.6, which was obtained in the preliminary test in 1974. Because the nominal tip speed of the
1/10-scale model was 620 feet per second, the Boeing V/STOL tunnel was operated at 215 to
about 307 knots. The model radius was 2.9583 feet, the chord was 0.1913 feet, and the
solidity with three blades was 0.06175, as you will see on page 32 of reference [97], the data
analysis volume.

When you look at the experiment’s run log beginning on page 51 of the data analysis
volume [97], you will see that after some check-out and hover testing, runs 25 through 54
were primarily devoted to finding lift limits at X/qD’c ranging from 0.025 up to 0.2. Only
about 30 runs were used to find the aecrodynamic lift limits. It was from this primary data set
of runs with the original blades that Frank obtained his now classic graph. The original graph,
which you will find on page 68 of his data analysis volume, is included here as Fig. 2-23.
There are any number of papers and reports that have included some version of Frank
McHugh'’s original graph—a few, I might add, with several degrees of poetic license taken in
the reproduction. Note on Fig. 2-23 that while the abscissa is labeled advance ratio, the
correct label is simply p' = Vgp/V,. This is an important point because some key data was
gathered at tip path planes approaching —45 degrees forward tilt. And as you know, strictly
speaking, advance ratio is defined in the tip-path-plane coordinate system as
Vip cOSOL

V,

t

(2.12) W, =
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Fig. 2-23. Frank McHugh’s classic 1977 maximum-lift data from a 1/10-scale-model test
of a CH-47B forward rotor at near full-scale tip speed. The abscissa is labeled
advance ratio, but it is actually just Vyp/V¢ [97].
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How Frank defined and found the limit lift at each Vp/V; was explained with a figure
(reproduced here, with some of my additions, as Fig. 2-24) about which he wrote in the data
analysis summary on page 3 of reference [97]:

“A sweep in rotor lift was made at a fixed rotor propulsive force coefficient (X/qd%c),
increasing the lift until a limit defined by aerodynamic capability, blade loads or control
capability was reached. Since collective pitch defined the rotor lift, this variation was used to
establish any aerodynamic limitation on lift. Figure 1.2 [reproduced here as Fig. 2-24]
presents a typical variation of rotor lift coefficient ¢’ /o with collective pitch (0.758) at an
advance ratio (u* = V/V,) of 0.53 for three levels of propulsive force coefficient (X/qd’c) of
0.025, 0.05 and 0.10. At the lower level of rotor lift, the sensitivity to collective is very high
but as ¢’ /o becomes greater than 0.08 the sensitivity gradually decreases to a point where
further increases in collective pitch produce either no change or a decrease in rotor lift
coefficient. This indicates the lift is limited by the aerodynamic capability of this model rotor
system. The most critical load monitored during the test was alternating blade root torsion
because it was the primary indicator of blade stall and had the smallest margin with the
anticipated loads. Maximum measured torsion loads never exceeded 60 percent of the
allowable, so loads were never the cause for limiting testing. There were only a few cases
where longitudinal or lateral cyclic capability limited the testing and not the aerodynamic
capability.”

Fig. 2-24 illustrates Frank’s “rotor lift sweep” for a tip speed of 620 feet per second and a
tunnel speed of 329 feet per second (i.e., Vpp/Vy = 0.53). You see my additions for a stall

flutter onset boundary and my choice for collective pitches where maximum rotor lift is
reached. The flutter onset lift was indicated by a sharp increase in alternating torsion loads as

0.14

Vep/V¢=0.53 Harris Choice for: X
Maximum Lift~_}

Stall Flutter qD’c
0.12 Onset \‘X

~ 0.025
A— 0.05
Rotor 0.10 /

= i \§V‘$\

Coeff.

0.08 <

C NN\

GT rj k’\ 0.10
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0.04 \,O\
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0.00
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Collective Pitch at0.7S R (deg)
Fig. 2-24. Frank McHugh’s maximum lift levels were generally clearly defined [97].
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measured at the blade root and two outboard radius stations. Fig. 2-25 shows the
accompanying power required to obtain the lifts and propulsive force levels shown in
Fig. 2-24. Marc Sheffler compared the then-current theory to McHugh’s stall boundary in a
1979 report [100].1°

What you cannot fully appreciate from these levels of power required curves is just
how much more power these curves imply relative to power required to hover. To make sure
that this situation was quite clear, Frank gathered data in forward flight by “flying” the model
CH-47B rotor as if it was trimmed at a rotor lift coefficient of ¢’ /o equal to 0.08 and at three
levels of the parasite drag coefficient (X/qD%c). His results are included in volume 1 of
reference [97], page 25, and I have reproduced the original graph here as Fig. 2-26.

What struck me most about Fig. 2-26 when I first saw it was this: I¢ takes about twice
the hover power for the model rotor to just overcome its own drag (i.e., X/qD’c = 0) at a
0.53 ratio of tunnel speed to tip speed and a C, /o of 0.08. While it is true that a rotor can
both lift and propel at Vgp/V; ratios at least up to 0.6, the power required is so large that the
pure helicopter with a conventional rotor(s) begins to seem very, very expensive.

0.14

VFPNt =0.53 m

0.12
o0 7Y U0 s

Rotor O/O/O/ DR s
Lift 0.1
Coeff. /O/ <
&0.10
C; 008 A Lo
c /5 /
0.06 d

0.04 5 /u

0.02

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Rotor Power Coeff. C,/c
Fig. 2-25. Frank McHugh’s example of power required increases during a rotor lift

sweep at three constant-propulsive-force levels (for a tunnel speed of 286 knots
and a tip speed of 620 feet per second) [97].

19 Tt took 25 years before another person made use of McHugh’s work. In early 2003, Hyeonsoo Yeo (a member
of AFDD at Ames Research Center) compared McHugh’s experimental lift-limit-boundary data to theoretical
calculations using several different airfoil stall models. His paper [101] stands out because he shows that
“modern” theory and test are quite close. Both Marc’s and Dr. Yeo’s papers are most certainly worth your
reading time.

68



2. ROTARY WING PERFORMANCE AT HIGH SPEED

1710 suLEI:mJ'E ROTOR r
028 20TOR TIP 1/4dz =i 10

620 §T/SEC
189 §/SEC

024

3
=
Tt _]

g
o
¢ 0e Jf X/qd*c =]0.025
[~ B el
g I
= : I
g T
g i f 5‘ EX] TED
E - T
J/ » X/dd*e =0
:

F | L]
I
Harris note: After considerable review,

it appears to me that the data points at
1= 0.1 and 0.2 are suspect. Therefore,
the curve for X/qD’c = 0.05 is probably
incorrect in the power bucket.

] 1 _ L 1 1 |

I‘ hi jﬁ l? FH

ADYANCE RATIO - u

Fig. 2-26. Frank McHugh’s power-required-versus-speed data at a constant rotor lift
coefficient of C’ /o = 0.08. The model CH-47B requires considerable power to
just overcome its own drag [97]. Blade instrumentation raised the average airfoil
minimum drag coefficient to 0.013 based on hover-thrust-versus-power data.
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2.6 THE HELICOPTER ROTOR’S PRACTICAL PERFORMANCE PROBLEMS

The power required curves you see in Frank McHugh’s summary graph, Fig. 2-26,
show that the edgewise flying conventional rotor absorbs a great deal of power in just
overcoming its own drag, never mind the parasite drag of the helicopter it is attached to. This
seems to me to be a practical—if not even fundamental—limitation. Therefore, it is worth a
moment to see if the situation can be explained with the simplest of theory.

Simple thinking says that the rotor’s total power required contains (1) power for
lifting, (2) power to overcome the profile drag of the blades, and (3) power to overcome the
parasite drag of the rest of the helicopter. You learned about this in Volumes I and II. So let
me start with power required calculated by the energy method (Vol. I, Eq. 2.60) restated as

2.13) P, =P +P + XV,

induced profile

You learned that induced power created by the requirement to lift is calculated, following
Glauert’s ideal assumption, as

L
nduced = LV Where v = )

2p(1tR2)\/(VFP sin o, —V)2 +(VFP cos oL, )2

and that Glauert’s ideal induced velocity (v) is a root of a quartic equation. You will also
remember from Volume I, Fig. 2-100, page 215, that the edgewise flying rotor solution of the
quartic has the result of

(2.14) Ideal P,

1/2

(2.15) Ideal P

induced

2
VZ VZ
=Lv where v=v, (—] +l-——7 for o =0 deg

2V}21 2v,

where the ideal induced velocity in hover (vy) is defined as v, =+/T/2pA..

However, you also received the first indication from Kenneth and Steven Hall [102]
that Glauert’s ideal equation was significantly in error as discussed in my Closing Remarks of
the Forward-Flight Performance discussion (Volume II, section 2.4.5, pages 265 and 266). |
have used the Hall brothers’ computations to create a correction factor (Ky,;) to Glauert’s

ideal induced power such that
1/2

2
(2.16) P juced = Kipgan (LVh) [m} + —m where v, = ’Zp—A )

The Hall correction factor for two-, three-, and four-bladed conventional helicopter rotors
(operating at a tip-path-plane angle of attack of —5 degrees) is shown in Fig. 2-27. No doubt
there will be significant follow-on studies to what the Hall brothers have started, but for this
discussion I believe that their results are close enough to the induced power required by an
ideal, loaded articulated rotor. Keep in mind that induced power does not—to the first
approximation—depend on solidity. This is in contrast to profile power, which does depend
on solidity.
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Fig. 2-27. The Hall correction factor to Glauert’s ideal induced power theory for two-,
three-, and four-bladed rotors [102].

Next, consider the minimum profile power (Pprofiie) that a rotor in any flight condition,
edgewise or otherwise, requires. You learned from Appendix J in Volume I that this power is
calculated as

oC
(2.17) P,

=(pAV; )Tdopm,x)’

rofile

where the parameter P, ) was given as

2 4
P(M):m[1+%JJ+§M24+7JJ+4JJ 9 u }

(1+JJ)2 _E(HJJ)

9 M@J |

(2.18)
3 3
+H AT AW+
[2 M : Nail

16
and where JJ = > + A2 = (Vpp/V))’. Note immediately that profile power does depend on
solidity. More precisely, the product of disc area (A) and solidity (o) is the total area of all
blades. That is, Ac = bcR, at least for a rectangular blade of chord (c) and including all blades
(b). Values of P,y for several values of Vgp/V, at A equal to zero are:

Vep/Vi | 0.0 | 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Puay | 1.0 1.048 | 1.215 | 1.553 | 2.125 | 3.000 | 4.250 | 5.948 | 8.168 | 10.985 | 14.473
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Finally, as you study Eq. (2.13), you see that total power required varies linearly with
the product of the useable rotor propulsive force (X) and the flightpath velocity (Vgp). This
product could be labeled (Ppropuision). Frank McHugh’s multi-volume test report [97-99]
experimentally examines this linear dependency statement in appendix B of his second
volume [98]. Fig. 2-28 shows that the energy approach to power required is very useful. What
is fascinating to me is that providing a useable propulsive force can, depending on the ratio of
forward speed to tip speed, significantly drive up the sum of induced and profile power. You
see this from Fig. 2-28 because the slopes of the plotted lines are not 1.0.20 This raises the
logical question of the propulsive efficiency of the nearly edgewise flying rotor and, perhaps
more importantly, how to think about and include propulsive efficiency.

Efficiency is frequently formed as the ratio of ideal to actual. Therefore, it seems
reasonable to take for ideal the sum of ideal induced power plus ideal propulsive power. For
ideal induced power, I suggest that Glauert’s approximation for Vgp/V; greater than, say, 0.2
will do for this discussion. Therefore, the ratio of ideal power to actual power given by
Eq. (2.13) can be stated as

. Ideal P. + XV
(2.19) Total Rotor Efficiency = fudueee T for V,/V,20.2 and o, < £5deg .
induced + Pproﬁle + XVFP
0.0021 ‘ 1.152668x + 0.000342
- - ! 7=1.152668x + 0.0003

OCTis=0.06, Mu = 0.40 y=1.319336x + 0.000744 !
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Fig. 2-28. Power varies linearly with propulsive force at constant rotor lift.

20 The lines on Fig. 2-28 were obtained using the Microsoft® Excele trendline tool and represent a linear
regression analysis.
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Now you can immediately see a bookkeeping problem arise when the propulsive
power (XVpp) equals zero. The total rotor efficiency parameter I have defined will be
considerably less than 1.0, simply because of the actual profile power (Pprofiic), even if the
rotor is not doing any useful propulsion. So, after giving some thought to Eq. (2.19), I suggest
that all of the actual power required—over and above the actual power required at zero
propulsive force—is under discussion. In effect, the lines on Fig. 2-28 give the quantitative
insight into propulsive efficiency. The measure of propulsive efficiency is nothing more than
the inverse of the slope of a line on Fig. 2-28 and, therefore, the total power required can be
computed as

)-FEE}EL.
MNp

The data says to me that creating a propulsive force drives up both induced and profile power
required. Without careful theoretical study, I know of no way to apportion the increase.

(2.20) Actual P, =(Actual P, ,atX =0

Frank McHugh’s groundbreaking experiment provides (in my mind) only a meager
amount of data?! to construct the trend I have speculated about in Fig. 2-29. Below a forward-
speed-to-tip-speed ratio of 0.4, it appears the conventional rotor can provide propulsive force
at virtually 100 percent efficiency. That is, at relatively low speeds (say up to Vp/V; of 0.4),
the conventional rotor (1) can be tilted forward, (2) will produce useable propulsive force (X)
approximately as —Tay,p, and (3) requires little, if any, increase in power required (over and
above XVrp). I have projected the trend to a zero efficiency at a Vgp-to-V; ratio of 0.9 based
on the discussion leading up to Fig. 2-2. It is doubtful that this one speculation is good for all
advancing tip Mach numbers, lift coefficients, or even for all conventional helicopter rotors.
However, because conventional propellers, which do not provide significant lift, have
propulsive efficiencies above 0.8, it appears that conventional helicopter rotors such as the
CH-47B’s are a poor choice for propulsion if the objective forward-speed-to-tip-speed ratio is
greater than 0.45 to 0.50.
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| | |
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Fig. 2-29. A speculation about the propulsive efficiency of conventional helicopter rotors.

21 For example, it would be quite helpful if the propulsive force sweep at constant lift began around autorotation
(i.e., CP = 0) and extended even further into the positive propulsive force region. Furthermore, propulsive force
sweeps at many more lift coefficients would be especially valuable.
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The practical problem faced by the conventional helicopter rotor is simply the quite
excessive power required to overcome its own drag. To see this more clearly, the several
equations given previously can be collected and power can be converted to standard rotor
coefficient form, which is based on pAV? for McHugh’s lift coefficient (C’ ) and pAv} for a

power coefficient (Cp). It is helpful to remember that V, =+/T/2pA so that v, =V.\/c’ /2 when
using McHugh’s notation that C’. refers to rotor lift nondimensionalized by pAv?. Thus, the
power required as given by Eq. (2.13) becomes, in coefficient form,

P, =P, 4P . +XV,

req’d = Bnduced profile
172

@2h . (CT][VFPJ <l Chn L (Vﬂ,]
P-req’d Hall X :
‘* V2V, (Vie/V,)' g \Z

Some simplification occurs if C? / (Ve /V, )4 is small compared to 1.0 (usually for Vep/V

greater than 0.2) and the tip-path-plane angle of attack is in the range of +5 degrees, which is
one way of referring to the conventional helicopter’s edgewise flying rotor. Under those
constraints, Eq. (2.21) reduces to

C,)
Hal ( T) + cho P( 2
2(Ve/V,) 8 "

(2.22) Cpppq =K +Cy (Vip/ V).

At the other extreme, as (VFP / Vt) goes to zero, you have the rotor in hover, in which case

you will see that Eq. (2.21) reduces to
2 \3/2
\/E (CT ) + cho
2 8 ’

and you have Glauert’s ideal induced power plus the first approximation of profile power.

(2.23) Hover G, 4=

Now let me draw your attention back to Fig. 2-26 and specifically to the power-
required-versus-speed curve where X/qD’c equals zero, which Frank obtained by slight
extrapolations. The primary objective is to see how close Eq. (2.21) comes to this case where
the rotor is just overcoming its own drag. Because the useable propulsive force (Cx) is zero,
the secondary objective is to see how the proportions of the two remaining components—
induced power and profile power—contribute to the total power required. I will refrain from
dividing the coefficients by solidity (which is a too common practice) because induced power
does not depend on solidity but profile power does.?> The rotor solidity of the model CH-47B
was taken as 0.06175 in Frank McHugh’s model experiments. This is based on a model rotor
radius (R) of 2.9583 feet, a blade chord (c) of 0.1913 feet, and three blades.

22 While many of the graphs and some equations show coefficients divided by solidity, I really believe that that
notation can imply that the data is good for rotors of any solidity. This is most certainly not true for power. An
exception might be made for a rotor thrust coefficient in some cases, but it still is a very questionable practice in
my opinion.
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Fig. 2-30. The conventional helicopter rotor has a very big minimum profile power
problem plus a serious ideal induced power problem above forward-speed-to-tip-
speed ratios of 0.4 to 0.5. Data for a lift-coefficient-to-solidity ratio of 0.08 with
original blades [97].

You can see from Fig. 2-30 that my ideal rotor, defined by Eq. (2.21) and using a
solidity of 0.06175 and an average blade airfoil drag coefficient of 0.013, captures the power
required problem of this conventional model rotor reasonably well up to a flight-speed-to-tip-
speed ratio of 0.4. Beyond that, all types of nonlinear airfoil and rotor characteristics creep
into the problem. Understanding and building prediction tools to reflect the differences
between the ideal theory and actual test results has occupied rotor aerodynamic careers (mine
included) for decades. Fortunately, progress has been made. Fig. 2-30 includes just one
example, described below.

To illustrate an example of modern prediction capability, I prevailed on Hyeonsoo Yeo
(a leader at AFDD at Ames Research Center) in January of 2013 to make a calculation using
Wayne Johnson’s CAMRAD II analysis [103]. This analysis includes most of the airfoil and
rotor nonlinearities such as Mach number, unsteady aero, free wake, blade elastic deforma-
tions, etc. Furthermore, Dr. Yeo had available airfoil data at model scale [101], which is a big
step forward in accounting for Reynolds number. The calculation was made for the McHugh
CH-47B model rotor “flying” at sea level standard day with a tip speed of 620 feet per
second. The rotor had a solidity of 0.06175 and was trimmed to a lift-coefficient-to-solidity
ratio of 0.08 and zero usable propulsive force, which is to say €’ /o =0.08 and X/qD’c =0.
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Fig. 2-31. The 8-foot-diameter RVR in conventional mode began to experimentally
confirm very high lift at high advance ratios [75].

It is important to remember that the conventional helicopter rotor has a significant
lifting capability that is not so obviously limited, which is in contrast to its fundamentally
limited propulsive-force capability. You can appreciate this fact from Fig. 2-31, where I have
complied the small amount of experimental data that is available.

2.7 THE EDGEWISE FLYING ROTOR’S LIFT-TO-DRAG-RATIO PROBLEMS

These examples of rotor configuration technology raise two very interesting questions.
First, just what is the ratio of maximum lift to effective drag for an edgewise flying rotor and
second, at what lift does the maximum L/Dg occur? To begin to answer these questions
requires that you first understand, appreciate, and correctly use the rotary wing effective drag
parameter, Dg. The place to start to understand this rotary wing parameter is with the
minimum airplane, which consists of a wing and a propeller.

You no doubt have encountered the classical, fixed-wing parameter called the lift-to-
drag ratio, which is classically written simply as L/D. You were reminded about the
aerodynamic lift and drag properties of a fixed wing in Fig. 1-3 and Fig. 1-4, which led to the
wing’s L/D as arrived at in Fig. 1-4. I would also remind you that it takes a fixed wing and a
propeller (plus an engine) to equal the edgewise flying rotor (plus an engine). This is because,
as used by a helicopter, a rotary wing combines both lifting and propelling functions in one
device—a rotor. The only comparable human-designed machine—that I know of—that
combines both lift and propelling requirements in one is the ornithopter. I might add that the
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only successful ornithopter I have seen demonstrated and reported on [104] was at the
American Helicopter Society Future Vertical Lift Aircraft Design Conference in January
2012. This radio-controlled electric-motor-powered replica of a hummingbird, Fig. 2-32, took
off and landed in the palm of Matt Keennon’s hand. He had it flying all around the conference
room, which was filled with some 100 seated rotorcraft engineers. It was an absolutely
fantastic flight demonstration. The 19-gram-gross-weight, 16.5-centimeter-wingspan config-
uration had a maximum thrust-to-shaft-power ratio of about 8.9 grams per watt in hover,
which is 14.6 pounds per horsepower. The maximum demonstrated speed was about
12 meters per second with a power required of 1.9 watts from the motor output shaft, but the
cruise speed was more like 6.7 meters per second, which is approximately 15 miles per hour.
The endurance, as quoted in the paper, was 4 minutes.

For the discussion here, I would say a flying wing such as Jack Northrop’s XB-35
(Fig. 2-33) is a more comparable aircraft from which to understand the edgewise flying rotor
because you have the minimum basic airplane ingredients—a wing and propeller(s). The trim
in steady, level flight of the wing with a propeller requires that wing lift (L) equals aircraft
weight (W) and that wing drag (Dw) be balanced by propeller thrust (Tp). The basic
performance equation was describe in Eq. (1.7) and is repeated here as

Flapping
Mechanism

T Contral
Mechanism

Fig. 2-32. I saw the final Nano Hummingbird prototype, created by AeroVironment, Inc.,
[104] flown all around a large conference room in January 2012. It was fantastic.
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Fig. 2-33. Jack Northrop’s XB-35 had a wingspan of 172 feet and a wing area of
4,000 square feet, which is an aspect ratio of 7.4. Four Pratt & Whitney R-4360
engines provided a total of 12,000 horsepower. The propellers were 15 feet, 1 inch
in diameter and gave the 206,000-pound-gross-weight aircraft a maximum speed

of about 340 knots (391 mph).

2
(2.24) T, =D, =9SCyp, +L(E] .
mq\ b
In explaining the equivalent drag (Dg) for an edgewise flying rotor it is very helpful to deal in
power units of foot-pounds per second. (The rotorcraft engineer uses the E in Dg to define the
rotor equivalent to a wing and a propeller because a rotor can perform both functions.) So, let
me multiply Eq. (2.24) through by flightpath velocity (Vgp), which yields

1 (WY
ToVip = D ine Ver =ASwCp, Vip +E(?j Vip

wing ' F
! t
(2.25) Profile Power
Ideal Induced Power

and then designate profile power and induced power as shown in Eq. (2.25). This step

quantifies the wing and propeller power required performance if the propeller is 100 percent
efficient (i.e., n, = 1) because the engine power required is calculated as

(2.26) Engine SHP_ ., =%.
¢ 550m,

78



2. ROTARY WING PERFORMANCE AT HIGH SPEED

Of course, if the engine is turned off, the flying
wing will have to glide with some rate of descent "; Vitorizona

(R/D) following the glide slope (y) that you see Glide A“‘V
sketched here. In this circumstance, energy per unit

time associated with propeller thrust times flightpath Ver

velocity is replaced by a vertical velocity (V) times

weight (W).

For an edgewise flying rotor and a flying wing to be comparable, you must (I think)
include the propeller efficiency and, therefore, the wing’s classical L/D must be contaminated
with propeller efficiency. I suggest that the contaminated wing and propeller lift-to-drag ratio
use an equivalent drag denoted as Dg and that this equivalent drag be derived from the total
energy per unit time to overcome drag. On this basis, you have

sece + (WY
550(Engine SHP,.,) TV, Vel
Ve Mo Vip Mp .

(2.27) Fixed Wing D; =

Now consider the edgewise flying rotor. This flying “rotary” wing can both propel and
lift so “propeller” efficiency is embedded in its energy per unit time (i.e., its power required)
theory. Classically, the power required of the edgewise flying rotor is written as
2.28) P =(P

induced

+P

profile

Ve D

FP™ everything else *

)rotary wing

The induced power (Pinduced) and profile power (Pprofiie) terms occupy the same character as
those for my flying wing example in Eq. (2.25). The wrinkle is that the engine must supply
power to the rotor for the usable propulsive force (X) required to overcome the drag of
everything else. This additional power is calculated as (VepX = VepDeverything else), Which is an
ideal value. And if, in providing propulsion, the induced and profile power of the edgewise
flying rotor are increased, a helicopter chief engineer might simply say, “So be it. Charge it
off to some sort of propulsive efficiency and let’s get on with installing a slightly bigger
engine.”

Fortunately, there is one approach that the aerodynamicist can take in making an
edgewise flying rotary wing comparable to a fixed wing plus propeller. The approach to
getting the equivalent drag of a rotary wing is to simply subtract the ideal power for
propulsion from the total power required, and then divide by the flightpath velocity. That is

- P, +P
. _ “reqd FP™everything else __ rotary wing
(2 29) Rotary Wlng D. = P Vi D _ ( induced proﬁle)
E VFP VFP

You will see, over and over again in isolated rotor tests conducted in wind tunnels,
that Dg is obtained from test data by measuring the rotor shaft torque (Qghat in foot-pounds)
with strain gauges and then multiplying shaft torque by the rotor speed (Q2 in radians per
second) to obtain power required (Prqq). During a wind tunnel test, a balance measures the
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wind axis lift force (L) and propulsive force (X), so it is a simple matter to obtain the power
required for propulsion because the propulsive force equals the drag of everything else. The
“standard” practice has been to say that

P_..—V.,X
(2.30) DE:{W—F"} _
VFP From Test

Because today most rotary wing theories are quite capable of calculating both induced and
profile powers individually, computer output data shows the effective drag as

(Pinduced + Ppmﬁle )rotary wing

D, = Note: Must have a propulsive
@3 F Vip force associated with it.

From Theory

Having absorbed the preceding essentials, you are now in a position to consider two
edgewise flying rotor cases of particular interest—at least as I see them. Suppose that the
rotary wing is used on a helicopter where the parasite drag is zero. That is, X equals zero, and
the rotor is just overcoming its own drag. Then power required equals the sum of induced and
profile power, and all shaft torque (Qsnast) times rotor speed (€2), whether measured or
calculated, equals DgVrp. Now consider a second case where the edgewise flying rotor is
flying with zero shaft torque, in which case you have

(232) Preq’d = QshaftQ =0= (Pinduced + Pproﬁle + VFPX ?

)rotary wing
from which it follows that

P uced + Prrotic )
( profile rotary wing

VFP

induced

(233) —X=D, =

It also follows that X becomes drag (measured by a wind tunnel balance directly), and you
can safely state that Dg = —X when Q = 0. Keep in mind that the propulsive force of the rotor
is negative in this case, so the effective drag is always positive. In this Qgma €quals zero case,
the edgewise rotor acts just like a fixed wing, and only three ways exist for equilibrium flight.
The rotor must (1) be held tightly by the wind tunnel balance (which requires no energy), or
(2) the rotor must be in gliding flight (which is what a helicopter is in autorotation after an
engine failure), or (3) the rotor must be towed or pushed along by a propeller or some other
auxiliary propulsion device.

The only remaining question arises when the edgewise rotor is flying between the
cases of zero shaft torque (i.e., Qsnat = 0) and zero useable propulsive force (i.e., X = 0). To
understand this gray area, you only need to turn to Eq. (2.28) and write a total-energy-per-
unit-time equation for the equilibrium state as
(234) Prcq’d = QshafIQ = (P

induced

+P

profile

+ Vo, X=T,V,, =V, W.

)rotary wing
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Now you see that any energy-per-unit-time shortfall that occurs because of insufficient
propeller thrust (Tp) or a lack of a descent velocity (Vz) will create a need for rotor shaft

torque (Qshaft).

Finally, consider an edgewise “flying” rotor being towed along by a propeller in
steady, level flight. In this case Eq. (2.34) can be solved for the propeller thrust required to
have energy balance, and you have

(P

induced

+P i)
profile rotary wing

VF P

+ VFPX - QshaﬁQ
(235) T, = .

Equation (2.35) takes you into the world of compound helicopters, and you will find this
configuration discussed more fully in Appendix D.

Now let me complete the discussion of rotor L/Dg by showing you my ideal equation
for this performance parameter, which, in rotor coefficient form using Eq. (2.22) as the basis,
is

IdealDizc CL(\CZFPQI)/V): € (Vin /) for \\/jP >0.15
(236) E P-req'd X FP t KHa“ 2 (CL) n cho P(u’x) t )
(Vee/V,) 8 o, <+5deg

Note that while I have restricted my ideal L/Dg equation to ratios of flightpath speed to tip
speed above 0.15, and tip-path-plane angle of attack to less than 5 degrees, it is of
considerable value for both helicopters and compound helicopters.

The ratio of lift to effective drag is, of course, the parameter to maximize, so with a
little mathematics you have two very simple relationships:

(2.37) (LJ _ 2V —1\/6Cd°P‘“’”(VFP/ )
. - L~ .
Dy max \/KHanGCdoP(u,x) 2 K

It only remains to make an educated guess about some rotor parameters to create the
ideal performance capability of an edgewise flying rotor for any Vgp/Vi Suppose for an
example of ideal theory versus actual experimental results, you choose the Sikorsky S-76
main rotor as representative of an edgewise flying rotor. A main rotor from this commercially
successful helicopter has been tested in the full-scale 40- by 80-foot wind tunnel at NASA
Ames Research Center. The production blade uses a “swept-tapered tip,” and this is one of
four tip geometries tested at full scale. You will find the experimental results reported in
reference [105]. The S-76 has a four-bladed, 44-foot-diameter rotor. Its solidity (o) is
0.07476, and it normally has a tip speed of 675 feet per second. You see the ideal-theory-
versus-test comparison in Fig. 2-34.
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Fig. 2-34. Harris’ view of the ideal performance capability of the conventional edgewise
flying rotor expressed in L/Dg form.

As with most full-scale helicopter rotor tests in large wind tunnels, experimental data,
such as those shown in Fig. 2-34 for the propelling rotor, are rarely acquired in the Vgp/V;
region beyond 0.4 or 0.5, on up to 1.0. Also, you will recall that a fundamental propulsive
force limit, shown as the vertical red line on Fig. 2-34, was postulated with Eq. (2.7) on
page 43.

What immediately jumps out at me in Fig. 2-34 is that my ideal theory shows that the
conventional rotor reaches its first maximum L/Dg right around a Vgp/V; of 0.4. Higher than
that speed ratio, the ideal theory says that conventional rotors as used on helicopters can
expect a substantial loss in performance. The maximum ideal L/Dg is not obtained again until
the speed ratio is greater than 1.0. Beyond Vgp/V; of 1.0, the rotor begins to approach a
slowed and nearly stopped rotating condition, which you might think of as some sort of
wing—depending on what azimuth position the stopped blades ultimately take.?

The behavior of maximum ideal L/Dg with speed ratio seems to naturally divide the
edgewise flying rotor into two distinct regions. The first region is from Vgp/Vi = 0 up to 1.0
where the rotor finds it increasingly difficult, or even impossible, to overcome its own drag.
The second region is from Vgp/Vi = 1.0 on up to where the rotor rotational speed approaches
zero. These are the two regions I will discuss next.

23 You will find data from a rotor starting and stopping experiment in reference [106].
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2.7.1 The Rotor’s L/Dg Problem in Overcoming Its Own Drag

Fig. 2-34 suggests a considerable lack of experimental data in the low-speed-ratio
region (i.e., Vpp/Vi = 0.2 to 1.0) where the helicopter rotor is expected to propel the machine.
To allay your concern about a lack of data, let me show you a reasonable amount of
experimental data that demonstrates how the maximum L/Dg of the edgewise flying rotor
decreases as the fundamental propulsive force limit is approached. I turned to Wayne Johnson
and asked him to make computations with his CAMRAD II theory in the low-speed-ratio
region below a Vgp/V, of 1.0. His computations shed light on the ability of the conventional
rotor to propel at a Vp/V, beyond 0.5. The specific question raised required calculating the
maximum L/Dg of an S-76 rotor with the useable propulsive force (X) equal to zero. The
only conditions set were that (1) the computations be made assuming no influence of
compressibility, (2) known incompressible airfoil properties reflecting stall be used
[i.e., Cqo = f (apg)], and (3) full nonuniform induced velocity created by the rotor’s free wake
structure be included. The results of this homework are included here as Fig. 2-35.

It is immediately clear from Fig. 2-35 that today’s edgewise flying rotors struggle to
propel themselves—much less provide a force to overcome the drag of the rest of the
helicopter—when the speed ratio exceeds 0.45. Certainly, the maximum L/Dg drops to
impractically low values beyond a speed ratio of 0.5. Because rotor-shaft power required can

be quickly estimated from P_ ., = D Vi + XV, you can immediately appreciate what a
/Dy
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drop in maximum L/Dg from 10 to 12, down to values like 5 to 6, means in helicopter design.
In my experience, getting the conventional rotor to even overcome its own drag meant
installing three engines instead of two. Such skyrocketing levels of power required, implied
by Fig. 2-35 and made just as clear with Fig. 2-30 as you saw earlier, have stymied the
rotorcraft industry for decades.

The reason the accumulated experimental data diverges from ideal theory as the speed
ratio increases beyond a value of, say, 0.45 is simply that the edgewise flying rotor is a
reasonably adequate lifting device (particularly in hover) but a lousy—there is no other word
for it—propeller.24

Such a strong feeling about the edgewise flying rotor deserves some technical
explanation as to what the cause of its propeller inefficiency is. The cause does not lie with
just excessive profile power alone as has been the view of many for several decades. This
group has determined that having to use real airfoils (distributed along the rotor blade in some
fashion, and all having unfavorable stall and compressibility aerodynamic properties) is a
severe constraint to obtaining advanced helicopter high-speed performance. This point of
view was built on the assumption that Glauert’s theory for induced power was close enough.

In fact, Glauert’s theory has been steering us wrong in charging virtually all of the
adverse L/Dg trend to profile power. The inclusion of a correct theory (based on “free wake”
behavior) for the calculation of induced power has shown that it is a very large player in the
adverse L/Dg trend when advanced theories such as CAMRAD II are used (Fig. 2-35). Let me
illustrate this point using the correction to Glauert’s induced power theory with the constant I
referred to earlier as Ky (Fig. 2-27) compared to a constant that I will call Kcamrap. Keep in
mind that Kgjaert 18 1.0. Johnson conveniently provides an output data line in CAMRAD 11
labeled “kappa_ind = Piy¢/Pm,” which is the ratio of induced power calculated with a free
wake to induced power calculated by Glauert’s momentum theory. I chose here to relabel
Wayne’s information as Kcamrap. You can see from Fig. 2-36 that even the ideal-induced-
power correction factor (Ky,y) for four blades leads to a rotary wing with very poor
performance when compared to a fixed wing (i.e., Kgiauert = 1). The message is quite clear: the
ideal rotor-induced power stated by Glauert may be small at high-speed ratios, but when you
start increasing its value by 10 to 30, conventional rotor-induced power is not something you
can ignore in your power required or L/Dg calculations—at least at “high speed.”

Now consider the profile power contribution to the ideal rotor maximum L/Dg. I chose
an airfoil drag coefficient of Cq4, equal to 0.007 for the estimate of this ideal case. This is an
average drag coefficient of all blade elements of all blades. The CAMRAD II calculation does
not use an average airfoil drag coefficient, so the result you see in Fig. 2-37 is a direct
comparison of profile power coefficients divided by solidity. It is, of course, quite easy to
create an average airfoil coefficient from the CAMRAD II calculation by saying

24 This statement does not apply when a rotor is operated in axial flight like a true propeller, as you will learn
later.
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Fig. 2-37. Severe blade stall is

encountered when the conventional rotor tries to

overcome its own drag at speed ratios beyond 0.5.
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8(CP0 /G)CAMRAD

P(M)

(2.38) Average C, =

This average Cy, based on CAMRAD II output is very useful in apportioning the induced and
profile contributions to the adverse maximum L/Dg trend. Let me illustrate this point.

Suppose you start with the ideal case and substitute Kcamrap for Kyarp in Eq. (2.37),
but keep the average Cg, at 0.007. That is,

2.39) (_j _ 2(Ver/ V)"
DE max \/KCAMRADG(Cdo = 0007)1)(“,7»)

For the next step, change my chosen Cg4, of 0.007 to CAMRAD’s average Cg4, according to
Eq. (2.38). Now you are in a position to display the steps as they appear in Fig. 2-38.
Apportioning induced and profile powers as shown in Fig. 2-38 is, of course, somewhat
dependent on the order the input changes are made. However, I think the basic point is clear:
The conventional edgewise flying rotor can overcome its own drag at speed ratios (Vgp/Vy)
above 0.5 and even up to a speed ratio of 0.8. However, its propulsive efficiency is so poor,
and maximum L/Dg becomes so low, that a practical, pure helicopter—in my mind—ceases to
exist if the design objective requires a speed ratio beyond 0.5. Aerodynamically speaking, this
becomes a serious misuse of installed power.
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Fig. 2-38. The edgewise flying rotor has very poor performance if asked to propel at
speed ratios (Vgp/Vy) above 0.5.
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2.7.2 The Rotor’s L/Dg Capability in Autorotation

The practical usefulness of the edgewise flying rotor as a combined wing and propeller
is over at speed ratios (Vpp/Vy) above 0.5. However, this does not mean that the rotor’s
usefulness as a rotating wing is over. There is sufficient experimental data to suggest that,
given some other, more efficient propulsive device to tow it along, the rotor can provide more
than enough lift for many machines. You saw this fact emerging in Fig. 2-14. The only
sticking point deals with the lifting rotor’s performance as measured, say, with maximum
L/Dg. This raises the question of rotor performance at or near autorotation where the shaft
torque is zero and the effective drag (Dg) is calculated as

(P

induced

+P i)
profile rotary wing

VF P

(2.40) —X=D, =

5

and the ideal, maximum L/Dg is, to repeat, given by
3/2
L 2(Vyp/V, 1 [0C.P . (Vi/V,
(241) ( j — ( FP/ t) at C _ d (u,?»)( FP/ t).

- ==
\ KHaHGCdoP(u,x) 2 Ky

D
(Do not forget that the efficiency of the propulsive device is not included here, so the total
system power required is not yet apparent.) As you can appreciate, the following discussion
might well have been included in Volume I: Overview and Autogryos, because the principles
you have just read about are directly aimed at reinventing the autogyro—in some form.

Emax

You will recall from Volume I that John Wheatley tested a full-scale PCA-2 rotor in
the NACA Langley 30- by 60-foot wind tunnel in 1934. His report [107] provided the early
rotorcraft industry with an experimental performance rock on which to base the autogyro’s
capability. Questions about the performance of the edgewise flying rotor in autorotation were
not seriously raised again until the late 1940s. It was Kurt Hohenemser, then working on
developing the XV-1 (Fig. 2-6) at the McDonnell Aircraft Corporation in St. Louis, Missouri,
who began the modern investigations. His first experiments were conducted with a 7.58-foot-
diameter, two-bladed rotor having a solidity of 0.087. The “seesaw” (i.e., teetering hub)
model rotor was tested in the University of Washington wind tunnel in two phases. The first
phase, an exploratory phase to see the lay of the land, happened in July 1949. After some key
modifications to the rotor hub and control system were made, a second wind tunnel phase was
conducted in October 1949. The experiments were funded by the Office of Naval Research,
and the final report [89] was classified confidential when it was published January 22, 1951.25
The rather short introduction contained in this historically significant report, authored by Bob
Head and Kurt Hohenemser, is worth reading in its entirety.

25 1 knew this report existed because of conversations with Bob Head during the preparation of reference [108]
and because Ray Prouty told me he helped perform two later tests as a graduate student at the University of
Washington in Seattle. Finding a copy of the report was not so easy. Finally, I called Dave Peters, a student at
Washington University in St. Louis and later an officemate of Kurt’s after Kurt left McDonnell. Dave used his
pipeline into the McDonnell (now Boeing) library and, with the wonderful help of Mary Marr and Brittany
Mudd, got a copy of this report out into the open—and street legal (see DTIC 0109764).
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“2.0 INTRODUCTION

Early in 1949 a contract was entered into by the Office of Naval Research and
McDonnell Aircraft Corporation for research into the problem of the rotor-fixed wing aircraft
configuration. It was held that in order to accomplish high level flight speeds of the order of
300 to 400 miles per hour, it would be necessary to have the rotor operate at tip-speed ratios
very much higher than are conventionally used in helicopters and autogyros.

Consequently, the test program reported herewith was undertaken. The rotor model
used was a two-bladed, see-saw type of rotor which was built from a salvaged rotor of the
XH-20, ‘Little Henry,” helicopter. The diameter of [this] rotor was reduced and a special hub
mounting was devised for mounting the rotor in the twelve foot UWAL wind tunnel at the
University of Washington, Seattle, Washington. The prototype rotor was postulated as a
pressure-jet type of rotor having burners at the blade tips. To simulate the drag of such tip-
burners, small spheres of various sizes were attached to the tips of the model blades.

The first series of tests with this rotor during July 1949 clearly demonstrated the
possibility of using a rotor at very high advance ratios where the efficiency of the rotor is
considerably improved over the low advance ratio operation. However, it also became clear

that the rotor was quite sensitive to small changes in rotor attitude.2

After this first series of tests, this model was modified to eliminate most of the drag
of the blade hub fittings which proved objectionable in the previous tests. This entailed
reducing the diameter of the rotor slightly and constructing a lens-shaped fairing for the rotor
hub. Further, a device was designed for automatic control of the rotor attitude which was to
govern the speed of the rotor.

The second series of tests was then conducted in the UWAL wind tunnel during
October 1949. These tests covered the high range of tip-speed ratios (L =0.5to p=2.5) and a
large range of blade pitch angles (6 = —4.5° up to 6 = +3.0°) for autorotation and for both
accelerating and decelerating torques applied to the rotor. The aerodynamic characteristics of
the rotor as determined by test were in reasonable agreement with the characteristics as
determined theoretically in Reference 1 [Head, R.E. MAC Report No. 1686].

The governor, while capable of stabilizing the rotor for small attitude changes, would
require major modifications in order to correct larger attitude changes.”

Kurt Hohenemser and Bob Head’s tests in 1949 provide the first data on which really high
advance ratio performance of an edgewise flying rotor can be based. You see this data, along
with John Wheatley’s rotor-alone data, in Fig. 2-39.

Chronologically, I would suggest that Larry Jenkins’ experiment was the next key
step. Data from Larry’s 1965 report [83] is shown with the blue squares on Fig. 2-39. Data
from other tests obtained in the 1960s, as identified by Table 2-1 and compiled in references
[73, 109, 110], are shown with the light gray symbols on Fig. 2-39.

The next high-advance-ratio data was obtained by Ewan [75] as part of the Reverse
Velocity Rotor (RVR) conceptual studies in the 1970s.

26 Kurt ultimately found a much better “rotor attitude control,” which turned out to be a delta-three angle of
62.2 degrees (i.e., pitch down 2.2 degrees for 1-degree flap up). You can read about both the theory behind his
concept, and the aircraft (the XV-1) on which he successfully applied the theory, in reference [108].
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Another contribution of experimental data dealing with the autorotating rotor came in
2010 [111]. These results are shown with black circles in Fig. 2-39. Todd Quackenbush, a
leader at Continuum Dynamics, Inc. located in Princeton, New Jersey, got some cohorts
(Dan Wachspress and Bob McKillip, to name a few) together and, with a contract from
NASA Ames Research Center, tested a 52-inch-diameter, three-bladed “seesaw” rotor in the
Glenn L. Martin wind tunnel at the University of Maryland. There are so many similarities
between Todd’s 2008-2010 test experiences and Kurt Hohenemser’s test experiences in 1949
that it is absolutely fascinating. Both ran into, and needed to solve, the problem of excessive
rotor sensitivity to shaft angle of attack. Both encountered worrisome blade flapping behavior.
Both had to deal with significant hub drag, which made getting an accurate measurement of
blades-alone drag difficult. Both had some difficulty in controlling rotor speed. The list of
similarities is just uncanny. One suggestion I might make is that using Kurt’s unusually large
amount of delta-three (3-3), which is feathering coupled to flapping as discussed in Volume I,
is an extremely satisfactory way to remedy a number of problems that come up in the “very
high advance ratio” region.

You will see in Fig. 2-39 that the available data for maximum L/Dg seems to collect
along straight lines for each rotor data set. That is my interpretation, and I have chosen to
emanate the lines from John Wheatley’s 1934 isolated PCA-2 rotor test. You might
immediately say that there seems to be a varying degree of scatter in the data. I would agree
and further note that I cannot readily explain the differences between the five examples you
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Fig. 2-39. The conventional, articulated rotor recovers its L/Dg performance when the
speed ratio of Vip/V(= 1.5 is reached.
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have before you. However, other than the Wheatley PCA-2 rotor test, the four other
experiments were small-scale models and exploratory in nature and, therefore, I am inclined
to wait for results from a few definitive full-scale rotor tests.2’

The important corollary data to maximum L/Dg is the rotor lift coefficient (Cr) at
which the maximum L/Dg is obtained. Let me use results from Kurt Hohenemser’s 1949
experiment to illustrate the behavior of the rotor-lift-to-effective-drag ratio versus rotor lift
coefficient at three of the flightpath-to-tip-speed ratios (Vrp/Vy) Kurt tested at. As you can see
from Fig. 2-40, the Cr, at which maximum L/Dg is obtained is not a precisely defined point. In
fact, a rather wide range in lift coefficient is available for a speed ratio objective. The
secondary abscissa shows that the rotor blade loading coefficient (Cr/o) is at levels far beyond
helicopter operating levels today.

The data provided by Kurt can now be used to update an earlier chart, Fig. 2-14, for
blade loading coefficients as a function of speed ratio, which you now see as Fig. 2-41.

14
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Fig. 2-40. Maximum L/Dg occurs at quite high lift coefficients (Cy) as the speed ratio of
the edgewise flying rotor is increased. Kurt Hohenemser found this out at the
start of the XV-1 development in 1949, with a two-bladed, 8-foot-diameter rotor
with a solidity of 0.087.

27 You might start by buying a tail rotor system for the Mi-26 from the Mil company in Russia. This is a five-
bladed, 25-foot-diameter articulated rotor with, I believe, more than sufficient strength for testing at high speed.
It could easily be tested in any of the world’s full-scale wind tunnels.
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What I find so interesting about the results in Fig. 2-41 is that for speed ratios around 1.0 and
above, the data trends are approximately of the form

2
(2.42) C, /o for L ~ constant Ver ,
D Max. V

E t

and you can easily see that a constant equal to 0.1 is a quite adequate representation.
Accepting this observation, it follows that the high L/Dg edgewise flying rotor operating at or
near autorotation must generally have lift-to-blade-area ratios on the order of

2
L V,
2.43) (C, /o =———=constant| —= |
( ) ( L/ )MaX.L/DE pA\/tzG (\ftj

and because disc area (A) times solidity (o) equals total blade area (bcR) for rectangular
blades, you simply have a wing-type lift coefficient. That is,

L L
PAVLG  pVy, (beR)

(2.44) = constant (say 0.1).

It would be nice to report that today’s rotor theories are quite capable of predicting the
experimental performance characteristics you see in Fig. 2-39, Fig. 2-40, and Fig. 2-41.
Unfortunately, this is not the case. Considerable success up to an advance ratio of 0.5 has
been demonstrated [109], but only minor work [112] has been done in theory development
and validation in the high-advance-ratio regime explored by Kurt Hohenemser in 1949 and
then again by Todd Quackenbush in 2010.
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Fig. 2-41. Harris’ summary “design chart” for the blade loading coefficient at which
maximum L/Dg can be obtained (for articulated rotor hubs only).
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2.8 KURT HOHENEMSER'’S 1949 DISCOVERIES

Kurt Hohenemser and Fred Doblhoff’s XV-1 technology demonstrator efforts came to
an end after final testing in late 1957 when the U.S. Office of Naval Research offered no
follow-on contract.?8 Because the program was classified confidential, many invaluable
reports disappeared into the files at McDonnell Aircraft Corporation. The odds are very good,
however, that much of this work exists on microfiche in the Defense Technical Information
Center (DTIC) files. That is how I tracked down Kurt’s reported results from his first wind
tunnel tests in 1949 at the University of Washington (see footnote 26 on page 87). This
McDonnell Report No. 1975 was volume IX of a group titled Detailed Final Report of
Research on High Speed Rotary—Fixed Wing Aircraft, so you can easily imagine what the
rotorcraft industry has been missing for some six decades [113].

McDonnell Report No. 1975, prepared by Bob Head and Kurt Hohenemser, is 358
pages long—cover to cover. The text and figures are contained in the first 40 pages. Then,
from page 41 to the end, you have page after page of graphs divided into three batches. Kurt
tested the model rotor first without simulating the drag of the tip drive units (pages 41 to
84).2% Despite the poor quality of the reproduction, I was able to read the data (slowly and
accurately enough for this discussion) from the graphs.

In Kurt’s report you will note his first impressions about trimming the model and
controlling rotor speed. For example, he wrote in his introduction that “it also became clear
that the rotor was quite sensitive to small changes in rotor attitude” at high advance ratios.
Later, in the body of his report, he expanded this point in paragraph 3.5.5.1 saying that

“figure 11 shows the thrust coefficient, Cr, against o for zero tip drag and for a blade pitch
angle of 8 =—1.5°. The slope of the Ct versus a curves become very steep at higher advance
ratios, p. The blade loading, (Ct/c), reach[es] extraordinarily high values at high advance
ratios. (C1/c) values up to 0.35 were measured. The autorotation curve indicates clearly the
instability at higher advance ratios. Above p = 1.25 this curve is nearly vertical and small
changes in o [shaft] have a very large effect on the equilibrium advance ratio, p; that is, on the
equilibrium RPM. Below a = 4° no autorotation is possible.”

You see Kurt’s figure 11 reconstructed here as Fig. 2-42. Kurt’s model had no cyclic pitch
and, therefore, an aft tilt of the rotor shaft (say while holding collective pitch constant) was
accompanied by significant longitudinal flapping. You see this growth in flapping sensitivity
with increasing advance ratio in Fig. 2-43. Because the tip-path-plane angle of attack equals
the sum of shaft angle of attack and longitudinal flapping (i.e., onp + a;s), the rotor lift-curve
slope grows rapidly. This leads to a nearly uncontrollable problem in rotor trimming. Several
experiments [74, 89, 111] show that a human—be it in a wind tunnel situation or a pilot in
flight test—is much too slow in dealing with this very undesirable rotor behavior.

28 You know, of course, that the Bell XV-3 tiltrotor program was continued with U.S. Air Force support. You
might not know that the Sikorsky XV-2 program for development of a stopped and stowed, single-blade rotor
configuration did not go beyond a paper study supported by model experiments. Thus, the 1949-1952 period
saw the first competition between a compound helicopter and a tiltrotor.

29 He simulated the tip drive by adding spheres at the model blade tips—small ones first and larger ones second.
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Fig. 2-42. The articulated rotor lift-curve slope becomes very large at high-speed ratios.
Autorotation at Vgp/V¢= 2.5 and 0 = —1.5 degrees was not possible in Kurt’s 1949
model test.
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Fig. 2-43. Longitudinal flapping response to shaft tilt can be a problem in itself as

Kurt Hohenemser found out in 1949.
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Now let me reinforce this introductory point dealing with Egs. (2.5) and (2.6). The
rotor lift—thrust if you prefer, because the shaft angle of attack (oup) is a small angle for an
edgewise flying rotor—depends on an angle of attack and a collective pitch. You saw the
dependency with Fig. 2-2 through Fig. 2-5. However, the sensitivities of thrust to angle of
attack and to collective pitch depend on whether you are working in the tip-path-plane axis
system or the shaft axis system. Let me emphasize this point using Hohenemser’s 1949 model
test data.

The data shown in Fig. 2-42 and Fig. 2-43 single out teetering rotor behavior at one
collective pitch (0), namely 0 = —1.5 degrees, as the shaft axis is inclined to the wind tunnel
free stream by the hub plane angle (onp).3° Because the rotor lift and longitudinal flapping
(ajs) behavior is, perhaps surprisingly, linear, I used a simple linear regression analysis to
reduce Kurt’s lift and longitudinal flapping data for all collective pitches and shaft angles to
individual “curve fit” equations. For a speed ratio of 1.5, I obtained

(245 C fo=4.7la, +5.116

with angles in radians. For longitudinal flapping you have

(2.46) a,;=3.000, +5.000,

and angles can all be in radians or degrees.

Now notice in Eq. (2.45) that the change of thrust with collective pitch, d(C, /c)/d8, is

+5.11 per radian for this speed ratio of 1.5. However, if you turn back to Fig. 2-2, you will
read that the same derivative is on the order of —0.75 to —1.5 per radian. It is the choice of the
axis system that causes this apparent difference.3! A little algebra shows you one way of
converting from one axis system to the other. Recall that the tip-path-plane angle of attack is
found from the hub-plane angle of attack as

(2.47) o

tpp = Opp Tyg OF Oy =0y — 84 -

With this fundamental first-order relationship, you can write the longitudinal flapping
equation as

and then solve for the flapping, which gives you

30 Keep in mind that the hub plane is normal to the shaft and that it is very common for engineers to use the
terms interchangeably. That is, og means the same as ay,.

311 believe that rotors must be studied in both axis systems. Rotor flapping relative to the shaft is very important
in the geometric layout of a blade’s position relative to the airframe, which brings preliminary and detailed
design reality to the problem. On the other hand, working in the tip-path-plane axis system can give you a
broader outlook during conceptual design.
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dals/dahp = dals :| o+ (dals/de)hp :(dals j
tpp
tpp tpp

A, = =
(249) s L+dals/dochp dor,, I+dag/da, | do

tpp

You can see from Fig. 2-43 that da,/doy,  is positive so that flapping sensitivity appears to be
reduced when you work in the tip-path-plane axis system. However, you must keep in mind
another fundamental for an articulated or teetering hub, which is that flapping (a;s) and
feathering (Bjc) are—to the first order—interchangeable. That is why you encountered
Eq. (2.6) early in this chapter. This equation, to repeat, stated that

a(Blc'*'am) +a(B1C+aIS)
do ” 29,

tpp

(2.6) (B +ag)= 0, .
The reason the change of rotor lift with collective pitch, d(C, /G)/ dO, might change
from positive to negative in value now becomes clear by writing
d(C, /o d(C, /o
( L/ ) ( —a ) + ( L/ ) 0.

2.50) C, /o= o a
( ) L/ d(x«hp tpp de

When you substitute the flapping equation, Eq. (2.49), in the lift equation, Eq. (2.50), and
simplify the result you will see that

R T CC TS | M T C (G

' - do,, | l+dag/da, || ™ o [ do, | |l+dag/da,
Admittedly, this result is a little messy, but such is the life of engineers who delve into rotor
characteristics in any detail.

Kurt Hohenemser’s McDonnell Report No. 1975 provided the rotor trim and lift
derivatives from which I could do several regression analyses. My results are summarized
here in Table 2-2 and Table 2-3.

Table 2-2. Longitudinal Flapping Derivatives for Kurt’s Two-Bladed, Teetering Rotor

Hub-Plane Axis System Tip-Path-Plane Axis System
dayg | dag | dag
Vep/ Vi do(’hp do Constant R? doctpp do Constant R?
0.50 0.690 1.699 -0.727 0.989 0.419 1.005 —0.523 0.996
0.75 1.263 2.541 —0.343 0.969 0.578 1.120 —0.294 0.994
1.00 1.755 3.175 -0.514 0.960 0.674 1.130 —0.473 0.995
1.25 2.204 4.064 -1.014 0.993 0.694 1.263 —0.356 0.999
1.50 2.996 4.998 -3.295 0.993 0.697 1.438 —0.406 0.995
2.00 3.186 6.026 -5.028 0.998 0.774 1.637 -1.377 0.979
2.50 1.963 6.199 —-3.555 0.998 0.899 0.929 —1.153 0.950
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Table 2-3. Lift Derivatives for Kurt’s Two-Bladed, Teetering Rotor (angles in radians)

Hub-Plane Axis System Tip-Path-Plane Axis System
d(C,/0)|d(C, /o) d(C, /o) |d(C, /o)

Vrp/V, doy hp de Constant R’ do tpp do Constant R’
0.50 0.542 0.870 —0.00256 | 0.995 0.317 0.326 0.00208 0.993
0.75 1.032 1.311 —0.00117 | 0.986 0.441 0.154 0.00345 0.968
1.00 1.782 1.935 —0.00006 | 0.993 0.690 —0.149 | —0.00005 0.960
1.25 2.998 3.190 0.00346 0.985 0.920 —0.599 0.02165 0.974
1.50 4.709 5.108 —0.00259 | 0.980 1.163 —0.761 0.06658 0.972
2.00 9.201 11.129 —0.04517 | 0.992 2.280 —2.093 0.14115 0.994
2.50 14.991 19.628 —0.11749 | 0.996 5.019 —11.662 | 0.19855 0.993

Both of the preceding tables show that the regression analyses found that the “curve
fitting” is quite accurate (i.e., R? > 0.95), but the analyses detected a constant that said the
experimental results had an overall zero shift. Kurt’s 8-foot-diameter rotor used untwisted
blades, and theoretically the “constant” should be zero. That is, if the angle of attack is zero
and the collective pitch is zero, then the rotor should not be flapping and the lift should be
zero. All the experimental data I am acquainted with has presented difficulties of this sort.32
Most often, the elastic deflections in blade torsion are the cause. You will remember from
Volume I that Cierva had considerable problems with blade torsion on his C.30 autogyro.

This brings to an end the discussion about edgewise flying rotors and some of the
aerodynamic limitations the rotorcraft industry has uncovered and experimentally confirmed.

Now let me turn to the actual progress demonstrated by full-scale rotary wing aircraft
from the 1960s to today.

2.9 COMPOUNDS AND THE LOCKHEED AH-56

Dissatisfaction with the top-speed performance of the “pure” helicopter was prevalent
from the 1950s through the 1970s. Very few leaders saw practical demonstrations of high-
speed edgewise flying rotors despite a short-term burst of enthusiasm that came with the
McDonnell XV-1 (Fig. 2-6) and the Fairey Rotodyne (Fig. 2-7) in the 1950s. A superb article
[114] about this “quest for speed” by Raymond Robb was published in the American
Helicopter Society’s Vertiflite magazine in the summer 2006 edition. This article gives you an
overview of what Robb called “hybrid helicopters,” and it is well worth your reading time.

In the early 1960s, TRECOM33 initiated a multi-contract effort with four companies
to add auxiliary propulsion and wings to conventional helicopters, and explore rotor behavior
at high advance ratios. This major research initiative was commonly referred to at Bell

32T always end up wondering if Newton’s equation should really be written as F = k; (ma) + k.

33 Transportation Research and Engineering Command located at Ft. Eustis, Virginia, and now known as the
U.S. Army Aviation Research and Development Command (USAAVRADCOM). I knew them best when they
were U.S. Army Aviation Material Laboratories (USAAVLABS) on March 1, 1965.
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Helicopter Textron as the High Performance Helicopter (HPH) Program. The U.S.
Government-funded research (with several of the aircraft shown in the collage in Fig. 2-44)

was summarized from a technical point of view by John White and Duane Simon in August
1992 [115].34

The focus on speed and the fruits of all the compound helicopter research were
brought to bear when the U.S. Army began a search for a new attack helicopter to replace the
Vietnam-era Huey Cobra supplied by Bell Helicopter. A competition for a machine able to
dash at 220 knots and cruise at 195 knots, while retaining the capability to hover at 6,000 feet
on a 95 °F day, was ultimately won by Lockheed with its AH-56—the Cheyenne. This fully
compounded helicopter was designed by a company well versed in obtaining efficient high
speed with fixed-wing aircraft as you might guess from Fig. 2-45 and Fig. 2-46. The
contractual efforts began in March of 1966 with the expectation that 10 prototypes, designated
as the AH-56A, would be built and tested, and the Army would be operating them before
1972. Things did not go as planned, and the program was canceled by the Secretary of the
Army on August 9, 1972. The more complete story, with all its ups and downs, is told by
Landis and Jenkins [116].

Fig. 2-44. Some past high-speed rotary wing aircraft (1950s through 1970s). Top row—
Fairey Rotodyne, McDonnell XV-1, and Lockheed XH-51; center row—Sikorsky
NH-3, Bell 533, and Sikorsky S-67; bottom row—Lockheed AH-56, Sikorsky S-69
Advancing Blade Concept, and Sikorsky/NASA/DARPA Rotor Systems Research
Aircraft (RSRA) with a prototype x-wing installed (photos courtesy of Todd
Quackenbush).

34 This very valuable document was prepared under a contract between CAPCON, Ltd. and Boeing Vertol. My
copy came when I helped Wayne Wiesner distribute his library somewhat before he died. Because of its value, I
made a PDF of my copy and sent the file to Wayne Johnson at NASA Ames and Mike Hirschberg at the AHS.
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Fig. 2-45. The Lockheed AH-56 had a tall rotor for hover, and a pusher propeller
and wing for forward flight.

Fig. 2-46. The AH-56 rotor reached an advance ratio slightly over 0.52 at a
flight speed of 204 knots.

The performance that several of these compound helicopters demonstrated before
1970 is noteworthy as a prelude to more recent accomplishments. A simple, tabulated
summary, guided by data from John White and Duane Simon’s report [115], is provided here
in Table 2-4. You might also find the graphical summary shown in Fig. 2-47 equally
interesting.
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Table 2-4. U.S. Army Funding of High-Speed Helicopter Research Led to Greater
Understanding of the Potential Offered by Auxiliary Propulsion and Lift; These

Compound Helicopter Programs Laid the Foundation for the AH-56A

Max True Jet Gross ESHP
Reference Label, Airspeed | Engine Engine Weight | Equivalent | Per Ton
Rotorcraft Figures, Pages (knot/mph) | SHP | Thrust(lb)| (1b) SHP* of GW
Bell YH-40/
YUH-1B [117] Fig 18, pg. 58 157/181 1,065 na 6,480 1,065 329
Phase 1
Bell YH-40/
YUH-1B [118] Textpg. 14 186/214 na na 9,200 1,860 404
Phase 2
Bell YH-40/ .
YUH-1B [119] Fig. 6, pg. 33 217/250 na na 9,800 2,700 551
Bell YH-40/ .
YUH-1B [120] Fig. 9, pg. 20 274/315 300 3,200 9,540 3,000 629
[121] Table 1, pg.
E;Im;m 33, Flt. 83, Rec. 6; 188/216 | 946 2,574 | 9200 | 2,436 530
see also [122-124]

Lockheed [125] Table 11,
XH-51A pe. 114 210/242 165 1,400 4,800 1,070 446
Lockheed [126] Table 1,
XH-51A pe. 4, Fig. 5, pg. 15 236/271 245 1,595 4,500 1,675 744
Lockheed [127] Fig. 65,
XH-51A pe. 115 240/276 250 1,880 5,875 2,000 681
Lockheed [128] Fig. 3, pg. 7;
XH-51A see also [129-132] 263/303 250 1,880 4,500 2,000 889
Sikorsky [133] Textpg. 12,
NH-3A/ Fig. 7c & d, 211/243 1,668 5,485 19,000 5,227 550
S-61F pg. 54/55
Piasecki [134] Fig. 32,
16H-1A pg. 87 163/188 1,240 na 6,700 1,240 370
Sikorsky
ABC %113 3 ]6 4TeXt 115.224, 156/180 | 1,800 na 11,000 1,800 327
(Helicopter) g 0% pe.
Sikorsky [135] Text pg. 24,
ABC Fig. 135, pg. 210; 238/274 1,726 6,600 13,300 4,000 602
(Compound) | see also [136-138]
Sikorsky
S-67 [139] Fig. B, pg. 8 183/211 2,800 na 18,700 2,800 299
Blackhawk
Lockheed [140] Fig. 2-11,
AH-56A pg. 2-31; see also 221/254 4,600 na 18,300 4,600 503
(AMCS) [141, 142]

* Equivalent SHP = Engine SHP + Jet Thrust in Ibs (%] .
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Fig. 2-47. Compound helicopter research in the 1960s and 1970s did not lead to a
production aircraft, although the Lockheed AH-56 came close.

2.10 FIVE RECENT TECHNOLOGY DEMONSTRATORS

The Bell XV-15 tiltrotor achieved 301 knots true airspeed in June of 1980, and then
the Westland G-Lynx set the world speed record at 216 knots true airspeed in August of 1986.
I think these two milestones reawakened the rotorcraft industry’s thoughts about what
efficient high-speed potentials still remained to be explored. Clearly, the potential of the
edgewise flying rotor had not been reached. The ‘“standard” approach of installing only
sufficient power to meet hovering requirements, and taking whatever falls out for forward-
flight performance, was rather shortsighted for advanced helicopters. More creative thinking
produced three other technology demonstrators during the following 50 years. Ways to get
around several limitations inherent in edgewise flying rotors were demonstrated in flight, and
the foundation for rotors acting as propellers was more clearly established. One major
difference between the edgewise flying and propeller-like devices—beyond the limitations
you have already read about—has to do with rotor/propeller tip Mach number. The helicopter
engineer thinks in terms of an advancing tip Mach number (M, o9); the propeller engineer
thinks in terms of a helical tip Mach number (Mpgjicar). It is simply
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and the advantage goes to the propeller as Table 2-5 and Fig. 2-48 show. This fundamental
aerodynamic performance characteristic relegates the conventional rotor to a relatively small
region in the classical forward-speed-to-advance-ratio envelope. To make this point clearer, in
Fig. 2-48 1 have included the five highest-speed “rotorcraft” experimental results since the
1980s. Rotorcraft is in quotes here because only two (Fig. 2-49 and Fig. 2-50) of the four
are pure helicopters, the third has auxiliary propulsion (Fig. 2-51), the fourth is a fully
compounded helicopter (Fig. 2-52), and the fifth (Fig. 2-53) is a tiltrotor, which I think of
more as a turboprop airplane with VTOL capability.

Table 2-5. Five High-Speed Technology Demonstrators

Reference Perry [143] Mecklin [144] Walsh [145] | Harris’ Estimate | Maisel [37]
Company Westland Boeing Sikorsky Eurocopter Bell
Aircraft G-Lynx Model 360 X2 TD X XV-15
True airspeed (kts) 216.3 214 250" 232 301
Date Aug. 11,1986 | Oct. 23,1989 | Sept. 15,2010 May 12,2012 | June 17, 1980
Advance ratio 0.50 0.517 0.768 0.688 0.752
400 T T T T T
V., +V V2, + V2 | | 1/ ~
M, , =—2—* versus M, ., =" | | V=750 fps e
Flight 350 1
Path i

Velocity 325
(kts)

300

275

250

225

200

175
0.45

Fig. 2-48. Flightpath speed versus speed ratio domain shows the accomplishments of five
companies with their technology demonstrators.
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Agustaiosliand. — =
Fig. 2-49. The Westland Helicopter Limited G-Lynx set the current world speed record
of 216.3 knots on August 11, 1986. The blade tips had a very tailored planform,

commonly known as the British Experimental Rotor Programme (BERP) tip
[143, 146].

Fig. 2-50. Boeing Vertol Model 360 [144, 147-158] (photo courtesy of Ron Mecklin).
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Fig. 2-51. The Sikorsky X2 Technology Demonstrator [145, 159-162].

Fig. 2-52. The Eurocopter X’ [163].
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Fig. 2-53. The Bell XV-15.

These five most recent rotorcraft technology demonstrators deserve a little more
background than what you have with Table 2-5 and Fig. 2-48. Therefore, let me begin with
the current world record holder.

Westland Helicopter Limited set the current helicopter world speed record at
216.3 knots true airspeed on August 11, 198635 with its G-Lynx, Fig. 2-49. The story [143] is
well told by John Perry who was then Chief of Aerodynamics at Westland. His conclusions
about helicopter high speed, which I wholeheartedly endorse, were very well stated in his
presentation at the 43rd Annual Forum of the American Helicopter Society in May of 1987:

“The World Speed Record flying has demonstrated the capability of the BERP
[British Experimental Rotor Programme] rotor to provide high speed performance for a
modest blade area. The aircraft was able to achieve 216.3 knots utilising engine maximum
contingency ratings and water methanol injection. The aircraft was smooth with low levels of
main rotor induced vibration throughout its speed range notwithstanding the high control
power of its rotor head. These characteristics were achieved with the aid of a powerful rotor
dynamic aeroelastic and performance analyses. The performance and rotor load measurements
produced by the speed record flying agreed very well with analytical predictions, and this was
especially satisfying given the extremes in advance ratio and Mach number covered. The
design of rotors for high speed helicopter applications therefore may be carried out with
confidence.

35 This replaced the helicopter absolute world speed record over a 15/25-km course set with the Mil A-10 at
199.13 knots on September 21, 1978. The Mil A-10 led to the Mil Mi-24, the Russian Hind attack helicopter.
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High speed flight requires high installed power levels. A helicopter whose engines are sized
for high speed conditions will have outstanding single engine performance at low speeds and
a significantly enhanced level of safety when operating from restricted sites in built-up areas.
If the power of the engines can be applied directly to produce propulsive force in forward
flight, transmissions of conventional size can continue to be used [in] minimizing the weight
penalty due to high installed power levels [my italics].

G-LYNX has demonstrated that a conventionally configured helicopter could possess a high
dash speed utilising simple variable area nozzles, and the level of power installed gave it
outstanding climb and sustained manoeuvre capability. The aircraft could also sustain an
indicated airspeed of 200 knots in level flight without exceeding the dry maximum continuous
rating of either its engines or the twin continuous torque limit of its transmission.”

Much has been made of how Westland used the residual jet exhaust of the turboshaft
engine (never mind the water methanol injection) to provide auxiliary propulsion and that this
should really disqualify the machine as a “pure” helicopter. I do not share this view because
all helicopter turboshaft engines have some residual jet thrust that does contribute to a
positive propulsive force. It is just that most helicopter engineers, thinking that the jet thrust is
small and therefore negligible, ignore this fact of life when quoting performance. In
Westland’s case, a very smart approach to using engine jet thrust was employed and I, for
one, applaud the Westland engineers.

The much more interesting aspect of the G-Lynx was the BERP rotor blade tip shown
here in Fig. 2-54, which John included in his paper. About 4 years after the fact, this blade tip
configuration was independently examined with both test data and theory [146]. This
evaluation confirmed the benefits of the BERP tip and suggested that even more benefits
could be obtained.

1.  LARGE SWEPTTIP i T
2 LEADING EDGE NOTCH et Tor 3

HIGHLY SWEPT EXTREME EDGE
INCREASED PLANFORM AREA
s.  BALANGED TIF LIFT AND MASS
6. THIN AEROFOIL SECTION

e
o

Fig. 2-54. The BERP tip geometry is, so far, the most creative tip shape the rotorcraft
industry has come up with [143, 146].
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Now turn your attention to the Boeing Vertol Model 360, Fig. 2-50.

The Model 360 was designed from inception with a 200-plus-knot cruise speed in
mind, but the more important aspect of the helicopter was the nearly all-composite
construction. When it first took off on June 10, 1987, it was the world’s largest all-composite
helicopter to fly. (The same thing might be said about the Boeing 787 airplane.) Overall, the
Model 360 was a very much improved copy of the venerable U.S. Marine CH-46, with the
power and drivetrain replaced with components from the larger U.S. Army CH-47 Chinook.
The business idea was to compete with the Bell Helicopter Textron tiltrotor aircraft to become
the Marine’s replacement for the “metal” CH-46. Ken Grina, who became Vice President of
Research and Engineering in 1979, was the directing genius behind the Model 360. He put
together a small “Skunk Works-like” four-man team with Bob Wiesner as project engineer. A
September 1987 Vertiflite article written by Ken [148] was prefaced with:

“Editor’s note: Boeing Helicopter’s Model 360 made its first flight on June 10, 1987,
becoming the largest composite aircraft in existence. The aircraft was the result of a rigorous
development program led by Ken Grina, Boeing Helicopter vice president of research and
engineering. Grina started at Boeing in 1947 after he graduated from the University of
Minnesota with a degree in aeronautical engineering, and gradually rose through the ranks
until he reached his current position in 1979. His specialty is structures and he played an
important role in Boeing developing the first composite rotor blades in the United States.[3¢]

The Model 360 was affectionately nick-named ‘Grina’s bootleg helicopter’ in
reference to his ability to surmount almost any obstacle that presented itself, and his genius in
utilizing parts and ideas from other Boeing programs to reduce the cost and speed along the
development of the Model 360. ‘We may never see another program like this again,” Grina
said.

The Model 360 was also Grina’s last program at Boeing. He retired on October 31,
1987, leaving behind a lengthy and distinguished career that included the honor of the
American Helicopter Society’s Klemin award and the 1993 Alexander A. Nikolsky Lecture
[149]. Grina said he plans to devote himself to traveling with his wife Nellavon and working
on his home in suburban Philadelphia. He has designed several additions to the house,
including a gym, and will be busy working on their completion. We have no doubt that he will
utilize the latest technology and composite materials.”

An article in Rotor & Wing magazine written by Dave Harvey [150] said that the Model 360
program was “something you can afford to do with $100 million of your own money and $25
million kicked in by various suppliers.”

Ken gave the most comprehensive details about the Model 360 in a paper [147] he
presented on February 13, 1989, at Israel’s 30th Annual Conference on Aviation and

36 As director of R&D, I reported to Ken and can tell you firsthand that he was a very “can do” engineer. He did
not brook much “can’t do” and absolutely no “won’t do.” Ken revised my approach to the bearingless main rotor
hub design using an Erector Set configuration, which was a much smarter way to go considering the explorative
nature of the program. I never forgot that lesson. You should also know that it was Pete Dixon who detail
designed, fabricated, and, along with Bill Walls, got the Boeing BMR into flight test [123-125] after I moved to
Bell in June of 1977. Another lesson Ken taught me was the value of turning an idea into hardware and test
results before the vision clouds or disappears. Finally, I took his downsizing a CH-47 into a CH-46 composite
look-alike really to heart. If you study the Bell OH-58D closely [164], you will see that it is really a Bell Model
206B fuselage with Model 206L engine and drivetrain components.
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Astronautics. He was a consultant at that time and championed composite materials. In earlier
papers he acknowledged (with considerable pride, which does not come through in the
papers) the payoff on money spent during years of rotor system research that went into the
Model 360. In this regard, I suggest you read Tony McVeigh and Frank McHugh’s paper
[154] and a later paper by Leo Dadone, Seth Dawson, Bob Boxwell, and Don Ekquist [158]
where a model of the 360 rotor was tested in the Deutsch-Niederlandischer Windkanal
(DNW). These reports, along with Larry Hartman, Ron Mecklin, and Bob Wiesner’s paper
[153], and the paper on the Model 360’s weights by Jack Wisniewski [155], offer the most
important aspects of the program and configuration details I have been able to obtain. From
a rotor technology point of view, the blade geometry of the model as tested in the DNW
(Table 2-6) and the all-composite hub design (Fig. 2-55 and Fig. 2-56) may be of particular
interest to you.

Table 2-6. The Full-Scale Model 360 Rotor Characteristics Compared
to the 1/5-Scale Model Tested in the DNW [158]
(both were tested at a tip speed of 700 feet per second)

Parameter ‘ Units ‘ Full Scale ‘ DNW Model
Blade Geometry
Radius in. 298.2 60.619
Basic chord in. 26.0 5.285
Number of blades na 4 4
Tip taper, c(tip)/c(basic) na 0.3206 0,3206
Tapered section start, r/R na 0.9 0.9
Thrust weighted solidity na 0.10053 0.10053
Root cutout, r/R na 0.268 0.268
Airfoils
Tip (r/R =1.0) VR-15 VR-15
/R 0.268 to 0.85 VR-12 VR-12
Hinge Geometry
Horizontal pin offset in. 10.68 1.734
Vertical pin offset in. 38.75 5.46
Hub offset in. 2.14 0.435
Pitch axis, x/c na 0.202 0.202
Other Properties
Weight to vertical pin b 181.9 1.57
Weight moment to vertical pin in-1b 20,670 34.71
Weight moment to horizontal pin in-1b 27,391 52.75
Moment of inertia about horizontal pin 1b-in? 4,910,000 1,777
Centrifugal force to horizontal pin b 56,970 2,437
Nominal Frequencies on a Per-Rev Basis
Ist flap na 2.607 2.626
2nd flap na 4.64 4.679
3rd flap na 7.45 7.518
Ist chord na 7.37 7.80
Ist torsion na 5.49 5.25
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I cannot conclude this short discussion about the Boeing Model 360 without touching
on its performance and specifically the power required versus speed measured early in the
program on Flight X-78 [153]. This is quite relevant to the near record breaking performance
during Flight X-255 on October 23, 1989, when 215 knots was achieved in level flight and
223 knots was achieved in a 300-foot-per-minute descent [152]. The test results for Flight
X-78 were published [153] in a nondimensional form as the ratio of power required in
forward flight to power required in hover. You will find this power required ratio plotted
versus flightpath speed, divided by the square root of ambient air temperature, and divided by
the temperature on a standard day (i.e., V0), as figure 11 in reference [153].37 Just for the fun
of it, I decided to reconstruct the power required curve assuming (as Ron Mecklin and I talked
about in January 2013) that he and Frank Duke were on the transmission limit of 7,000
horsepower at 215 knots, and it was a near standard day with the ambient temperature about
59 °F at an altitude of 2,500 feet. Ron sent me his paper that he gave to the Society of
Experimental Test Pilots [144], which gives the nominal gross weight as 30,000 pounds and a
rotor speed of 269 rpm. You see the results of my effort in Fig. 2-57. One important
performance aspect you might note from my reconstruction of the Model 360 power required
curve is that the speed for maximum L/D (WV/P) is around 125 knots while the speed for
maximum continuous cruising is certainly in the range of 215 knots.
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Fig. 2-55. The Model 360 hub used all-composite straps and elastomeric bearings—a
major improvement over a CH-46 (or CH-47) hub with respect to reliability,
maintainability, parts’ life, manufacturing cost, and of course, weight reduction
[147].

37 Twice I asked Bob Wiesner, the Model 360 project engineer, for the flight test data in “raw” form and twice
he punted. The first time he was still immersed in Boeing and, because of the competitive environment at that
time, Boeing put the clamps on releasing the data, which was somewhat understandable. The second time,
January 2013, he was long retired and could not remember where the data was, which was completely
understandable. Of course, the real problem is that I have tackled this three-volume book a decade too late.
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Fig. 2-56. The Model 360 hubs were, in my opinion, better than our “modern day”
bearingless hubs [150].
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Fig. 2-57. Harris’ summary of the high-speed performance of the Boeing Model 360.
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Subsequent to the high-speed flight, “a crack was discovered in the rear rotor hub and
the Model 360 was grounded” for repairs [165]. Later, an article in the July issue of Flight
International [166] appeared that quoted Frank Duke (then Program Director and test pilot)
saying, “We think we have good potential for the world speed record.” After acknowledging
the grounding problem, Frank went on to say:

“The single Model 360 built started flying again earlier this year after several months
of ground work, partly to cure a rotor-hub delamination problem at high speed. The rotor hub
has two significant composite components which are joined with adhesive. Due to the
torsional requirements that we imposed on the hub at very high speeds, some of the layers
started to delaminate and we got a minute, but significant, relative movement between the two
[components] at more than 200 kts. Boeing is to begin first demonstration of the aircraft
outside the company during the next few weeks. We will be demonstrating it to those people
who will be considering what is next for a medium-lift helicopter. We have [also] invited
those individuals from the U.S. Army who will be involved in determining what will follow
the CH-47D and MH-47E.”

As you know, things did not go Boeing’s way. The U.S. Marines chose to develop the then—
Bell Boeing V-22, and the U.S. Army showed little interest in applying Model 360
technology to the CH-47 series.

Let me leave you with one quote from Ken Grina’s Alexander A. Nikolsky Lecture
[149] that I think reflects Ken’s true character. In the last paragraph of the article he said,
“Perhaps the greatest benefit of all is that we’ve now produced a cadre of composite
engineers, people working not just in structures but in dynamics as well.” A lot of that
talented “cadre” that Ken taught went to work on the V-22.

Now consider the Sikorsky X2 Technology Demonstrator, Fig. 2-51. This is another
example of a small, company-funded team38 (led by Steve Weiner, Director of Engineering
Sciences) successfully building on a good idea (the Sikorsky XH-59A or, if you prefer, the
ABC). Steve and his team used advanced technology to create a modern and, in my opinion,
exceptional machine, with little money and in the blink of an eye—at least when compared to
most Department of Defense funded programs. By the time the rotorcraft industry became
fully aware of Sikorsky’s program, the X2 TD had reached 250-plus knots in level flight.

Dave Walsh and his coauthors reported on the X2 TD’s unofficial breaking of the
Westland G-Lynx world record at the 67th Annual Forum of the AHS on May 4, 2011. Their
paper recounted the high-speed flight with these words:

38 This program, initiated during Stephen Finger’s presidency at Sikorsky, had the wholehearted support of Jeff
Pino when he became President of Sikorsky on March 8, 2006. I got to know Jeff when he was Captain Pino and
assigned to flight testing the OH-58D. He later joined Bell Helicopter Textron and, under Jack Floyd’s program
management mentorship, grew rapidly during the LHX program. When the Bell-McDonnell “Super Team” lost
the competitive bid to Boeing-Sikorsky’s “First Team,” Jeff rose quickly at Bell in the marketing department.
Then, in January 2002, Dean Borgman hired Jeff away from Bell. (Dean took great pride in telling me of this
robbery.) When a small team has the kind of support that a man with Jeff Pino’s leadership qualities can bring to
an idea, they can do really wonderful things. Jeff retired in June 2012. You might think that Kelly Johnson’s
Lockheed Skunk Works [167] was the only example of U.S. technology demonstrator talent, but for my money,
nothing could be further from the truth.
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“With the FBW/SAS [fly-by-wire/stability augmentation system] optimized and
overall vibration in the cockpit, on the engine, and at equipment locations at satisfactory
levels, it was time to continue the envelope expansion toward the goal of 250 KTAS [true
airspeed in knots]. Flight 17 was conducted in the early morning of September 15, 2010. The
takeoff was the most aggressive to date with the pilot accelerating to 150 knots in a level
attitude before rotating into a cruise climb at 140 knots and 800 fpm. Level off was at
[approximately] 7000 ft. density altitude. Prop pitch was increased to trim the aircraft at 200
knots, 220 knots, and 230 knots. The prop pitch was then increased a few degrees while the
collective was lowered to [approximately] 10% above the flat pitch setting. The aircraft
trimmed at 253 KTAS in level flight. The chase aircraft showed a true airspeed of 255 knots.
After taking data at 250+ knots the pitch attitude was lowered by 3 to 4 degrees, with the
same prop and collective settings, and the aircraft entered an 800 fpm descent. Speed
increased to 263 KTAS. After recovery from the dive, the aircraft was slowed to a very
comfortable 200 knots. A three perpendicular-leg GPS airspeed calibration was completed at
200 knots. The aircraft returned to base for an uneventful landing.”

You will find considerable details about the Sikorsky X2 TD in Walsh and his coauthors’
paper [145], including the power-required-versus-speed data, a copy of which I have included
here as Fig. 2-58. From this data you can immediately see that by 175 knots virtually all of the
engine power was going to the six-bladed, 6.66-foot-diameter propeller (called a propulsor
by Sikorsky). The power going up the rotor shaft is simply ensuring that rotor speed is
controlled.

As 1 did for the Boeing Model 360, I have added a light, dashed blue line that becomes
tangent to the total power required curve at about 160 to 165 knots. This suggests that the
speed for maximum L/D of the X2 TD is about 40 knots faster than the Model 360. Evidently,
the X2 TD could continuously cruise at 260 to 265 knots considering the maximum
continuous power available line (labeled MCP) that you see on Fig. 2-58.
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Fig. 2-58. The Sikorsky X2 TD could have easily cruised continuously at 260 to 265 knots
(if not faster), which is one indication of the streamline shape shown in Fig. 2-51 [145].
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Reaching a speed of over 250 knots is, of course, a tremendous accomplishment for an
edgewise flying rotor system. Certainly, Sikorsky being awarded the Collier Trophy for the
program on May 5, 2011, was a well-deserved honor. However, the program accomplished
considerably more technically than you may be aware of. Let me point out just three
technology facets that I believe to be extremely important.

To begin with, the X2 TD high-speed flight envelope expansion was not accompanied
by the severe vibration that hampered the earlier XH-59A envelope expansion. You can
appreciate this from just a comparison of vertical vibration at the pilot’s station, which Walsh
included in his paper [160] and I have reproduced here as Fig. 2-59. This vibration reduction
was obtained using the Sikorsky-developed Active Vibration Control System that was
incorporated into the Sikorsky S-92A and UH-60M, as you learned in the discussion of
vibration in Volume II, Chapter 2.6. This vibration solution was discussed by Bob Blackwell
and Tom Millott in their paper presented at the 64th Annual Forum of the AHS [161]. Two
paragraphs they wrote that I found very interesting stated:

“Experience on the XH-59A showed that adequate control of the N/rev vibration
may be an absolute requirement to achieve high speed flight. An active vibration control
(AVC) approach was selected due to both its weight efficiency as well as its ability to track
changes in rotor speed without performance degradation. Other vibration control approaches
such as hub-mounted vibration absorbers and higher harmonic control (Ref. 9) were briefly
considered. A hub-mounted vibration absorber, such as the bifilar used on many Sikorsky
helicopter models, was rejected due to the drag penalty it would introduce at high airspeeds.
Higher-harmonic control was considered too complex and offered too many design challenges
to be an appropriate choice for a rapid prototype development program such as the X2
Technology™ Demonstrator.
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Fig. 2-59. The X2’s low vibration level was achieved with an anti-vibration device
Sikorsky developed and applied to its S-92A and UH-60M helicopters [160].
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The AVC system incorporated into the demonstrator is based upon the existing off-
the-shelf system currently utilized on the S-92ATM (Ref. 10) and the UH-60M BLACK
HAWK (Ref. 11) production helicopters. AVC achieves this attenuation by applying 4/rev
vibratory forces to the airframe to counteract those produced by the rotor system. AVC
implements a closed-loop feedback control algorithm utilizing accelerometers as the feedback
sensors and airframe-mounted force generators (FGs) as actuators. A tachometer (Nr) sensor
is used to provide a reference signal to allow AVC to swiftly and accurately track changes in
rotor speed. An architecture block diagram of the AVC system is shown in Figure 16 (AVC
components shown in light green).”

Even as I write this in 2013, there still appears to be no amount of fuselage and/or
rotor system tuning that can produce the “jet smooth” vibration characteristics that the
rotorcraft industry needs for its future products. It almost seems that licking vibration at the
source—as so many rotorcraft engineers have hoped for—is a lost cause. This suggests that a
weight allowance for vibration reduction must always be included on all future rotorcraft
weight empty statements.

The second facet of immediate interest to me is the similarity between the X2 TD
blade and Cierva’s early blade designs, which you see in Fig. 2-60. Of course, rotary wing
aerodynamicists may be more interested in the blade geometry contrast between the XH-59A
and the X2 TD. Ashish Bagai shared the background about the main rotor blade in his
presentation at the 64th Annual Forum of the AHS [159]. The very tailored geometry of the
X2 TD 1is shown here in Fig. 2-61. You might note that a thinning of the airfoil (i.e., the
airfoil-thickness-to-chord ratio) outboard of the 0.6-radius station was not selected even
though advancing tip Mach numbers approaching 0.9 were anticipated. Ashish noted that the
tip region uses supercritical airfoils, which minimize compressibility problems.

g_ - |

Sikorsky X2 TD in the first decade of the 2000s.
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Cierva rotor blades (see Volume I, Fig. 2-66 on page 142).

Fig. 2-60. What an extraordinary design similarity between the Sikorsky X2 TD blade
[160] and Cierva’s early autogiro blades.
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The third facet of interest deals with how drag could be minimized in the hubs, and in
the region between the upper and lower rotors of this coaxial machine. The problem was
tackled with computational fluid dynamics and some wind tunnel testing as Brian Wake and
his coauthors explained in their paper presented at the 65th Annual Forum of the AHS [162].
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Fig. 2-61. The X2 TD blade design benefited from advanced technology [159].
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The fourth technology demonstrator that you should know about is the Eurocopter X,
which you saw in Fig. 2-52. The first flight of this fully compounded helicopter was made on
September 6, 2010. Only 8 months passed before the aircraft demonstrated 232 knots on May
12, 2011. Very little technical data has been released by Eurocopter about its X° (or X cubed
as it is called by some). However, a somewhat background-oriented presentation [163] of the
program was given at the AHS Future Vertical Lift Aircraft Design Conference held in
January of 2012. The configuration overview was discussed with one chart, which I have
reproduce here as Fig. 2-62. Eurocopter’s ability to put together a small team of experts that
gathered off-the-shelf components to get the concept flying in a short time is, in my opinion,
another example showing that Kelly Johnson’s “skunk-works” approach is alive and well.
Then, in July of 2012, Aviation Week published an article by Douglas Nelms where he related
his experiences flying the aircraft [168]. The pilot-oriented discussion was, as always, very
valuable. Toward the end of the article Nelms wrote:

“When we were clear of the controlled area, Jammayrac [the company pilot] pushed
the TLC forward and put us in a 3,000 ft./min. climb at 118 kt. at 20% torque, climbing to
7,000 ft. The X3 literally pushes you back in the seat as though it is a corporate jet on climb-
out. Performance limits for climbs are up to 5,500 ft./min. with a climb slope of 40 deg.

As mentioned, the dissymmetry in blade speeds causes increasing vibration.
Traditionally these are controlled through use of either passive dampeners or active devices
that sense and counter the vibration frequencies. No anti-vibration systems are installed on the
X3, and test pilots who have flown the aircraft at speeds in excess of 232 kt. say that neither
vibration nor stability appear to be a problem and that the aircraft can be flown hands-off
without either anti-vibration or stability-augmentation systems installed.

It is still too early to determine whether such systems will be needed in a production
aircraft, but Eurocopter says the X3 ‘has validated the H3 concept beyond expectations, [and]
even at 232 kt. is behaving like a flying carpet without autopilot or stabilization systems, and
can be flown hands-off.” We took the X3 up to 220 kt., where I found the aircraft can indeed
be flown hands-off with good stability, but with a noticeable amount of vibration.

As for stability, I was able to put the aircraft into a series of turns increasing to 60
deg. of bank, with feet off the pedals and collective lever down, maintaining both altitude and
airspeed—more or less. In unfamiliar helicopters I tend to lose a couple hundred feet of
altitude while losing or gaining 10-20 kt. in sharp turns, but in the X3 the loss or gain was
about half that, or less. Turn-speed limitations are 45 deg. at 220 kt. and 60 deg. at 210 kt.

The aircraft does have a four-axis autopilot, taken from the EC155. At one point
while I had the aircraft in straight and level flight, Jammayrac turned off the autopilot. The
cyclic got just ‘squirrelly’ enough to notice it, but not so much that it would present a
problem.”

When you think about the article Nelms wrote in toto, it is a very good first impression for
any technology demonstrator.

The fifth rotorcraft technology demonstrator is one that showed enough promise that
its configuration was adopted for production. This was the Bell XV-15 tiltrotor (Fig. 2-53),
and it was scaled-up for the U.S. Marines to become the V-22 Osprey (Fig. 2-63). The most
authoritative story of the XV-15 [37] was pulled together by three men: Marty Maisel, Demo
Giulianetti, and Dan Dugan, all from NASA Ames Research Center. When you add in the
familiarization manual [169] Marty wrote, you have a very good understanding of the XV-15.
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Fig. 2-62. The Eurocopter X° was unveiled for first flight on September 6, 2010 [163].

Fig. 2-63. The Bell/Boeing V-22 Osprey: a collage showing the aircraft in hover, then in
transition with the rotors partially tilted, and finally in cruise flight.
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Flight envelope expansion is a major step in the life of a technology demonstrator
program. In the XV-15 program, the envelope was expanded beyond the low-altitude hover
and conversion maneuver to altitudes of 25,000 feet density and speeds to 300-plus knots. You
see the XV-15 envelope in Fig. 2-64 where test conditions flown are gathered up on a graph of
density altitude versus, in this case, true airspeed in knots. What is immediately apparent from
this presentation is that the XV-15 could be put into a slight dive, and then speeds up to 335
knots could be reached and data could be taken. Note that in steady, level flight at 16,000-foot
density altitude, the XV-15 had a high-speed cruise capability of 300-plus knots. This speed
was limited by the transmission torque, and this limit coincides with the normal rated power
of the two Lycoming T-53 engines. Because the transmission was designed for 3,000-hour life
[169], the XV-15 could, in fact, cruise at 300 knots and 16,000 feet for virtually all of the
3,000-hour transmission life. If you think about a commercial business application where
1,000-rotor-turning hours per year would not be unreasonable, the XV-15, as a technology
demonstrator, would need major inspections once every 3 years. As it turned out, the XV-15
aircraft became a very impressive tool for the Bell marketing department until it was retired in
1999 after accumulating 2,000 flight hours.

Perhaps the most positive aspect of the XV-15 commented on by many of the guest
pilots was how “easy it was to convert from helicopter to airplane flight and back again”
(Fig. 2-65). This is in stark contrast to most of the early “convertiplanes,” which could lose
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Fig. 2-64. The flight envelope of the XV-15 cleared the aircraft to 335 knots in a slight
dive. The flight at 25,000 feet was an unofficial world record [37].
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500 feet in altitude during the conversion maneuver. Many VTOL aircraft had conversion
“corridors” that were quite restrictive and demanded considerable pilot attention [25].
Maisel’s history of the XV-15 [37] describes the aircraft’s flight control system in
considerable detail. He writes:

“The flight controls in the hover and helicopter modes resemble those of a lateral-
tandem rotor helicopter. While the fixed-wing control surfaces remain active at all times, the
primary low speed control forces and moments are provided by proprotor collective- and
cyclic-blade angle (pitch) changes. Differential collective pitch produces aircraft roll and
differential cyclic pitch results in yaw motions. The proprotor rpm is regulated by automatic
control of the collective pitch. To reduce the hover performance loss resulting from the
proprotor’s wake impinging on the surface of the wing, the inboard flaps can be lowered to
preset deflection positions. The outboard wing control surfaces are also deflected down when
the flaps are deployed, but to a displacement less than two-thirds of the flap position. The
outboard wing control surfaces serve as ailerons in high speed flight and are referred to as
‘flaperons.’

During conversion from helicopter flight to airplane mode flight, the helicopter-type
control inputs to the proprotor are mechanically phased out, and the conventional airplane
control surfaces provide all flight path-control forces and moments. By the time the nacelles
are in the airplane position, the collective lever inputs to the proprotor are nulled, and the total
control of the collective pitch is transferred to the automatic rpm governor.”

120

Hacelle angle (degreas)
5

30
Wing Alrplane mode
stall | {0° Nacelle angle)
o 40 BO 120 160 200 240 280 420
Calibrated alrspeed (knots)

Fig. 2-65. The XV-15 had a very wide conversion “corridor,” and the flight controls
were mechanically phased from helicopter to airplane flight without requiring
pilot assistance [37].
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The actual power required during the conversion was, I found, a particularly
interesting aerodynamic performance aspect of the XV-15. The rotor-shaft power required
versus airspeed at several fixed nacelle positions available during the conversion maneuver is
shown in Fig. 2-66. The propulsion units, located at each wingtip, are tilted as the preceding
figure of the V-22 illustrates. What begins as an edgewise flying rotor in hover, and at
relatively slow-speed flight (i.e., nacelle angle of +90 degrees) becomes, by 140 knots, a rotor
whose tip-path-plane angle of attack (o) 1s 90 degrees, which corresponds to a nacelle
angle of 0 degrees. For all intents and purposes, the rotor has now become a large-diameter
propeller. By 140 knots the wing is able to provide all of the lift required by the 13,000-pound
aircraft, and the machine has become a turboprop airplane.

You will note on Fig. 2-66 that the power being displayed is the total power required
from the two XV-15 turboshaft engines. That is, the power is the total power delivered to the
rotor shafts, which are frequently referred to as rotor masts. Power required by the accessories
(SHP,.) and loss of power to transmission inefficiency (nn) are not included. One simple
way to convert from rotor power required (RHPqyq) to total twin-engine power required
(SHPycqq) is to assume that
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Fig. 2-66. The speed capability of the XV-15 rapidly increases as the propulsion units are
tilted forward. All edgewise flying rotor limitations disappear by the time the
aircraft has completed its transition to the airplane mode. Conversion is
accomplished at 589 rpm; then the rotors are slowed to 517 rpm for the airplane
mode [37].

119



2. ROTARY WING PERFORMANCE AT HIGH SPEED

where, for the XV-15, you might assume 20 horsepower for accessories and a very low
transmission efficiency of 0.91. (The transmission efficiency was poor because of extra
gearboxes needed to accommodate the two modified Lycoming T53-L-13B engines, a change
from P&W PT6 engines that was made early in the design process).

A second point to note on Fig. 2-66 is that the forward airspeed axis is labeled
calibrated airspeed in knots. This is not true airspeed. The pilot’s indication of airspeed on the
XV-15 came from pitot and static pressure ports on the tip of the flight-test nose boom. As
you may know, pressures from the two ports get connected to an airspeed dial by tubes, and
the dial is calibrated in airspeed units. Generally the laboratory calibration of the airspeed
device, and the actual reading one gets with the device installed on the aircraft, differ slightly.
This situation frequently leads to what is called the indicated airspeed, which gets corrected
for the error created by flow about the aircraft. Frequently, the aircraft can be flown parallel to
some machine (sometimes just a car) so comparative speeds can be obtained. A minor
correction to the indicated speed can be applied, and then you have calibrated airspeed. Thus,
Fig. 2-66 is showing you rather accurate airspeeds, but stop and think for a moment. The
airspeed indicator depends on the air density. If, for example, the aircraft was flying along
parallel to a car, but at such an altitude where the air density was nil, the pilot would say his
airspeed is zero—yet the pilot and the car are travelling at the same speed. To get the true
airspeed, you must turn to this equation

V...
(2,53) Vtrue — calibrated
Jo

where the density ratio (o) is the ratio of the air density at which you are recording data to the
density of air at sea level on a standard day (i.e., 0.002378 slugs per cubic foot).

The example of power required during conversion provided in Fig. 2-66 is for the
XV-15 at 13,000 pounds gross weight with the rotors turning at 740-feet-per-second tip speed,
and at a density altitude of approximately 2,000 feet. This means that the true airspeed is
about 3 percent higher than the calibrated airspeed because the density ratio is 0.9427.

Now let me discuss the performance of the XV-15 in the airplane mode. To me, the
XV-15 is nearly a conventional turboprop airplane at the end of conversion. I say nearly
because virtually all propeller-driven airplanes have a limit to propeller diameter because of
ground clearance restrictions. Even one of the largest propeller-driven airplanes, the Russian
Tupolev TU-95 weighing over 370,000 pounds at takeoff, was constrained to four, 18.3-foot-
diameter counter-rotating propellers. The installed power of each Kuznetsov NK-12M turbine
engine was 14,785 horsepower, which gives a ratio of engine shaft horsepower to ton of gross
weight equal to 320. This turboprop strategic bomber could do Mach 0.83 (about 500 knots),
which made it quite competitive with the turbojet-powered Boeing B-52 during the Cold War
era.3?

39 Mike Scully, emeritus engineer at the U.S. Army Aviation and Missile Research, Development, and
Engineering Command (AMRDEC), Research, Development, and Engineering Command (RDECOM) at NASA
Ames Research Center when he retired in January 2013, shared his assessment of this TU-95 with me [170].
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Of course, one item of immediate interest about a turboprop aircraft is the propulsive
efficiency of the propeller(s). The XV-15 development program benefited in this regard
because a full-scale test of a “proprotor,” as many began calling it, was completed in
November 1970 (Fig. 2-67). The test report [171] provides performance data at tunnel speeds
from hover to over 185 knots. (Early tests were made with the propeller mounted on a
cantilever wing to examine the dynamic stability of the configuration.)

Fig. 2-67. A single XV-15 25-foot-diameter propeller was tested in the 40- by 80-foot
wind tunnel at NASA Ames Research Center. Data was obtained in hover at
several nacelle tilt angles, and 56 data points were obtained in airplane mode
(photo courtesy of Bill Warmbrodt).
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The classical study of propeller performance emphasizes the device’s propulsive
efficiency expressed as

T
(2.54) , _ LV |

actual

I am not a fan of this generic parameter as you know from reading the discussion in Volume
II, pages 219 through 226. So let me start with some fundamentals and then show you results
using XV-15 propeller data reported in reference [171]. From the energy approach, you have

Preq’d = Pinduced + Pproﬁle + Ppropulsion

= PVGlauert
(2-33) oC v.) [o 3 2 v, )

+p(1‘ER2)Vt3 — —dravenge \J143| ZER 41 24 2 e

8 V, 8 2 (Vp/V, V,

+TPVFP

where Glauert’s ideal induced velocity for a propeller, based on momentum theory, is
1 4 T,

(2-56) V Glaert :E(TPVFP) 1+;qD2 —1].

Now these fundamental equations are classically put in coefficient form by two different
aerodynamic groups. Rotorcraft engineers would change to coefficient form by dividing
through by p (JtRz)Vt3 , which is what you see as Eq. 2.185 on page 225 of Volume II. Fixed-
wing propeller engineers would divided through by pn’D”. If you refer to Table 2-15 on page
229 of Volume II, you will see how rotor and propeller nomenclature differ in more detail. I
propose a third way to nondimensionalize Egs. (2.55) and (2.56), which is to divide through
by (%pVFZP)VFPD2,or simply qV,,D? .40 This method retains some sense of the propeller’s
geometry (i.e., diameter or D), dynamic pressure (q), and propeller thrust (Tp), all of which
can be easily understood by both engineering groups. Furthermore, the propulsive force
coefficient is clearly identified as (Tp/qD?)—the major variable. With this in mind, I suggest
that the examination of the XV-15’s isolated propeller performance be studied using

P _1[ T, 1+i L -1
qv,D* 2\ gD’ nl qD’
T 1 3 Vo )l9 3 2
2.57 +—(0C,_, e + +| 2| =+=In )
27 15 °C: g){(va/v>3 (Vo V) (vt}[s 2 (VFP/VJ}}
+ L,
qD’

40 George Schairer, Boeing’s Vice President of Research and Development, taught me this in 1961 [16]. It has
been invaluable to me for over five decades.
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The only other thing required in talking to the two engineering groups is that rotorcraft
engineers use solidity (o = bc/nR) instead of Activity Factor (AF = 100,000r 6/128B), which
Barney McCormick addresses [27]. Of course, the number of blades is (b) in the rotorcraft
world and (B) in the propeller world, and rotorcraft engineers use the propeller advance ratio
(n= Vgp/Vy) instead of (J = Vgp/nD).

With this background, turn your attention to Fig. 2-68. The propeller performance of
the XV-15 can be estimated with relatively simple theory because it is a lightly loaded
propeller. Additionally, the helical Mach number, given as

259 wy, - LY J(VFP/@)Z+(W/J6)2,

helical — 1’1 16

is quite modest. In fact, no data point reported in reference [171] and shown in Fig. 2-68 is
greater than 0.73, which is still an incompressible operating condition for this discussion.

Before introducing the drag of the aircraft, which determines the propeller thrust (Tp)
required, let me take a moment to address propeller efficiency. You noted earlier that
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Fig. 2-68. XV-15 propeller performance can be estimated with simple theory.
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which immediately says that propeller efficiency depends on the propulsive force coefficient
(Tp/qD?) and the speed ratio (Vip/Vy). Therefore, a family of lines can be constructed as
efficiency versus the speed ratio for constant values of the propulsive force coefficient. You
see this “design” chart—using the XV-15 propeller as representative—here as Fig. 2-69,
which shows you that there is a point of diminishing returns for each propulsive force
constant. More importantly, a propeller, like the lightly loaded XV-15 with a solidity of 0.089,
benefits enormously by operating at as high a speed ratio as practical design and fabrication
will allow. Certainly, weight and cost are factors of particular importance, but the primary
emphasis from an aerodynamic performance point of view must start with high propulsive
efficiency as Fig. 2-69 shows.

The next step in examining the performance of the XV-15 is to account for aircraft

drag (Dasc). Aircraft drag is balanced by the thrust of two propellers, and classical airplane
theory shows that

2
. 1 \\%
(2.60) Left T, +Right T, =D, =qS,,,,,Ch, +n—(—J )
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Fig. 2-69. The XV-15 propellers were slowed down to 517 rpm (V= 676 ft/sec) for the
airplane mode; hover and conversion were accomplished at 589 rpm (V= 770
ft/sec). XV-15 experimental data from Fig. 2-68 shown as solid black circles.
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You can assume that for trimmed, steady level flight, the left and right propellers are
providing equal thrust. And you can also divide through by dynamic pressure (q) and the
propeller-diameter squared to get the propulsive force coefficient (Tp/qD?) of one propeller.
This step shows that

2
T, 1 1{ W
2.61) One Propeller’s —— = S Co4+—|—1 |
( ) p qD2 2D2 wing Do n{ qb j

wing

Once the propulsive force coefficient of one propeller is obtained, you only have to use
Eq. (2.57) to find the power required of one propeller and then double it to find the total
propeller power required for the XV-15. Of course, this is not the total engine(s) horsepower
required because the transmission efficiency and accessory power are yet to be included.

The power required data for the XV-15 was reported in reference [172], and the
tabulated experimental data offers some results of applying Eq. (2.61) coupled with
Eq. (2.57). Fig. 2-70 shows you experimental twin proprotor power required graphed versus
simple theory. You can see that rather simple theory captures this turboprop performance
quite adequately—at least from the practicing engineer’s point of view. The parameters I used
in making the theory calculation are listed on Fig. 2-70.

Once an aircraft design is “frozen,” there is a surprisingly simple way of calculating
total propeller power required for a wide range of altitudes, speeds, and weights. If you accept
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Fig. 2-70. Basic aerodynamic theory can give a rather accurate estimate of performance
if separated flow (i.e., stall) and compressibility are not considerations.
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that the XV-15 is “frozen” and that its propeller RPM is constant in the airplane mode, then
flight-test performance data can be used to create a composite aircraft drag plus propeller
losses. In essence, the propeller-induced and profile-power losses can simply be folded into a
drag polar for the aircraft. That is, you can define a composite drag coefficient as

550(RHP,, +RHP,

2.62) Composite C,= rnght)
(2.62) p b V.S

wing

and, because the propellers contribute little lift in the airplane mode, a classical fixed-wing lift
coefficient based on gross weight is quite satisfactory. You can see from Fig. 2-71 that an
approximation of this sort can be very useful, if for no other reason than for interpolation. Of
course, you could use the approach to make a first estimate of performance of a scaled-up
XV-15 where geometry is scaled proportional to wing area. The scaled-up aircraft must have
the same tip speed (i.e., 676 ft/sec) and the same solidity (i.e., c = 0.089).

The last point about the XV-15 to be examined is the 300-knot true airspeed reached
as part of the envelope expansion [173]. You probably noted this corner of the envelope from
Fig. 2-64. Flight 197A (counter numbers 5061-5076) offers a few points to convert to twin-
engine power required and then to an estimate of fuel efficiency. Furthermore, the few points
from this flight can be extrapolated to a wider speed range using the empirical result from
Fig. 2-71 that

(2.63) Composite C,= 0.07+0.06(C, )" +0.003¢”* ™)
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Fig. 2-71. The XV-15 forward-flight-test power required can be collected and describe by
a simple curve-fit found empirically.
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The propeller shaft horsepower required is converted to engine power required as

. ) LeftRHP_ ., +RightRHP__.,
(2.64) Twin Engine SHPreq, W= q 4 | QHP
ntran

acc
where, for the XV-15, I have assumed 20 horsepower for accessories and a very low
transmission efficiency of 0.91 to estimate the twin-engine power required line shown on
Fig. 2-72.41

The performance of the XV-15 was primarily limited by rotor shaft torque at 130,000
inch-pounds at density altitudes around 17,000 feet and below. This torque, when the machine
is in airplane mode with a rotor speed of 517 revolutions per minute, amounts to 1,067 rotor
shaft horsepower. Therefore, the total rotor-shaft power available is 2,134. You can see in
Fig. 2-72 that XV-15 operation at a continuous cruise speed of 300 knots (true), even up to a
density altitude of 17,400 feet and a gross weight of 13,300 pounds, was within the flight
envelope. However, to keep things in perspective, the long-range cruise speed (i.e., the fuel-
efficient cruise speed based on specific range) is more like 230 to perhaps 250 knots.
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Fig. 2-72. XV-15 performance at a gross weight of 13,300 pounds, density altitude of
17,400 feet, and airplane mode rotor speed of 517 rpm.

41 Troy Gaffey told me (during a phone conversation in February 2013) that the transmission efficiency was
always in doubt. He mentioned that an additional gearbox was required when the decision was made to change
from the P&W PT6 to the modified Lycoming T53-L-13B. I estimated the transmission efficiency as 0.91 from
the flight test introduction volume [174], figure 1.1-14. Fuel flow data as a function of rotor shaft horsepower
contained in reference [174] allowed me to calculate the specific range. You may be able to track down
measured fuel flows.
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2.10.1 Demonstrator Performance Summary

A summary review of what several companies have accomplished with recent
technology demonstrators is provided in Table 2-7. This modern progress, along with
compound helicopter research from the 1950s through the 1970s, provides a clear view of the
rotorcraft industry’s progress to date in combining efficient hovering with airplane-like cruise
speeds. My view is shown in Fig. 2-73. There can be no doubt that the industry has made
significant progress in reducing installed horsepower per ton of gross weight over the last half
century. But from a fixed-wing point of view, rotorcraft advocates still do not have a product
that can compete with the propeller-driven airplanes of the 1950s. It is heartwarming to me,
however, that there is a growing emphasis on installing enough power for efficient cruise and
then seeing what hover performance results. This conceptual design approach is the exact
opposite of what we have been doing for decades.

There are a number of points that you might note from Fig. 2-73.42 The first point is
that the performance limit to compounding a helicopter appears approximately set by the
Sikorsky X2 TD and the Bell High Performance Helicopter (HPH). Thus, you can imagine a
performance band between the conventional helicopter’s performance and the upper limit of
the compound helicopter. There is a large performance gap between this band and the green
line that I have labeled “Boundary of Lowest Performing Airplanes in the 1950s.” To get to
the right of this imagined band and much closer to the green line, VTOL advocates must
reorient the edgewise flying rotor 90 degrees so that the rotor is operating as a propeller. This
is the immediate solution to the helicopter’s hub drag problem and the rotor limitations of
edgewise flying rotors.

The second point deals with the Bell XV-15 tiltrotor data point shown on Fig. 2-73.
The Bell XV-15 (Fig. 2-53) has been heralded by many as a major step forward in rotorcraft
performance. But I would say that this configuration advancement in rotorcraft technology
still falls far short of airplane performance in the 1950s. That is to say, the tiltrotor as now
conceived is not good enough. Think about it this way: The Bell XV-15 point says that with a
power-loading engine shaft horsepower (ESHP)/(GW/2000) of about 400, this tiltrotor can
achieve 300 knots. Modern conventional helicopters—at the same value of power loading—
should go 175 knots. So on the positive side, this tiltrotor is an improvement of 125 knots or
about 70 percent (i.e., 300/175). On the other side of the coin, 1950’s airplanes could achieve
380 knots with a power loading of 400, which is 25 percent (i.e., 380/300) faster than the
XV-15. Therefore, there is considerable room for improvement.

Finally, you might argue that these are just technology demonstrators and that
performance is not the only requirement. Comparisons including weight empty, payload
range, purchase price, operating costs, noise, safety, etc., may ultimately expose the real
winner. Being an aerodynamicist at heart, I say, “First things first.”

42 You will recognize this coordinate system from the frontispiece in Volume I and from the concluding figure in
Volume II on page 702. If an aircraft configuration does not shine on this chart, I am inclined to think negatively.
My V/STOL performance goal is, without doubt, von Karman and Gabrielli’s limit line [175].
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Table 2-7. Five Recent High-Speed Technology Demonstrators

Reference Perry [143] | Mecklin [144] Walsh [145] Harris’ Estimate | Maisel [37]
Company Westland Boeing Sikorsky Eurocopter Bell
Aircraft G-Lynx Model 360 X2 TD x? XV-15
Date Aug. 11,1986 | Oct. 23, 1989 Sept. 15,2010 May 12, 2012 June 17, 1980
True airspeed (kts) 216.3 214 250" 232 301
Advance ratio 0.50 0.517 0.768 0.688 0.752
Mach no. M, g9 0.977 0.951 0.883 0.979 na
Mach no. Mygjical na na na na 0.758
Gross weight (Ib) 8,685 30,500 6,000 10,000 13,000
SHP at speed (hp) 2,400 7,000 1,490 3,450 2,500
900 ; ; ®
I I Lockheed XH-51A/
800 1 l l l
| | : ®/ Eurocopter X
700 F- -~ S o Westland |~ /@ (232 kts at8,000ft) - - - -~~~ ———— |
__ESHP ! | G-Lynx | |
GW/2,000 ‘ | 2163 kts | | &/ Bell HPH
600 | Compound L ats500 ft) | : ¢
Helicopter : / :
(hp/ton) Research Aircraft P |
500 b fromthe 1950s | ° ’ Sikorsky X2 TD
to the 1970s ! | | (250" kts at 7,000 ft.)
‘ Boein, ‘
e T e TN e T Bell XV-15
1 1 (214 kts 1 (300" kts
300 F | l at 2,500 ft.) | at 16,000 ft.)
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Fig. 2-73. The rotorcraft industry has recently demonstrated several high-speed VTOL
concepts. However, achieving this high speed has required installing more power
than the industry typically would install when efficient hovering performance is
the primary design goal.
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2.10.2 Closing Remarks

The theoretical and experimental explorations of rotor propulsion and lifting capability
have created some very fundamental implications about the aerodynamic performance of the
conventional helicopter. To begin with, a conventional edgewise flying rotor has a very
limited propulsive force capability above a forward-speed-to-tip-speed ratio of 0.6. In fact, the
edgewise flying rotor cannot propel at all at an advance ratio of 1.0, as simple theoretical
considerations such as Eq. (2.7) show. Furthermore, experimental data show that beyond an
advance ratio of 0.5 to 0.6 the practical helicopter that we know today ceases to exist because
the rotor can hardly overcome its own drag, much less the drag of the rest of the helicopter.*’

Propulsive force limitations associated with edgewise flying rotors are overcome by
adding some form of auxiliary propulsion. However, it is not at all clear that the rotor needs a
wing as an auxiliary lifting device—if the rotor can be operated at forward-speed-to-tip-speed
ratios of 1.0 or greater. A relatively meager amount of experimental data suggests that a
conventional rotor operates like a fixed wing where you can assume that

L
(4pVip ) (beR)’

and maximum lift to drag can be obtained if Cy, equals about 0.20.

L

Let me close this chapter with a short, simple discussion of what it takes to cruise and
hover efficiently. Suppose the basic performance equations for the two flight regimes are
simply, for a propeller or rotor in hover,

550(FM)SHP

(2.65) Hover SHP, =——~ Wy 350(EM)SHP,
550(FM)\ 2p, A W
2p,A

and for cruise,

W v _350m, (L/D) SHP,

2.66) Cruise SHP.,, =—V =
( ) CR 550np (L/D) CR CR W

Now, substitute the expression for weight (W) from the hover equation, Eq. (2.65), into the
expression for cruise velocity (Vcr), Eq. (2.66), which gives you

SHP.. \( M, )( L W .
2.67) V.. =1261 — || 2| =| |———— knot
(207 Vr (SHPH](FMJ(DJ (Pulpo)A 0

43 My first paper [176], presented at the American Helicopter Society Annual Forum on May 3, 1961, dealt with
this very subject. In that paper, I brashly stated that the conventional rotor “as a helicopter propulsive device,
ceases to exist at forward speed between 250 and 260 knots.” This statement reached my father and mother
through the press while dad was on duty in Formosa (now Taiwan).
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where the cruise propulsive efficiency is denoted by (1p), and a typical value would be at least
0.85 while an ideal value would be 1.0. The hovering Figure of Merit (FM) is about 0.70, up
to maybe 0.8, given a breakthrough. The density (pn) depends on a specified hovering ceiling,
which could vary from sea level on a standard day (i.e., pg = po = 0.002378 slugs per cubic
foot) up to a military hovering ceiling requirement of, say, 6,000 feet (pressure altitude) on a
95 °F day where density equals 0.001781 slugs per cubic foot. The weight is lifted in hover by
an actuator disc(s) having a total area (A) in square feet. Every configuration I can think of
has a lift-to-drag (L/D) ratio in cruise, which I will discuss in more detail shortly.

You can see from Eq. (2.67) that the ratio of the cruise power required (SHPcR) to the
power required to hover (SHPy) is a prime variable when discussing VTOL performance.
Yes, the choice of an engine is quite key; however, finding a configuration having efficient
hover performance matched to efficient cruise performance depends on the ratio
(SHPcr/SHPy), and this is a characteristic of any particular engine. This ratio will vary with
the hover and cruise altitudes that are specified, as you can see from Fig. 2-74. Furthermore,
the common design practice is to hover at takeoff power and cruise no faster than permitted
by the engine’s maximum continuous power. This means that the power ratio is less than 1.0,
even before considering the altitude specifications.

The lift-to-drag ratio of the VTOL aircraft is also a prime variable in this discussion.
Because it appears from Fig. 2-73 that the VTOL aircraft should approximate an airplane in
forward flight in order to be competitive, let me assume that any VTOL aircraft has a classical
airplane drag polar of the form

C2
268) C.=C. + L
(2:68) C, =Cy, TeAR

Then, from this fundamental, you have the fact that the maximum lift-to-drag ratio will be

(2.69) Airplane (Lj _1 [mARe , which is obtained at C, =,/tAReC,, .
D Max 2 CDo

Of course, the actual geometry of any particular VTOL in forward flight will quite likely be
more complicated. For instance, a VTOL configuration that uses a rotor to hover (and that
rotor only provides lift in forward flight) will need auxiliary propulsion. I have in mind the
compound helicopter you saw earlier in Fig. 2-20, which Sikorsky engineers evaluated when
they explored the Reverse Velocity Rotor. A configuration of this sort would have a lift-to-
drag ratio calculated as

L L L/D
2.70) —= =— / - ,
D DE + feqCR 1+7 e q
DE W CR
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Fig. 2-74. Typical performance of turboshaft engines.*

and the maximum lift-to-drag ratio would require a little more study because the parasite drag
area (f.) of the configuration must be established, and the rotor lift to effective drag (L/Dg)
must be estimated with reasonable accuracy. Of course, the design cruise speed must be

selected before dynamic pressure in cruise ( YPer Vr ) can be calculated.

Lastly, note in Eq. (2.67) that the aircraft disc loading (W/A) and the density ratio
(o = pu/po) at the hovering altitude are both important. My nomenclature calls W/GA the
density-weighted disc loading in pounds per square foot.

Now let me offer a numerical example so my thoughts are clearly conveyed. Suppose
you want to search for a civil transport that might be attractive to, say, Southwest Airlines for
a short-haul route structure. Or perhaps the military has a reasonably well defined mission.
Maybe the aircraft could have even greater worldwide appeal in countries with less
infrastructure than the United States. Suppose marketing department analysis indicates that
hovering at 5,000 feet (¢ = 0.8616) and cruising at 23,000 feet would be very attractive to
many, many potential buyers. This would mean that the power ratio (SHPcr/SHPy) would be
0.5 given a trend such as shown in Fig. 2-74. Reasonable engineering experience would
suggest that large-diameter rotors down to relatively smaller propellers can be designed that
have an FM of, say, 0.75. Just as reasonably, the propulsion device(s)—say, for this example,
a set of rotors or even just one propeller—can be provided having an efficiency of 0.85.

44 Gerardo Nunez, a key member of the Army Concept Development Group at NASA Ames Research Center,
was kind enough to prepare this chart for me. I owe him big-time.
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This top-level information means that the cruise speed equation, Eq. (2.67),
numerically simplifies to

(2.71) Vg =7.146(L/D) /lA in knots.
(&

Now you can clearly see that cruise speed can be increased by raising the aircraft’s lift-to-drag
ratio, which is hardly new news. Furthermore, low-density-weighted disc loadings lead to low
cruise speeds, which may not be new news. The reason for this latter fact is that low disc
loadings mean low installed takeoff power. But low installed takeoff power means lower
maximum continuous rated power for cruising as Fig. 2-74 shows.

Equation (2.71), when graphed as you see in Fig. 2-75, offers an interesting
perspective of how the key design parameters affect a high-cruise-speed VTOL. Consider the
design problem created if the marketing department believes that a maximum continuous
cruise speed of 400 knots is absolutely essential to “leap frog” the competition and capture a
lion’s share of the world market. Four hundred knots can be obtained by a density-weighted
disc loading of 30 and a lift-to-drag ratio of 10. That cruise speed can also be obtained with a
higher disc loading of about 90 pounds per square foot and an aircraft L/D of 6. Of course,
there is a range of choices in between those two points. Naturally, it takes a little more
conceptual design work—after gross weight (W) is specified—to define the desired engine
takeoff and maximum continuous ratings, then the weight empty and, finally, the selling price.
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Fig. 2-75. A fundamental top-level-concept design chart.
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Fig. 2-75 raises a very important point. Military pilots have experienced considerable
trouble with high-disc-loading helicopters (and the U.S. Marines V-22 Osprey, as well)
because the downwash velocity in and near hover kicks up a severe dust and debris storm on
the generally unprepared landing and takeoff areas that military machines are expected to
operate from. These dust storms severely restrict visibility. Therefore, today’s military design
standard tends to restrict disc loading to approximately 20 pounds per square foot or less. If
the concept VTOL aircraft can achieve a lift-to-drag ratio of 10, then Fig. 2-75 says that a
maximum cruise speed of about 300 knots is all that should be expected. The commercial
operator currently does not have such a severe disk loading restriction because most landings
and takeoffs are from prepared surfaces. This means that there can be a very big difference
between military and commercial VTOL aircraft—a difference so big that a VTOL aircraft
developed by and for the military is almost certainly not going to be one that commercial
operators might want, given a choice. The commercial operator wants speed and expects to
get it with a fuel-efficient aircraft. These are serious considerations that must be kept in
mind when there is a perception that a military-developed product can be spun off into a
commercial product.

You will notice that the computations leading to Fig. 2-75 were made assuming a
propeller efficiency (mp) of 0.85. Based on Fig. 2-69, you might think that I have been
conservative choosing this level of efficiency. However, there are substantial differences in
design and performance between heavily loaded propellers such as those used on the Sikorsky
X2 and Eurocopter X° and lightly loaded proprotors as used on the Bell XV-15. Furthermore,
the differences are magnified when compressibility becomes a factor. Historically, propeller
diameter has, on more than one occasion, been dictated by tip clearance to the ground despite
the fact that the propeller designer would plead for a larger diameter selection. I would
suggest that both compound helicopter configurations found this to be the case. With this
constraint, the designer is forced to push up propeller tip speed to near, or higher, sonic values
and increase solidity by increasing blade chord (and/or number of blades) to absorb the power
required to obtain required thrust.

A proprotor as used by the XV-15, in contrast to a propeller, really frees up the
designer so that he must only find a configuration that balances hover requirements with
forward flight requirements. In my view, this is a much more straightforward design problem.
As you learn more about tiltwings and tiltrotors in the following sections, you might keep
these last few thoughts in mind.
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2.11 THE LTV XC-142 TILTWING AND THE BELL BOEING V-22 TILTROTOR

Finally, after decades of searching, rotorcraft advocates firmly established that
configurations using edgewise flying rotors have not given them their “cake and eat it too”
solution. In increasing numbers, the community is accepting the fundamental fact that rotors
of some diameter must operate and perform like propellers so high-speed cruising comparable
to aerodynamically efficient airplanes can be combined with vertical takeoff and landing. In
my view, this realization has been slow in coming because there have been far too few
helicopter engineers with any fixed-wing background in the design offices. From a technology
point of view, helicopter engineers have continually focused on all aspects of rotor systems
and the slow-speed helicopter products to which they are attached. But the simple
aerodynamic fact is that if you take a typical rotor hub (never mind the blades) and mount it
on an efficient airplane (i.e., a maximum lift-to-drag ratio in the range of 12 to 18), you have
ruined the airplane’s performance. A fixed-wing aerodynamicist will tell you that the rotor
system’s hub alone adds drag comparable to unretracted landing gear. To fixed-wing
experts, adding a hub is a big step backwards in airplane design.

The idea that a rotor is wanted for hovering and a propeller is wanted for cruise
ultimately boiled down to a tiltwing, Fig. 2-76 [39, 177-179], and a tiltrotor, Fig. 2-77
[34, 180]. The distinction between a rotor and a propeller is more one of size, specifically
diameter, rather than function, because both devices can be used to hover an aircraft. A large-
diameter propeller is 10 to 20 feet; a large-diameter rotor runs between 40 to 100 feet. The
distinction between propeller and rotor became blurred, and this led to the coining of the word
“proprotor” by tiltrotor advocates. The examples on the following page should suggest to you
that either aircraft can be hovered on heavily loaded propellers or lightly loaded rotors (or
anywhere in between for that matter). I use the words heavy and /ight but I am really referring
to disc loading, which is the ratio of weight to total disc area (W/Aya1). Let me illustrate the
difference using the two examples that follow.

The team of Vought, Hiller, and Ryan (VHR) (Vought later became a division of
Ling-Temco-Vought) was the winner of the Tri-Service competition that the Department of
Defense ordered the United States Army, Navy, and Air Force to run. This combined effort
led to a signed contract with the VHR team for five prototypes on January 5, 1962, and the
XC-142 program was off and running. During the development program, the Navy decided
against further participation because they felt the downwash from the four propellers would
blow people about (and maybe even overboard). The Navy’s concern can be quantified this
way: The maximum takeoff gross weight of the XC-142 was about 41,500 pounds, and each
four-bladed propeller had a diameter of 15.625 feet. Therefore, the total disc area was
4 x 191.7 or 766.8 square feet, and the disc loading at sea level standard day was 54.1 pounds
per square foot. Following simple momentum theory for propellers and rotors, the slipstream
velocity hitting a Navy ship deck—or in the Army and Air Force’s case, the ground—is
calculated as

(2.72) Vi omwan =2 WV, 41,500 =213 fps =145mph.
2pA 2(0.002378)(766.8)

total
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Fig. 2-76. The XC-142 tiltwing was built by Ling-Temco-Vought and Hiller and Ryan
after they won the U.S. Air Force Tri-Service competition for an assault
transport. The 41,500-pound aircraft, with a weight empty of 24,700 pounds, first
flew on September 29, 1964.

Fig. 2-77. The Bell Boeing V-22 tiltrotr is now in service with the U.S. Marines as an
assault transport. This 52,600-pound aircraft, with a weight empty of 33,140
pounds, first flew on March 19, 1989.

136



2. ROTARY WING PERFORMANCE AT HIGH SPEED

For the V-22 tiltrotor, two 38-foot-diameter proprotors (2 x 1,134.1 or 2,268.2 square
feet) lift a 52,600-pound machine, which gives a disc loading of 23.2 pounds per square foot
and a downwash velocity of 95 miles per hour. Because force is proportional to velocity
squared, you can say, to the first approximation, that the V-22 is creating about one-fifth of
the problem that the Navy was anticipating from the XC-142’s downwash. Had the XC-142’s
proprotor diameter been 23.9 feet, the downwash velocity would have equaled the V-22’s.

The other significant difference between the XC-142 tiltwing of the 1960s and the
V-22 tiltrotor of the 1980s is the ideal power required to hover. Ideal power required to hover
is obtained from

w W
550\ 2pA

This leads to an ideal power for the XC-142 of 8,049 horsepower versus the installed takeoff
power obtained from the four General Electric T64-GE-1 engines (4 x 3,080) of 12,320 shaft
horsepower. In contrast, the V-22’s ideal power is 6,678 versus its installed 12,300 shaft
horsepower from two Rolls-Royce AE-1107C engines. This simple comparison illustrates just
how powerful large-diameter proprotors can be in hover performance.

(2.73) Hover HP,, =

total

Let me stop right here and say that there is no fundamental reason against putting four
larger-diameter proprotors on a tiltwing such as the XC-142. The ideal power of the
XC-142 can be made equal to the V-22’s 6,678 horsepower simply by increasing the
proprotor diameter from 15.625 to 18.68 feet. Nor is there any fundamental reason against
decreasing the diameter of the two proprotors on a tiltrotor such as the V-22. The ideal power
of the V-22 can be made equal to the XC-142’s 8,079 horsepower simply by decreasing the
V-22’s proprotor diameter from 38 feet to 31.53 feet. This illustrates a fundamental difference
between fixed and rotary designers. Fixed-wing advocates have grown up thinking propellers
and rotary wing advocates have grown up thinking rotors. To me, it is a rather unfortunate
state of affairs, even today, because the XC-142 could have easily accommodated proprotors
of a diameter that would have lowered the downwash velocity to values that were acceptable
to the Navy. (More design-oriented criteria became available in 1992 [181]). This step might
have carried the XC-142 further towards production, and then the aviation world would have
had a production VTOL some 20 years before tiltrotors such as the V-22 came along. Of
course, this would have required more desire for the tiltwing by the U.S. Army, Air Force,
and Navy. In contrast, the U.S. Marines were bound and determined to have a tiltrotor, the
V-22, and they got what they wanted from the Bell Boeing team. There are currently some
250 V-22s in service. Now to continue.

Fig. 2-76 and Fig. 2-77 each show aircraft in hover, however the proprotor’s
horizontal placement has been accomplished in quite different ways. The tiltwing has the
engines and propellers hard-mounted to the wing. To reach the airplane state, the wing tilts
the whole wing-engine-proprotor assembly forward 90 degrees as a unit. The tiltrotor has the
wing hard-mounted to the fuselage, and the wing-tip-mounted engines and proprotors tilt
forward 90 degrees to achieve the airplane state. Of course, the details of how the proprotors
are varied between 0 and 90 degrees are different, but the primary objective of using the
same propulsion package for hover and airplane states is achieved. This is as close to a
hummingbird as aeronautics has come after decades of searching.
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2.12 THE PATH TO THE EXPERIMENTAL XC-142 TILTWING

The tiltwing configuration began with the Vertol Aircraft Corporation Model 76,
(the military designation was VZ-2) shown in Fig. 2-78, which made its first flight in August
of 1957. Development of the tiltwing configuration came to an end with the last flight of the
XC-142A on May 5, 1970. In between, there was very limited success with the Hiller X-18
and considerable success with the Canadair CL-84, both of which you will read about later.
You should know a little bit about each of these VTOLSs, so let me start with the Vertol
Model 76.

2.12.1 The Vertol Model 76

A very thorough discussion of both the program and the aircraft was published in
August of 1963 by the then-Vertol Division of the Boeing Company [182]. This final report
was prepared for the U.S. Army under the direction of the Office of Naval Research (ONR).
No specific authors are singled out; rather the preface acknowledges the key players in this
“Skunk Works” style program. The chronology of the aircraft program, clearly recorded on
the insides of the front and back covers of this report, is well worth including here:

Fig. 2-78. The Vertol VZ-2 tiltwing. This 3,500-pound VTOL technology demonstrator,
piloted by Leonard Lavassar, made its first hovering flight on August 13, 1957.
The first full conversion back and forth from hover was made on July 15, 1958.
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“15 APRIL 1956 VERTOL DIVISION AWARDED CONTRACT NOnr 2136(00) TO
DESIGN, CONSTRUCT, AND FLIGHT TEST THE U.S. ARMY
VZ-2 TILTWING AIRCRAFT

1 APRIL 1957 ROLLOUT OF VZ-2

30 APRIL 1957 FIRST RUN-UP OF VZ-2

25 JULY 1957 COMPLETED 10 HOUR TIEDOWN TEST

13 AUGUST 1957 FIRST HOVER OF VZ-2

7 JANUARY 1958 FIRST AIRPLANE FLIGHT OF VZ-2

28 MARCH 1958 COMPLETED HOVER AND AIRPLANE FLIGHT PROGRAM

10 APRIL 1958 STARTED 50 HOUR TIEDOWN TEST

29 APRIL 1958 COMPLETED 50 HOUR TIEDOWN TEST

16 MAY 1958 STARTED FLIGHT BUILD-UP FOR CONVERSION

15 JULY 1958 FIRST FULL CONVERSION OF VZ-2 FROM HOVER TO FOR-
WARD FLIGHT AND BACK TO HOVER

14 APRIL 1959 COMPLETED FLIGHT PROGRAM

15 APRIL 1959 EJECTION SEAT TESTED AT PHILADELPHIA NAVAL BASE

24 APRIL 1959 ARRIVED AT EDWARDS AIR FORCE BASE FOR ALTITUDE
FLIGHT PROGRAM

8 OCTOBER 1959 COMPLETED ALTITUDE FLIGHT PROGRAM AT EDWARDS

20 NOVEMBER 1959 FLIGHT PROGRAM STARTED BY NASA AT LANGLEY FIELD

18 JULY 1960 DROOP SNOOT INSTALLED AND TESTED ON WING AT
LANGLEY FIELD

5 JANUARY 1961 COMPLETED FLIGHT PROGRAM AT LANGLEY FIELD

9 FEBRUARY 1961 FULL-SCALE WIND TUNNEL TEST OF VZ-2 BY NASA AT
LANGLEY

22 MARCH 1961 VZ-2 RETURNED TO VERTOL DIVISION FOR INSTALLATION
OF FULL SPAN FLAP AND AILERONS AND UP-GRADING OF
TRANSMISSION

7 NOVEMBER 1961 STARTED 50 HOUR TIEDOWN TEST OF MODIFIED CONFIG-
URATION

16 NOVEMBER 1961 COMPLETED 50 HOUR TIEDOWN TEST

20 AUGUST 1962 STARTED FLIGHT PROGRAM AT VERTOL DIVISION

7 SEPTEMBER 1962 COMPLETED FLIGHT PROGRAM AT VERTOL DIVISION

18 SEPTEMBER 1962 EXTENDED FLIGHT PROGRAM STARTED BY NASA AT
LANGLEY FIELD

17 JANUARY 1963 COMPLETED HOVER FLIGHTS AT LANGLEY FIELD

26 AUGUST 1963 NASA CONTINUING VZ-2 FLIGHT”

Reference [182] points out in the summary:

“In parallel with the design phase, model force and free flight tests were conducted at
NASA, Langley Field, and a dynamically similar model was tested at the Forrestal Research
Center of Princeton University. During the earlier phases of development, full-scale propeller
tests were performed in the 40 foot by 80 foot wind tunnel at NASA Ames Research Center,
Moffett Field, California. Prior to the first hover on 13 August 1957, ground instability tests,
preliminary 10 hour tiedown tests, and taxi tests were accomplished. Additional hover and
taxi tests indicated various problem areas. However, no modifications were required before
airplane flights which were started on 7 January 1958.”

I had been at Vertol for just over a year and had the very exciting privilege of
witnessing the first try at hovering by Leonard Lavassar on August 13, 1957. I say “try”
because after the wheels came off the ground, the aircraft did a few pitch oscillations that
Leonard could not damp out. He got back on the ground with perfect timing so that only the
tail wheel assembly was damaged. Reference [182] includes a paragraph on this incident,
which reads:

“2. Hover Tests - The initial hover flight attempt showed certain control deficiencies.
It was desired to hover a few feet off the ground during the initial flight. However, owing to a
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sensitive collective pitch system, the aircraft rose rapidly to an altitude of approximately
10 feet. Difficulty in controlling the aircraft about the pitch axis was encountered. This was
due to the low sensitivity of the longitudinal control system near the neutral position. The

pilot immediately landed the aircraft.

The collective pitch sensitivity was reduced approximately 40 percent. In addition,
the longitudinal control system was modified to provide for a more sensitive stick gradient
near neutral and an overall increase in control. The final longitudinal control provided a
maximum pitching acceleration of approximately 0.6 radian per second per second in hover.

The directional control was also modified in a manner similar to the pitch control.”
From then on the program continued without major incidents.

The aircraft was powered by a Lycoming YT53-L-1 engine that was rated at 850 shaft
horsepower (SHP), but the maximum useable power was 650 SHP because of limits in the
drivetrain, which is shown in Fig. 2-79. The three-blade proprotors had a diameter of 9.67
feet. The blades were of 13-inch constant chord, which makes the solidity (c) 0.215. The two
proprotors operated at 1,416 rpm giving a tip speed of 717 feet per second. With respect to
performance, the report [182] shows that in hover at the nominal thrust coefficient (Cr) of
0.0188, the power coefficient (Cp) was 0.0024. This works out to an aircraft Figure of Merit
of 0.76. In forward flight the aircraft was capable of a maximum speed of 126 knots at a gross
weight of 3,500 pounds when flown at the transmission limit of 650 SHP. Thus, the

horsepower per ton of gross weight was on the order of 370.
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Fig. 2-79. The VZ-2, the first tiltwing, made good use of Piasecki’s (then Vertol Aircraft
Corporation’s and then the Vertol Division of the Boeing Company’s) tandem

rotor helicopter drivetrain experience.
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There is a great deal more technical data and history I might pass on to you just based
on the report [182] and its references from the Vertol Division of Boeing, as well as the many
NASA reports that were published [183-200]. I will summarized VZ-2 technical data in a
table later. However, one technical issue that NASA addressed was the problem of wing
stalling during a transition and particularly in descent. After an early flight evaluation, a
NASA evaluation was published [183] by Bob Pegg. The conclusions stated:

“1. Pitch and roll pulse inputs initiated an oscillation which expanded at such a rapid rate as to
appear as a divergence on the first swing through the trim position.

2. The aircraft shows increasing positive speed stability with decreasing airspeed, a condition
which can cause large variations in the pitching moment with inadvertent changes in
airspeed.

3. Hovering control power of the aircraft is considered by the pilot to be inadequate in yaw,
marginal in pitch, and excessive in roll.

4. Ground interference causes erratic aircraft motions which, without the use of automatic
stabilization, limit operation when the aircraft wheels are within 19 feet of the ground.

5. Wing stall and separation leading to buffeting, erratic motions, and general difficulty in
handling the aircraft result in the desired VTOL velocity-rate-of-climb envelope having
regions completely unacceptable for normal flight operations. The addition of a full-span
leading-edge droop decreased the regions that were unacceptable for normal flight and
thereby permitted an additional 1,100 feet per minute descent capability at airspeed of
approximately 60 knots.”

The vibration was high and stability and control were poor, all due to the airflow coming off
the proprotors and the stalled wing as illustrated in Fig. 2-80. Wing leading-edge slats and
trailing-edge flaps were a great help, of course, but the tiltwing’s reputation was stained.
Today engineers sometimes dismiss out-of-hand this alternate to a tiltrotor based solely on the
VZ-2’s problems from 50 years ago. Very shortsighted engineers in my opinion!

Fig. 2-80. At a rate of descent of 1,500 feet per minute, the vibration level of the VZ-2
was four to five times the level in cruise [193].
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The U.S. Navy pilots* also took the opportunity to try out the VZ-2 from June 20 to
29, 1960. Their evaluation [201], published October 31, 1960, was based on eight flights for a
total of 5.1 hours of testing. Twenty-three partial and complete conversions and reconversions
were made. The full report contains 50 paragraphs of findings from which a three-part
conclusion is reached. The conclusion by the Navy test pilots is a virtual gold mine of
operational shortcomings* for this first-generation tiltwing aircraft and deserves inclusion in
this volume for historical purposes. They were careful to acknowledge that the VZ-2 was a
very simple, proof-of-concept machine, and their conclusions began with paragraph (a),

which stated, very encouragingly, that

“The V-76C tilt wing aircraft can successfully convert and reconvert from hover flight to
airplane flight and that the tilt wing design is feasible for many tactical missions (paragraphs

40, 41, 42, 45, 47 and 48).”

Then came the following paragraph (b), so sought by any chief engineer:

“The following items disclosed during the evaluation of the tilt wing aircraft should be given
high priority for study, evaluation, and consideration in future tilt wing and VTOL/STOL

aircraft:

(1) Unsatisfactory power-off capability (see paragraphs 40, 41, 42, 45, 47 and 48).

(2) Rotor mass flow, disc loading, recirculation and downwash velocities effects as
applied to foreign object damage and over water spray patterns (paragraph 23 and 47).

(3) More durable materials in construction of rotors and engine turbines in regard to

foreign object damage (paragraph 23).

(4) Variation of power output with changing mass flow and inflow angles of the rotors
during conversion without variation of the pilot power control (paragraph 24).

(5) Multi-engine requirements in future designs and the power load sharing problems
inherent in present multi-engine free power turbine installations (paragraphs 28 and

44).

(6) Downwash recirculation effect upon the flying qualities of the aircraft during hover

and vertical landings (paragraph 29).

(7) Effect of crosswinds and gusts on the aircraft during ground handling, taxi, take-off,
hover and landing with the wing at high incidence angles (paragraphs 19, 22 and 30).

(8) Restrictive rates of descent and glide slope at intermediate and high wing incidence

angles (paragraphs 36 and 41).
(9) Reduction of stability and control with reduced power (paragraph 42).
(10) Wing ‘DOWN’ power-off characteristics (paragraph 43).
(11) Variation of center of gravity (paragraph 46).

(12) Design and aerodynamic problems encountered if wing stores are carried (paragraph

48).

(13) Study of the tilt wing configuration for design with inherent stable static and dynamic

stability in all modes of flight (paragraph 34).

45 You might not know that the U.S. Navy has a Naval Air Test Center in Patuxent River, Maryland. This is
home to the headquarters of the Naval Air Systems Command (NAVAIR), which was established on April 1,
1943. In fact, the Naval Test Pilot School is located there, along with some of this country’s best test pilots.

46 Keep in mind that you want test pilots to tell you everything that is wrong with your aircraft. This leaves all

the reports about the wonderful features of your aircraft to the Marketing Department.
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Reliability of any automatic or synthetic stability and control flight systems
(paragraph 34).

Improvement of stability and control about all axes at all wing incidence angles
(paragraphs 30, 31, 32, 33, 38 and 39).

Effect of increased gross weight and wing loading with respect to the aerodynamic
characteristics (paragraph 48).

Marriage into a single instrument of the airspeed, wing angle, sliding maximum-
minimum airspeed scale (paragraph 15).

Use of angle-of-attack indicators in operational designs (paragraph 15).
Type of power control to be used in future VTOL/STOL aircraft (paragraph 18).

Complexity of rotor and tail fan drive systems during folding of aircraft for
shipboard storage (paragraph 20).

c. The following items, inherent in the test aircraft, should be corrected in future designs:

(1) Restricted field of view (paragraph 13).
(2) Lack of a zero speed ground level ejection seat (paragraphs 16 and 44).
(3) Lack of fire warning indication and in-flight fire extinguishers (paragraph 16).
(4) Awkward arrangement of engine controls (paragraphs 17 and 27).
(5) Lack of cockpit climatic control (paragraph 17).
(6) Inability of ground crew to rotate wing without external power (paragraph 19).
(7) Poor landing gear design (paragraphs 22 and 45).
(8) Power restricted transmission (paragraph 25).
(9) Excessive rotor RPM droop (paragraph 26).
(10) Control force harmony in a hover (paragraphs 32 and 33).
(11) Failure of the stability augmentation system without indication to the ground crew or
pilot on pre-flight and in flight (paragraph 34).
RECOMMENDATIONS

52. It is highly recommended that further tilt wing evaluation programs be initiated with
application and direction toward an operational requirement and that the programs be directed
toward correction of the problems and discrepancies disclosed herein.

53. It is further recommended that in future test programs, procurement not be limited to a
single test bed.”

From Vertol’s point of view [202], the Model 76 showed that “actual experience
confirms that small flight research aircraft are a logical means of proving—quickly and at
reasonable cost—the basic feasibility of a new concept.” And Paul Dancik and Steppy, the
authors of reference [202], added:

“By the end of October, 1958, a total of 17 complete conversions, as well as
numerous partial conversions from STOL to hover, or from hover to STOL configurations,
were performed. It is believed that, with these conversions, the main goal of the design and
construction has been accomplished. But, in addition to fulfilling the main purpose of its
existence, the aircraft proved itself a useful research tool. The present paper is written in order
to present, without delay, the important topics of our experience, even if some results may still

remain of a preliminary or a qualitative nature only.”

143



2. ROTARY WING PERFORMANCE AT HIGH SPEED

As I recall, the list that Paul Dancik kept of pilots who flew the VZ-2 numbered over
20, and the NASA research studies just continued to grow. One technology that was tackled
immediately was tiltwing aeroelastic behavior. The groundbreaking work was done by Bob
Loewy and Bob Yntema who presented a paper at the 25th Annual Meeting of the Institute of
Aeronautical Sciences (now the ATAA). This paper was then published in the Journal of the
American Helicopter Society [203]. I recommend reading this paper as an example of
analytical tools in use during the development of tiltwing aircraft.

2.12.2 The Hiller X-18

Now let me proceed to the second tiltwing. Stanley Hiller’s X-18 (Fig. 2-81 and
Fig. 2-82) made its first flight on November 24, 1959—some 2 years after the Vertol Model
76 made its marginally successful liftoff. The design takeoff gross weight of the Hiller
Aircraft X-18 was 33,000 pounds, and it was virtually 10 times the size of the VZ-2. This first
large tiltwing was aimed squarely at a useable military and commercial VTOL transport
market. In December 1958, the American Helicopter Society Newsletter (now Vertiflite)
included an article by Percy Dowden titled simply, Hiller X-18 Research VTOL Aircraft [13].
Mr. Dowden noted:

“Overshadowing the increasing speed and comfort of our new commercial air
transports is our inability in the future to provide sufficient accessible real estate from which
to operate them safely and efficiently. In many of the larger metropolitan areas, the situation
is already critical. And with as yet less than 10% of the nations’ population ever having set
foot in an airplane, airport and airline planners view with concern the maturing of our first
true airborne generation. More and more passenger aircraft every year are converging upon a
few single spots on the country’s topography. The only answer in the future will be to
disperse these transportation vortices. VTOL will make this decentralization possible.”

This has been an oft repeated refrain by V/STOL advocates over at least the past six decades
as [ am sure you know.

Curtiss-Wright counter-
rotating proprotors.
Electric pitch change

Fuselage and
other components

froma YC-122 C
Allison YT-A-14 twin
pack rated at 5,850 SHP

Fig. 2-81. The Hiller X-18 tiltwing 33,000-pound experimental aircraft first flew on
November 24, 1959. It had so many proprotor, engine, and other design problems
that the U.S. Air Force cancelled the program on January 18, 1964.
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Note: One Westinghouse J-34 turbojet engine with
3,400-pounds rated thrust was mounted in the
fuselage. The thrust was exhausted to pitch nozzles.

Fig. 2-82. A three-view drawing of the Hiller X-18.

The technical and program data that is available*” in the open literature is sketchy at
best. There are two reasons for this:

1. The program was classified confidential and no effort has been made to request
reclassification and,

2. Flight testing was stopped, and the aircraft was grounded after 20 flights because
of a nearly catastrophic incident.

In terms of technical data, the best original source I have is the Vertiflite article written by
Percy Dowden in December 1958, about a year before first flight [13]. You can, of course,
find short discussions and data about the X-18 in Jane’s All the World’s Aircraft (starts in
1957 and ends in 1962) and in the popular literature such as references [25, 38, 39]. The
Hiller story in toto was superbly written by Jay Spenser [204].

Three subjects that should be of considerable interest to you deal with (a) the
shoestring nature of the X-18 program, (b) the design not having an interconnect between the
two propulsive units, and (c) the nearly catastrophic incident, which brought the program to
its knees. Let me discuss these subjects.

47 1 am sorry not to be able to include in this volume results of a search through Bernie Lindenbaum’s files
located at Wright State University in Dayton, Ohio. Furthermore, I would have thoroughly enjoyed searching
through the Hiller Museum in Palo Alto, California, for the X-18 story.
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In 1990, Bernie Lindenbaum convened a meeting about lessons learned from what
many describe as the golden age of V/STOL (the decade between 1955 and 1965). The X-18
program was presented by John Nichols [205].48 John noted:

“Design and construction of the X-18 took the better part of three years with the
largest single task represented by the construction of an entirely new wing with provisions for
wing tip extensions and leading edge slats or other devices, engine nacelles and the control
integration system. The [YC-122C] fuselage was cut in two and stretched to a length dictated
by landing gear and c.g. [center of gravity] requirements. The tail surfaces were recovered
with metal since their original fabric was unsuited for use in the vicinity of the pitch control
diverter device which ejected the hot exhaust from a J-34 jet engine.

When reviewing the total task in perspective it is questionable as to whether the use
of YC-122C components was directly effective in reducing cost since they represented such a
small percentage of the total value of the complete machine. If the direct benefits were not
very evident, the indirect ones were. The impact of many large size components appearing
almost instantaneously in the midst of the project team early in the program provided an
impetus and direction to the program at a period when initial fervor would normally be
cooling off during the long wait for the arrival of the first pieces and parts as occurs when one
is starting off on a brand new hardware project.

In spite of the fact that certain major deviations were allowed in the X-18 with
relation to what would be acceptable for a production transport airplane, and in spite of the
fact that the engines and propellers came ‘free’ from the Lockheed [XFV-1] and Convair
[XFY-1] pogo stick programs, it was still a remarkable feat to get a 33,000 Ib aircraft into the
air for less than $4 million. When the project’s flights were terminated, somewhat more than
$5 million had been spent.”

The lack of a cross shaft connecting the port and starboard power and propeller units
certainly was an issue. On this point, John wrote:

“The [U.S. Air Force Flight Dynamics] Laboratories’ position with regard to the
[Hiller X-18] program was very negative on the basis of the lack of cross-shafting which was
considered essential to safety. Upon further questioning as to whether the aircraft would work,
the answer was ‘probably yes but that without cross shafting it shouldn’t be done.” Being
informed that if this program was not approved there would be no money for ANY Air Force
V/STOL experimental airplane, the Laboratories and ASD [Aeronautical Systems Division]
chose to support the program.”

The fact that control without cross shafting “could be done” was amply demonstrated by
NASA'’s testing of a powered 1/8-scale model of the X-18 in flight in the Langley Research
Center 30- by 60-foot full-scale wind tunnel (Fig. 2-83) in March of 1960 [206]. The same
model was pedestal mounted on the full-scale tunnel floor, and force testing was
accomplished [207]. Quantitatively and qualitatively, these tests did not uncover any
showstoppers to the Hiller design approach of skimping along without a cross shaft. After all,
the 1/8-scale model did not have a cross shaft. What was really vital was proprotor blade
feathering control—and it was here that the X-18 pilots got shortchanged.

48 Even though John had moved from Hiller to Boeing (Seattle) by the time of this meeting, he was able to draw
upon the memories of several key players on the X-18 program. He acknowledged inputs from Percy Dowden,
Fred Matteson, Dick Carlson, Joe Stuart III, Ed Bolton, and Stan Hiller. Stan Hiller’s company, located on the
West Coast, was a terrific center of research as you will conclude after reading Jay Spencer’s very well written
book [204].
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Fig. 2-83. You might not know that this combination of three pilots (pitch, roll, and
yaw), a model power operator, and a tunnel operator was used to “fly” many
different models in the Langley 30- by 60-foot full-scale wind tunnel. A wing tilt
operator was necessary for some V/STOL models.

As to the nearly catastrophic incident, John wrote:

“From the earliest ground runs to the 19th and last flight, the X-18 was plagued by
continuous engine and propeller control problems. With one exception, the engines or
propellers did not cause flight safety problems, or even fail in flight—they just would not
check out satisfactorily in so many pre-flights that adjustment and repair was a continuing
problem and employed time and funds which had been planned for flying and collecting data.

That one exception occurred on the ninth flight, on November 4, 1960. While flying
at 11,000 ft with a 10 degree wing tilt angle, the X-18 yawed violently to the left, rolled to the
right onto its back, and entered an inverted spin. Cool handling of the situation by George
Bright, the test pilot, saved the aircraft. Recovery was accomplished at 6,000 ft and, by
careful manipulation of the propeller control circuit breakers, propeller control was regained
and a safe landing was made. Instrumentation recordings indicated that the propeller blade
angle jumped from 20.6 deg. to 34.6 deg. in 0.7 seconds and then back to 8.8 deg. in
1.5 seconds. Upon disassembly of the propeller it was discovered that the reference motor in
the governor assembly had stripped all of its gear teeth clean.
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In spite of the calm flight test report submitted by Mr. Bright, ‘the X-18 exhibits
normal spin recovery characteristics,” the Air Force’s confidence in the powerplants and
propellers was shaken to the extent that after an engine compressor failure during ground
check after the 19th flight, the flight program was terminated. The higher wing angle hovering
flights which were scheduled to be done last were eliminated with the intention of attaining
hovering static stability derivatives and downwash characteristic data on a ground test stand.”

And so ended the Hiller X-18, the first try at an assault transport VTOL. Now let me discuss
some performance aspects of the machine.

The total takeoff shaft horsepower amounted to 11,700 horsepower installed in a
33,000-pound machine. Jay Spenser, who wrote the terrific story of Hiller Aircraft—at
Stanley Hiller’s request, so the story goes—states that the total shaft horsepower available
came from two 5,850-horsepower Allison YT40-A-14 engines, but “because each T40 ‘twin
pack’ unit incorporated two turboshaft power plants coupled together, the X-18 could also be
thought of as a four-engine machine despite its twin-engine appearance.” The 11,700
horsepower makes the installed shaft horsepower per ton of gross weight just under 710. The
maximum speed was “limited to 220 knots indicated airspeed” because this was the limit
imposed on the windshield, which came from a Fairchild C-123 [208]. This limit-indicated
airspeed is hardly consistent with such a large amount of installed power, which started me
thinking about what the estimated performance envelope (i.e., altitude versus maximum
speed) might have been.

My literature search turned up no published data on power required versus airspeed for
the X-18. (You may have better luck.) So I turned to the NASA 1/8-scale-model force data
published by Lou Tosti [207], which included lift and drag coefficients versus angle-of-attack
data with the propellers off. Taking this data (figure 13a) as the cruise configuration even
though the Reynolds number based on wing chord was only 770,000, I constructed a lift-drag
polar (Fig. 2-84) and concluded that, with propellers off, the X-18 might be approximated by

(2.74) C, =0.1346-0.07684C, +0.16139C;

The power-required calculation from this point on is quite straightforward. You only have to
pick a gross weight, say the design gross weight of 33,000 pounds, and compute lift
coefficient as

W 33,000 33,000
QS 9 (528) (1 pVF2P )(528)
by picking a flightpath velocity (Vep) range of, say, 100 to 350 knots, and several altitudes
such as sea level, 10,000 feet, and 20,000 feet on a standard day where the density of air (p) is

0.002378, 0.001756, and 0.001267 slugs per cubic foot, respectively. The dynamic pressure
(qrp) is computed using the flightpath velocity in feet per second.

(2.75) C, =

Of course, the aircraft drag coefficient can be found from Eq. (2.74), and the actual
drag in pounds is then nothing more than

(2.76) Aircraft Drag =D, = qpSwCp -
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This drag is equally split between the two propulsive units, which means the thrust of one
proprotor (Tp) is Dac/2.

Now the power required of one proprotor is calculated according to Eq. (2.57), which,
to repeat, is

Pega 1{ T, 40 T, <«—— Induced
) el [ Y L ol Profil
qFPVFPD 2 quD T qFP D (6] (]

Py 1 3 Vee 2 é 2
1) +E<°Cd-mge){<vw/vt 7 Ve V) ( v, j{s "2 1“(VFP/vt H}

TP
+ quD2 -<——— Parasite

The necessary parameters for this computation are the proprotor diameter of 16 feet,
1 inch; the proprotor tip speed, which I guessed was 850 feet per second; the solidity (o) of
0.347, which 1 obtained from Fig. 2-82; and the proprotor blade average drag coefficient
(Cyg-average), which 1 guessed was 0.008. With this input, you have the proprotor power
coefficient from Eq. (2.77). Thus, proprotor horsepower (HPp) for two units amounts to

P .
2.78) HP, =2q.,V.,D?| —=% |,
( ) P qFP FP |:qFPVFPD2 :|

It only remains to account for the gearbox efficiency and the accessory power to obtain the
total shaft horsepower required. Thus,

(2.79) SHP,. = 2Fe L SHP

GB

Lacking any published information, I chose a gearbox efficiency of 0.98 and an
accessory power of 150 shaft horsepower. The results of these elementary calculations are
shown in Fig. 2-85 along with my rough guess of the shaft horsepower available from two
YT40-A-14 turboshaft engines, which decreases with altitude. The dashed line shows the
windshield limit true airspeed, which is really a dynamic pressure limit.

It is clear from my rough estimate of the Hiller X-18 performance in forward flight
that high speed was not a program objective. You might have guessed this because the
landing gear was not retractable, and the wing, having an aspect ratio of 4.3, was very stubby.
Wing extensions to increase the wingspan from 48 to 60 feet (an aspect ratio of 5.375) were
planned, but the program was cancelled before that experiment could be tried. In closing, |
should mention that the X-18 was never flight tested in hover. However, complete faith in the
tiltwing concept was not lost, as you will read shortly.

Let me now go on to the Canadian-developed Canadair CL-84.

149



2. ROTARY WING PERFORMANCE AT HIGH SPEED

325

300

275

250

225

200
d versus speed for the Hiller X-18.

175
ire

150

125
True Airspeed

0

10

75
haft horsepower requ

me s

50

25

o
| -
|
|
I N\
! A)
\\\\\\\\\ [ \
\\\\\\\\\\\\\\\\\\\\\\\ | — \
|
| N /
| \
| =)
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ [y (™S \ _
I / //
| N \
| & / \
|
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ [ . 4 \\,/ /
| s o N
I . \\/
| S —_
” 2 : N\
\\\\\\\\\\\\\\\\\\\\\\\\\\\\ [P Fw‘ = s mrm
I S H < ]
I . 5 =g
| 5 2 T
! M =] a “nw /
| C N dﬁm
\\\\\\\\\\\\\\\\\\\\\\\\\\ _____d-e i S == g
s &= =] S8z
- p— .m
W - ] z
g s =
2] [ =)
N B - =9
- > Bt o0
= .
: Z ’
N L
g =
2 NS
£ s £
= e & =
I -] S 2
4 = Ma S
L -0 e « SN
S o
I <
a <}
- &
_a ] .
\\\\\\\\\\\\\ S =)
© p—(
S
O
R e B
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ =
|
|
, s = = = = = = =
) = S = = S5 S S S
- a < o © < ] = ] < ~ S w® 2 < S
- — & — = < = = = = Al Al - ﬂ =& 5
S = & < S S
=& 9 - =] == 2
30 HFgw £
= © S

Fig. 2-85. The total eng

150



2. ROTARY WING PERFORMANCE AT HIGH SPEED

2.12.3 The Canadair CL-84

Canadair Ltd. was created in 1944 by the Canadian Government. It was primarily a
fixed-wing manufacturer that much later became the core of Bombardier Inc. and produced
regional jet airliners [209]. In the late 1950s, supported in part by Canada’s National Research
Board and the Defense Research Board, Canadair performed a number of studies suggesting
that a tiltwing might be a VTOL product line. In the early 1960s, Canadair obtained a cost-
sharing contract with the Canadian Government to design, build, and test a small, twin-engine
tiltwing (Fig. 2-86 and Fig. 2-87) that could perform a number of military missions. The U.S.
Army had an early interest in what became known as the CL-84 and supplied four prototype
engines (Lycoming LTCIK-4A free turbines rated at 1,400 shaft horsepower and similar to
the T53-L-13) to the Canadian Government for use in the program.

At that time both the U.S. Navy and Air Force shared the U.S. Army’s interest in
VTOL because of a requirement for a high-speed search and rescue mission aircraft. The
Canadair CL-84 became one of the VTOL aircraft under consideration for this mission. While
the Tri-Service® deliberations were going on, NASA, with its continuing interest in tiltwing
technology based on experience with the Vertol VZ-2, sent two Langley Research Center
pilots to Canadair (in Montreal, Quebec) to perform a limited test of the machine in October
1966. The two pilots, Jack Reeder and Bob Champine, both with previous tiltwing experience,
along with Hank Kelley as a test engineer, completed their summary of the flight evaluation
on August 15, 1969. Their NASA report was formally published in March of 1970 [210].
Shortly after the NASA evaluation, a 20-hour Tri-Service flight evaluation was conducted

Fig. 2-86. The Canadair CL-84. This 10,600-pound VTOL technology demonstrator
made its first hovering flight on May 7, 1965. The first full conversion back and
forth from hover was made on January 17, 1968. The CL-84’s success far
exceeded either Vertol’s VZ-2 or Hiller’s X-18.

49 This joint interest crystallized into a very serious Tri-Service program, which I will discuss in more detail
later.
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b

Fig. 2-87. The Canadair CL-84 used a pitch fan for longitudinal attitude control while

roll and yaw were controlled by differential proprotor feathering. The gear was

retractable. The drivetrain was quite similar to the Vertol VZ-2 [182]. The wing

was always set at 15 degrees from horizontal for normal airplane takeoff and
landing [211].

(April 28 to August 29, 1967) at the Canadair plant, and a very thorough evaluation report
came out in November of 1967 [211]. There was no doubt that this was a Tri-Service
evaluation because the six-author team was made up of two Air Force, two Navy, and two
Army officers. So that the players all knew their place, the team’s report [211] included a
paragraph dealing with “responsibilities,” and a chain of command chart (Fig. 2-88) was
inserted for good measure.

The Canadair CL-84 was considered by many to be a second-generation tiltwing. I
think it very much deserved that title when you compare it to the Vertol VZ-2. The NASA
authors certainly felt that way because, in their concluding remarks, they wrote:

“An abbreviated flight-test evaluation of a second-generation tilt-wing V/STOL air-
craft, the Canadair CL-84, was conducted to ascertain possible problem areas. In general,
based on the limited evaluation possible, most of the flying qualities in the hover, transition,
and cruise modes of flight were considered good. However, an indicated rate-of-descent limit
of 700 ft/min (3.56 m/sec), defined by loss of control due to stalling, at a typical STOL
airspeed of 42 knots, did not appear to provide enough margin for ultimate operational use.
Furthermore, low normal-velocity damping was encountered at about 40 knots airspeed at
indicated rates of descent desirable for operational use. This characteristic appeared as a
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Fig. 2-88. Chain of command for the CL-84 Tri-Service evaluation team [211].

prolonged increase in rate of descent following a small power reduction, and is thought to be
significant for instrument flight. According to pilot observations and the time histories, this
characteristic occurred with power settings for initial indicated rates of descent as low as
300 ft/min (1.52 m/sec). Buffeting was not always apparent to the pilot as excessive sink rates
developed and, in several descents at altitude, the first indications of approach to limiting
stalling were pitch-down and roll-off that occurred at an indicated rate of descent of about
700 ft/min (3.56 m/sec). This behavior may be related to acrodynamic characteristics at angles
of attack near maximum lift.”

It seems to me that the VZ-2 proved that a tiltwing could—from a performance view point—
transition from hover to forward flight and back again with no major problems. The VZ-2’s
shortcomings in handling qualities were another matter. And the VZ-2 certainly exposed the
descent problems in spades, which NASA went right to work on judging from the list of
references in its summary report [210]. The Canadair engineers seem to have solved the bulk
of the handling quality problems, and this just left the descent problem. It appears (in
Fig. 2-89) that the Canadair team installed both slats and flaps to mitigate wing stalling, and
yet the Tri-Service test team found that descents approaching 1,000 feet per minute clearly
established a limit.

The Tri-Service CL-84 evaluation team’s report divided its conclusions into general
and specific topics. The general topics’ conclusions were quite positive:

113

1. The tilt-wing concept exemplified by the CL-84 aircraft is suitable for search and rescue,
surveillance, light-transport, and utility-type missions.

2. No conceptual features were found which should preclude serious consideration of the
concept for STAAS, LIT, SAR, UTTAS, and LTTAS [missions].

3. The test aircraft is unsuitable for military missions because of many hardware
deficiencies resulting from program austerity. However, the CL-84 aircraft has potential
for military missions, since the deficiencies are of a nature which can be corrected by
hardware design changes currently within the state of the art. Specific discrepancies
along with favorable characteristics are outlined below.”
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Fig. 2-89. Despite slats and flaps for stall mitigation, the Canadair CL-84 still had rates
of descent limited to 700 feet per minute, which was well below operational
requirements [210].

To me, the list of specific deficiencies, shortcomings, and inadequacies are where
flight test evaluations become worth their weight in gold. The evaluation team had a number
of specific complaints that, for historical purposes, are quite valuable to future VTOL students
and engineers. (What you have next is a long list, I know, but you should be aware that pilots
are the end users and you should anticipate their needs.) The evaluators wrote:

113

1. The handling qualities of the CL-84 are basically satisfactory but are degraded by control
system deficiencies, especially in aerodynamic flight.

a. The following characteristics enhance mission suitability:
(1) Use of a single power lever for height and airspeed control.
(2) Excellent flying qualities in conversions down to CA 15.
(3) Excellent agility in formation flying.
(4) Strong speed stability in powered lift flight.
(5) Precise control of the aircraft during descent and reconversions, made possible
by information provided by the flight path accelerometer.

b. Correction of the following deficiencies is mandatory for service use:

(1) Inadequate control force gradients in aerodynamic flight, resulting in over
controlling in pitch.

(2) Inadequate lateral and longitudinal trim rates and trim authority.

(3) Lack of a satisfactory directional trim system.

(4) Lack of a proportional wing-tilt rate control.

(5) Inadequate longitudinal stability in powered lift flight for [FR conditions.

(6) Inadequate elevator effectiveness for maneuvering in the aerodynamic flight
regime.

(7) Excessive sideslip for tracking tasks in aerodynamic flight.

(8) Intermittent excessive airframe vibration above 180 KIAS [interesting].

(9) Lack of adequate stall warning.
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c. Correction of the following deficiencies is desirable for improved service use:

(1) Excessive control system friction with boost off.

(2) Weak stick centering.

(3) Excessive control system hysteresis.

(4) Insufficient longitudinal stability in powered lift flight for VFR conditions.

(5) Insufficient height damping in hover for night and IFR operations.

(6) Insufficient directional control power, sensitivity, and response in hover with
SAS on.

(7) Insufficient static directional stability for small sideslip angles.

(8) Excessive buffet during landings at CA 50.

(9) Insufficient buffet warning of impending wing flow separation.

(10) Loss of height during final stage of level-flight conversions.

(11) Excessively low tail propeller limit airspeed.

(12) Restrictions to starting and stopping tail propeller at high main propeller rpm.

(13) Lack of suitable arrangement of V/STOL-related instruments.

(14) Moderate longitudinal trim change with power.

(15) Poor lateral control response, with SAS on in cruise, for stick displacements of
one-half and less.

(16) Excessive adverse yaw at low airspeeds in aerodynamic flight.

(17) Low directional force gradients, causing over controlling in aerodynamic flight.

(18) Excessive gust sensitivity.

(19) Longitudinal acceleration oscillation during descent.

(20) Insufficient lateral control response and sensitivity in transitional flight.

(21) Excessive lateral stick travel for lateral translations in hover.

(22) Inadequate crosswind capability for taxi.

The performance of the CL-84 is inadequate for any mission application, but the aircraft
has the potential to meet the performance requirements of most missions.

a. The following characteristics enhance mission suitability:
(1) Excellent STOL capability, derived from the immersed wing.
(2) Ability to select optimum wing angle for any given takeoff or landing condition,
because of the lack of wing angle restrictions for STOL operations.
(3) Excellent acceleration and climb capabilities, provided by the high inherent
thrust-to-weight ratio.
(4) Excellent deceleration and descent capabilities, provided by the large propellers.

b. Correction of the following deficiencies is mandatory for service use:
(1) Insufficient installed horsepower for hot-day hover requirements.
(2) Excessively high drag in aerodynamic flight. Insufficient fuel capacity.

c. Correction of the following deficiency is desirable for improved service use:
(1) Inadequate braking during STOL landings.

The CL-84 is unsuitable for service use because of numerous hardware deficiencies.

a. The following characteristics are desirable:

(1) Simplicity and functional operation of the power management system.

(2) Immediate pressure and temperature indications on the malfunctioning gearbox,
provided by an automatic gearbox select feature incorporated with the
annunciator panel.

(3) Mechanical simplicity and ease of maintenance of the CL-84 when compared to
other V/STOL aircratft.

(4) Precise propeller thrust trimming, provided by the yaw.

b. Correction of the following hardware deficiencies is mandatory for service use:
(1) Lack of provisions for adequate normal cockpit entry and exit.
(2) Lack of provisions for adequate emergency exit.
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(3) Poor placement of the pilot with respect to the flight controls.

(4) Excessive brake pedal deflection for adequate braking, and lack of a parking
brake.

(5) Poor cockpit layout.

(6) Poor power level grip design.

(7) Lack of some warnings and presence of some unnecessary warnings on the
annunciator panel.

(8) Use of outmoded instruments and switching functions.

(9) Use of different units of measure for fuel flow and fuel quantity.

(10) Lack of an adequate environmental control system.

(11) Excessive vibration in the nacelle areas. [Inferesting]

(12) Lack of suitable capability to rig the main propellers statically.

(13) Use of a manual bleed-band lockout feature for low-power operations.

(14) Lack of provisions for emergency propeller rpm control under conditions of dual
hydraulic failure or single-order gear-train failure.

(15) Excessive sensitivity of the propeller rpm set switch.

(16) Lack of electro hydraulic interlock feature in the wing control system.

(17) Unsatisfactory design and performance of the fuel system.

(18) Lack of true redundancy in the hydraulic systems.

(19) Unsuitable location of hoist for retrieval of injured personnel.

(20) Lack of adequately designed and qualified ejection seats.

(21) Lack of nose-gear steering.

(22) Lack of adequate over-the-side visibility for confined areas and rescue
operations.

(23) Lack of windows/emergency doors in cargo compartment.

(24) Lack of detent on condition levers for ground idle.

(25) Inadequate nose-gear centering capability.

(26) Lack of anti-icing and deicing capabilities.

. Correction of the following deficiencies is desirable for service use:

(1) Lack of single-point refueling.

(2) Lack of gearbox oil level sight gages visible from the ground.

(3) Lack of quick-release latches on engine cowls and on access plates.

(4) Lack of external steps on the fuselage and walkways on top of the aircraft.

(5) Lack of a usable mechanical backup control system.

(6) Lack of a proportional rate controller on the hoist.

(7) Lack of provisions for propeller decoupling and feathering.

(8) Lack of an emergency wing-tilt capability under conditions of dual hydraulic
failure.

4. The CL-84 tilt-wing concept is feasible for use in the SAR mission; however, some
deficiencies limit the capability of the test aircraft in specific phases of the SAR mission.

a. Correction of the following deficiencies is mandatory:

(1) Inadequate downward field of view to the side of the aircraft.
(2) Lack of windows/escape hatches in the aft compartment.

. Correction of the following deficiencies is desirable:

(1) Weak height damping, in hover.
(2) Poor instrument arrangement for night or low-visibility recoveries.

. The following limitations were determined:

(1) Recovery operations below a 50-foot hover height are not advisable because of
high downwash effects.
(2) Certain rescue devices cannot be used in their present configuration.”
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After the evaluators offered their specific list of items to be corrected before they
would accept a CL-84 machine for operational service, they listed their recommendations
(with some of my comments in brackets) as follows:

“l. That the tilt-wing concept exemplified by the CL-84 aircraft be developed to fill search
and rescue mission requirements and for use in surveillance, light-transport, and utility
type missions.

2. That if additional testing of this concept is contemplated, sufficient qualification testing of
the aircraft, its systems, and its components be accomplished to ensure adequate structural
integrity and functional reliability. [This would take the CL-84 class of VTOL from a
technology demonstrator to a preproduction classification.]

3. That all mandatory correction items be incorporated into any future version of this aircraft.

4. That as many of the desirable correction items as feasible be incorporated into any future
version of this aircraft.

5. That further analysis of the data included herein be conducted for the purpose of
accurately predicting the applicability of the concept to specific missions. [Use their
document for code development.]”

The Tri-Service report [211]7° is a gold mine of technical data and aircraft description
information for the Canadair CL-84. As you might have guessed from the list of mandatory
and desirable items, flying qualities and human factor data are the most complete. However,
noise measurements, for example, are included. Mission potential is discussed, as are cockpit
and ground operations evaluations. There is also a very complete data set for the engine. The
list of recipients for the report is significant as well. Because the performance data is of
particular interest for this introductory volume, let me bring some of this data to your
attention.

The CL-84’s hover (ceiling performance) out of ground effect (HOGE), shown in
Fig. 2-90, was obtained based on (a) the Lycoming LTC1K-4A engine specification, and (b)
the nondimensional power required coefficient versus the thrust-coefficient data provide here
as Fig. 2-91. In constructing the decision-making format of hover performance (Fig. 2-90), the
evaluation team included a decrement in performance that accounted for control. That is, they
chose a thrust-to-weight ratio (2Tp/GW) of 1.04 when applying Fig. 2-91. You will find that
this control margin was as large as 1.15 in other VTOL aircraft. This is in direct opposition to
traditional helicopter performance presentations, which very rarely introduce such a margin.
Also, you will note that tiltwing and tiltrotor advocates generally account for the gas turbine’s
residual jet thrust (Fy). Just so there is no misunderstanding, I converted the power and thrust
coefficients from reference [211] to rotorcraft form, which is to say that the coordinates of
Fig. 2-91 are

— (GW_FN) C = 55OSI_IPTotal

2.80) C,, = _—
(2:80) Cw P2A,)V; " pQA)V]

You will note on the nondimensional Cp-versus-Cy graph that I have added a curve
that you first saw as Eq. 2.41 on page 137 in Volume II. This curve was offered as a mean line
of hover performance for some 40 single-rotor helicopters and was derived as

50 There is no question in my mind that it is in my top five list of flight test reports I have studied.

157



2. ROTARY WING PERFORMANCE AT HIGH SPEED

iz

NAN
NN

£
o \
&
=2
E [
3
E M
a
-
-
a
LS ]|
a ]
=& =&l =50 1] 1l §a
ARBENT AR TEMPERATURE -°C
] ¥ ] L] ] ¥ ¥ . . L T T 1 1
=T =& =g 1] - L] =] Ia

AMBIENT LR TEMPERATURE - *F
Fig. 2-90. CL-84 hover performance presented in a format useful to a pilot [211].

0.0045
-
_ 7
0.004 s
7~
/
~
0.0035 e
7
Power Mean Curve for 40 P
Coeff. | Single Rotor N
0.003 Helicopters -
Cp
Canadair CL-84
0.0025 F Test Points
~ Evaluator's Curve Fit
-~
-
-~
0.002 F-----------—-—-—--- P
-
-
-
-~
s - -
0.0015 P
-
-
-

LU 13 O ot

00005 F -~~~ """~ """ """ " """ T T T T T T T T T T T T T T T T TS ST — o — o — s — o ——
0 1 1 1 1 1 1
0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024

Weight Coeff. Cyw

Fig. 2-91. The CL-84’s nondimensional hover performance out of ground effect appears
to be some 11 percent better than the mean performance for 40 single-rotor
helicopters [211].
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k, oC,, Kk, o 6 C 6 k,
2.81) C,=—FECYP+—2=—LCV+ ——T:{—}CT+—C¥2.
Airfoil

\/5 8 \/5 ! g (L/D)Airfoil 6 8(L/D) \/5
An airfoil lift-to-drag ratio of 50 and an induced power constant (k;) of 1.48 leads to
(2.82) C,  =0.0157C, +1.045C .

This result showed that helicopter hover performance was estimated to within a +12-percent
spread. Apparently, the very successful Canadair CL-84 was on the —11-percent side. You
should keep in mind that about 4 percent of this comparison will be used up by VTOL
advocates asking for a control margin. On the other hand, the VTOL advocates correctly
include the turboshaft’s residual jet thrust, which for the CL-84 was about 250 pounds from
two engines. This positive thrust amounts to about 2.3 percent of the CL-84’s 10,600-pound
design gross weight. It does seems to me, however, that this one comparison is insufficient to
draw a major conclusion about helicopter-versus-tiltwing (or tiltrotor) nondimensional hover
performance.

I have included one additional hover performance figure from the CL-84 evaluators’
report [211] here as Fig. 2-92. The evaluators apparently felt confident, based on one point,
that there was a performance gain to be had by operating the proprotors at a high tip speed.
For example, 100 percent “propeller speed” was 1,228 revolutions per minute. This means the
design tip speed of the 14-foot-diameter, four-bladed Curtiss-Wright Model 1490A2P3
propeller would be 900 feet per second, which is a tip Mach number slightly over 0.8.
Incidentally, the Activity Factor (AF) of this Curtiss-Wright propeller blade is quoted as 90.
You will recall that AF is a form of what proprotor advocates call power-weighted solidity.

That is,
(2.83) AF, ., = 1001’6000>< [ (¢/R) (b/D) d(r/R)

per blade root

where propeller advocates use (b) as blade chord. The conversion between the two forms is
simply
128(Blade Number ) AE, ..

100,0007
so that one CL-84 proprotor had a power-weighted solidity of 0.1467. On this basis, the blade
loading coefficient (Ct/c) varied from about 0.145 at 89.5 percent rotor speed down to 0.120

at 100 percent rotor speed. I might add that the “design integrated C.” of the blade airfoils
was 0.498.

(2.84) Power-Weighted Solidity =0, =

b

Now let me proceed to the power required in forward flight. The Tri-Service test
evaluators summarized their view with just one figure, which you see here as Fig. 2-93.
The coordinate system is referred power required versus referred speed and is, therefore,
useable for all altitude and temperatures where incompressibility flow can be ensured. You
encountered this way of presenting airplane performance data in Volume II, pages 213 to 216,
and specifically from figures 2-98 and 2-99 on page 215. The high-speed data in referred
coordinates was obtained from the rather few dimensional data points that are shown on
Fig. 2-94. There are two points of interest on this data that I expect you have noticed.
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temperature where density (p) was 0.002448 slugs per cubic foot [211].
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Fig. 2-93. The CL-84’s forward-flight power required versus speed performance in
referred coordinates (11,000 Ib gross weight). (Ref. [211], fig. 62, used density

ratio rather than /p/p, for high-speed shaft horsepower. I corrected the mistake

for this figure. Forward speed was referred correctly.)
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The first point deals with maximum speed. To the power required curve, I have added
the takeoff power available at 5,100-foot altitude, which is on the order of 2,500 shaft
horsepower. According to the engine specification data in reference [211], the residual
turboshaft jet thrust (Fx) is approximately zero at high speed. This means equivalent shaft
horsepower (ESHP = SHP + FyxV) and engine shaft horsepower (SHP) are about the same.
Evidently, the Canadair CL-84 had a maximum true airspeed of 250 knots at 5,100 feet. You
might note, therefore, that this tiltwing had a horsepower per ton of gross weight of about 440.

Now to the second point. The upper graph on Fig. 2-94 is the specific range (i.e.,
nautical miles per pound of fuel, or nm/Ib for short). Because the speed for best range is
associated with 99 percent of maximum nm/lb, you can see that this true airspeed would be
about 230 knots. What is also readily apparent from the data is that the actual specific range is
about 70 percent of what had been estimated at the start of the design work. This shortfall was
mentioned by the Tri-Service evaluation team in their report with the explanation:

“The maximum range, endurance, and airspeed were less than those estimated in
Reference 6 because of the higher-than-predicted drag. To provide an aircraft suitable for
military missions, an increase in the fuel capacity and a reduction in drag are mandatory. A
considerable number of drag reduction items could be incorporated into the aircraft, with a
minimum of modifications. Some of these items were included in the aircraft specification of
Reference 6, but they were not installed on the test aircraft during this evaluation. In addition,
the removal of externally mounted test and prototype related equipment would improve
performance.

The data shown in figure 64 [Fig. 2-94] indicate that propeller rpm had a significant
effect on range and endurance. Although this effect was evident, the limited flight time
available for this evaluation precluded determination of the exact magnitude of these rpm
effects or the establishing of the optimum rpm-to-airspeed relationship for maximum
performance.”

Let me add one closing paragraph from the evaluators’ report dealing with Service Suitability.
The evaluators wrote:

“The test aircraft was unsuitable for use in any mission because of numerous
hardware deficiencies and the extreme vulnerability of aircraft systems to enemy fire.
However, the concept as exemplified by the CL-84 is considered to be suitable for the types
of military missions mentioned above. The high maneuverability at low speed, short takeoff
and landing characteristics, high acceleration, and deceleration capabilities peculiar to the
concept greatly enhance service suitability. The simplicity of aircraft control, systems, and
operating procedures enhances man/machine relationships for improved mission
performance.”

In my view, the Canadair CL-84’s very positive flight evaluation kept the door open
for continued tiltwing research and development—and the report [211] made sure the tiltwing
would be a configuration included in future studies and requests for proposals. Furthermore,
in my opinion, it was a key reason why the U.S. Department of Defense Tri-Service program
ultimately selected the larger version—an assault transport proposed by the team of Vought-
Hiller-Ryan—for development. The U.S. Tri-Service program was a key step along the path
to the Vought-Hiller-Ryan XC-142.
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2.12.4 The DoD Tri-Service Program

The Department of Defense saw enough potential in VTOL that it began serious
consideration of a program that started in the very early 1960s. Along the way, the Curtiss-
Wright X-19 (Fig. 2-95) and the Bell Aerospace X-22A (Fig. 2-96)—as well as the Vought-
Hiller-Ryan XC-142 (Fig. 2-76)—all reached flight test with varying degrees of success. The
Tri-Service program came to an end in 1970 after flight evaluation of the XC-142 was
completed, and the U.S. Air Force changed the emphasis from VTOL to STOL. This change
in emphasis ultimately led to the Advanced Medium STOL Transport (AMST) and the YC-14
and YC-15 STOLSs, which you will read about later.

There is only one version of the Tri-Service program that tells the story close to what I
remember. This version, coauthored by Bernie Lindenbaum’!' and Dan Fraga [212], was
published in October 1972. Because I cannot possibly tell the story better than Bernie and
Dan did, let me quote their words:

“Starting in 1961, the United States Department of Defense undertook development
of three V/STOL aircraft concepts, as ‘Tri-Service’ programs. These were the XC-142A,
X-19 and X-22A and [they] are examined in this paper. During the same time period there
was another tri-service program based on the P-1127. This will not be included, because the
nature and objectives of this effort differed substantially from the other three, and also
because the P-1127 was basically not a U.S. development.52 This paper will examine aspects
of propeller-based propulsion systems for VTOL aircraft as represented by the three distinctly
different design concepts found in the XC-142A, X-19 and X-22A.

While there was no specific overall plan to undertake all of the three tri-service
efforts which ultimately developed, the Fall of 1959 can be identified as the starting point for
this activity. At that time an Ad Hoc group (called the Perkins’ Committee) was convened by
Dr. Herbert York, then Director of Defense Research and Engineering (DDR&E), to review
military requirements and the state-of-the-art and to make recommendations regarding U.S.
national policy on further development of V/STOL aircraft. This resulted in the report
‘Evaluation of V/STOL Aircraft’ issued on 15 April 1960. The following quoted passage,
extracted from the report, set the stage for the program which was to become the XC-142A:

‘The U.S. VTOL research aircraft program (test beds) demonstrated the
technical feasibility that V/STOL aircraft can be built in a number of
configurations which contain the vertical take-off and landing capability of
rotary wing aircraft, yet do not have the limitations of speed, range and
complexity of helicopters; however, the operational suitability of V/STOL to
meet military requirements must now be demonstrated. Unless a program for
operational suitability is initiated, the uncertainty that exists today will
continue.’

51 Bernie was a well-known V/STOL advocate in the more technical side of the U.S. Air Force Flight Dynamics
Laboratory in Dayton, Ohio. Between Bernie and Charlie Crawford, who carried the U.S. Army helicopter
development efforts on his shoulders for so many years, industry V/STOL champions had two, very technically
savvy, very fair, and very influential cohorts. Helicopter and other V/STOL pilots and crew really have them to
thank for most of the products that were developed over a nearly four-decade period that began when first-
generation machines were converting to gas turbine engines.

52 The authors might also have mentioned the British program that led to the Short SC.1 [213], which preceded
the Hawker P-1127 that ultimately gave us the Harrier. The fighter type SC.1 began conventional airplane flying
on April 2, 1957, and tethered hover flying in May of 1957.
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One of the actions recommended in the report was the initiation of a program for the
development of a tilt-wing assault transport aircraft, designed to satisfy effectively the
requirements of the three services.

The VTOL research aircraft program referred to was the series of developments
which had taken place during the previous decade wherein numerous configurations were
built and flown with varying degrees of success and which proved that there were many
promising approaches to VTOL. These efforts covered many concepts from propeller driven
tail sitters through tilting rotors, tilting wings, deflected slipstream, lift fans and jet lift types;
efforts which represented a substantial monetary investment. It was this proliferation of
efforts aimed at finding the ‘solution’ to VTOL, which led to the formation of the Perkins’
Committee. That many of these were based upon propeller propulsion is noteworthy.

In consequence of the Perkins Committee’s recommendation, the three services
undertook definition of the requirements and the development of a cargo-assault transport
type of VTOL airplane. Size and performance were selected to permit establishment of the
operational capability and flight characteristics of a reasonably-sized VTOL airplane. It was
decided to develop an airplane of approximately 40,000 1b gross weight which would be
capable of carrying an 8,000 Ib payload one way, outbound, on a 200 NMI radius mission.

The Navy was given the responsibility for managing the ensuing competition, with
participation by the other two services. Hence, the requirements which were circulated to
industry in January 1961 were put out as a Navy Type Specification (TS-152). Nine
companies responded to the request for proposal, and the designs represented an interesting
array of concepts. The range covered single tilt wing, tandem tilting wings, tilting ducted
propellers, tilting propeller-rotor, direct jet lift and compound helicopter approaches.

Each service made its own evaluation of the proposals and, initially, the services
chose different winners. A compromise choice was arrived at, however, in the Vought-Hiller-
Ryan design, which was to be later designated as the XC-142A. It was this initial
disagreement in concept selection which later led to the other two tri-service programs. In the
original evaluation, the Army favored the approach of a single tilt wing with four-propellers
because of its superior STOL capability; the Navy preferred the four-ducted propeller tandem
wing arrangement because of compactness and inherent safety for shipboard personnel during
operations, and the Air Force selected a four-open-propeller tandem tilt wing arrangement
because it believed this to be the best configuration for a high speed VTOL machine. It should
be noted that the requirements against which the proposals were made, basically were aimed
at VTOL operation; STOL was not a requirement.

After the evaluation was completed and a single selection was made, the Air Force
assumed management of the program. The contract for the XC-142 was awarded to Chance-
Vought (which later became Ling-Temco-Vought) in January 1962 with Hiller and Ryan as
major subcontractors. Estimated cost of the program, which was to provide five aircraft, was
76 million dollars; a cost which was to be equally shared by the three services.

Because the original Navy and Air Force preferences differed from the selected
concept, the Department of Defense later approved two additional but smaller tri-service
programs, the X-19 and X-22A.

The X-19 began as an entirely private development of Curtiss-Wright with the
company designation M-200. It was to be a high speed VTOL airplane for the executive
transport market. Curtiss-Wright had done considerable development work on the concept,
starting with the two-propeller X-100 (Figure 1) and culminating in the M-200. After
considerable development effort on this machine, the company decided to seek U.S.
Government aid, and the Department of Defense agreed to help fund the completion of the



2. ROTARY WING PERFORMANCE AT HIGH SPEED

M-200 (X-19) with the objective of obtaining data for evaluation of this VTOL approach.
Since the M-200 configuration was similar to the Air Force’s initial concept preference in the
XC-142 competition, program management responsibility was assigned to the Air Force
XC-142 organization in 1962. Because of the advanced state of the development prior to the
contract, the government agreed to exercise only minor control over the design and
construction of the machine, the major interest being in the flight test and evaluation of the
aircraft. The government funding for the effort was to have been about 8 million dollars and
cover both the development and the test phases. Curtiss invested at least as much in the
program.

The X-22A program began with the Navy and was based on their need for an aircraft
suitable for shipboard operation and one which could be used to explore the area of V/STOL
flight control. Since future Navy use of VTOL aircraft would be primarily on ships, the
Navy’s preference was the shrouded propeller approach. Compared with the open-propeller
types, this was considered to be much safer for deck personnel during shipboard operations. A
competition was held by the Navy between Bell Aerospace Corp. and Douglas Aircraft Co.
Bell won, and in November 1962 was given a 17 million dollar contract to build two vehicles.
Bell undertook an extensive development effort and in March 1966 flew an X-22A for the
first time. However, it was not until January of 1971 that the Navy accepted the aircraft (one
only, the first having been severely damaged in an accident in August 1966). Operation of the
X-22A as a flight control research vehicle was contracted to the Cornell Aeronautical
Laboratory in January 1971 and that program is still active.

Of the three tri-service programs, only the X-22A is still in use. The XC-142A
program was completed and the knowledge gathered was to have provided the basis for the
development of a new tilt wing airplane to meet the Air Force’s Light Intratheater Transport
[LIT] requirement. But change in emphasis from V/STOL to STOL in 1970 caused
abandonment of the effort. With regard to the X-19, the contract was terminated shortly after
the first aircraft crashed. The second machine was never completed and the progress was
abandoned.

While these three concepts differed substantially from each other, all were based on
the philosophy that the propeller is a highly effective device for providing both good hover
capability and efficient cruise flight.”

You read in the second paragraph of Bernie and Dan’s story about the Perkins’ ad hoc
committee in 1959 making “recommendations regarding U.S. national policy on further
development of V/STOL aircraft.” Twenty years later a similar activity was conducted by the
Defense Science Board whose chairman was Eugene Fubini. Fubini turned to Courtland
Perkins to marshal a task force to establish the state of the art of V/STOL aircraft in 1979 and
recommend a Department of Defense policy for such aircraft. Perkins’ task force concluded
“that V/STOL aircraft in various subsonic and supersonic configurations are technologically
supportable over the next several decades.” There was “strong support for V/STOL aircraft in
useful military missions. The front-end investment may be high, however, the pay-off is
considered to be potentially in excess of that investment.” One thing I found quite interesting
was that the task force stated that “the Army has little need for V/STOL aircraft beyond the
helicopter.” Furthermore, the development beyond the Harrier (i.e., the AV-8B) was clearly
recommended, and the tiltrotor had been “developed to the point where successful and useful
aircraft can be constructed and operated.” Much of what the task force recommended was
followed as you will find when you read the full report [214].
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Fig. 2-95. The Curtiss-Wright X-19. This 10,600-pound VTOL technology demonstrator
made its first hovering flight on May 7, 1965. The first full conversion back and
forth from hover was made on January 17, 1968.

Fig. 2-96. The Bell Aerospace X-22A. This 15,300-pound VTOL technology demonstra-
tor made its first hovering flight on March 17, 1966. The first full conversion
back and forth from hover was made on March 3, 1967.
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2.12.5 The Vought-Hiller-Ryan XC-142

The team of Vought-Hiller Aircraft Corporation and Ryan Aeronautical Company won
the DoD Tri-Service competition on September 15, 1961, and its tiltwing aircraft was
designated as the XC-142A (Fig. 2-97 through Fig. 2-103) by the services. The objective was
a cargo/assault transport that could carry 32 troops out 200 nautical miles. Contract go-ahead
was given on January 5, 1962, and some 33 months later, the machine made its first flight on
September 29, 1964. The first flight was as a conventional airplane. The first hovering flight
was made on December 29, 1964, and the first conversion and reconversion was made on
January 11, 1965 [215]. The team had sufficient development flying done by early March
1965 to warrant a preliminary Tri-Service V/STOL Test Force evaluation, which was
conducted at the Ling-Temco-Vought Corporation in Dallas, Texas. This month-long,
Category I evaluation went on from March 17 to April 20 of 1965. The results of this
evaluation were reported January 1966 [177].

The Category I evaluation report was not exactly glowing because the opening
paragraph of the Conclusions and Recommendations stated:

“The XC-142A design objective was to provide a full scale tilt-wing V/STOL
transport aircraft with which the operational capabilities could be determined for V/STOL
aircraft in general and tilt-wing V/STOL aircraft in particular. It was not intended to be a
production model. As a concept evaluation vehicle it was satisfactory except for three known
safety of flight deficiencies and 22 known deficiencies which would interfere with Category 11
testing if not corrected. There were 44 additional deficiencies which should be corrected and
re-evaluated during Category II tests and 44 more which should be corrected for a production
C-142. Most of the known deficiencies were with systems which had not been sufficiently
checked out before installation due to the limited funds available. [Talk about penny-wise,
pound-short planning!] The novel and critical systems (i.e., flight control system, gearboxes,
cross-shafting, wing tilt, etc.) were more completely developed before installation and gave
little trouble. The aircraft was safe and simple to fly. Most of the deficiencies were in the
aircraft sub-systems. With the correction of 25 items the XC-142A would be ready for
Category II tests. The XC-142A was not ready for production.

Each recommendation has the letter A, B, C, or D as a prefix. These letters denote
the following:

A—Safety of Flight. Mandatory correction prior to delivery of the first XC-142A for
Category II testing.

B—Deficiencies which will interfere with the Category II concept evaluation unless
corrected. Mandatory correction prior to delivery of the first XC-142A for Category II testing.

C—Deficiencies which will not interfere with the Category II concept evaluation, but the
corrections should be evaluated before the end of Category II. Mandatory correction before
the end of Category I testing.

D—Deficiencies which should be corrected for an operational aircraft. Desirable correction
before the end of Category 1.”

The three safety-of-flight deficiencies (the A category) dealt with (a) a poor overhead
emergency escape hatch design, (b) no capability for the pilot to monitor the cross shaft
bearing temperatures, and (c) overstressing during ground operation of the aileron servo
valve.
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Fig. 2-97. The XC-142A was powered by four T64-GE-1 engines rated at 3,080 shaft
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horsepower for 10 minutes at sea level standard day. The proprotor was designed
for a tip speed of about 1,200 feet per second, but hover testing was conducted at
950 feet per second because of drivetrain limitations. In cruise, proprotor speed

was reduced to 750 feet per second [215].
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Fig. 2-98. The XC-142A’s design weight empty was 23,039 pounds, but when flight
testing was stopped, this weight had grown to 25,552 pounds. The design VTOL
gross weight was 37,474 pounds, and this was the weight that performance
guarantees were based on. Rear ramp loading provisions do not lead to
aerodynamically “clean” airplanes [215].
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“tail propeller” gear box [215].
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The test evaluators were dissatisfied with several flight restrictions, but put them all in
the C category. However, they wanted several deficiencies fixed before the end of Category 1
testing. Lastly, the test team felt that a production aircraft—should the aircraft get that far—
had a number of shortcomings that needed attention at this stage.

With respect to the aircraft in total, there were a considerable number of deficiencies
the evaluating test team sought before Category II testing or production could begin. I have
sorted the deficiencies by alphabet in Table 2-8. As you can see, the Vought-Hiller-Ryan team
had plenty to do before any XC-142A would be evaluated at the U.S. Air Force Flight Test
Center at Edwards Air Force Base in California.

The hover performance was less than predicted by about 12 percent, but a redesigned
proprotor was apparently already in the works.>3 The redesign was an increase in Activity
Factor per blade from 86 to 105 while retaining the four-blade configuration and diameter at
15.625 feet. In rotorcraft terms, this was a power-weighted solidity increase from 0.148 to
0.171 according to Eq. (2.84). Incidentally, the flight hub moments were much higher than
engineering expected, and a hub redesign was required.

Table 2-8. Category I Evaluation of the XC-142A Created 113 Action Items

Item Total | A | B | C | D Harris’ Comments
Safety 3 3 Poor overhead escape hatch
Flight restrictions 10 9 | 1 | Expand flight envelope to 300 knots
Performance 2 2 Hover performance 12 percent below contract spec
Handling qualities 8 1 6 | 1 | Control forces too high
Airframe 15 3 | 5 | 7 | Vibration causing windshield distortions
Cockpit 16 3 | 5 | 8 | Several switches in wrong place; seats not adjustable
Engines 8 3 | 3 | 2 | Several cracks in airframe/engine interface components
Drivetrain 4 1 1 | 2 | Tri-directional gearbox limited to 10-hour inspections
Propellers 1 1 Strengthen propeller hubs
Fuel system 1 1 Relocate defueling valve
Electrical system 10 2 | 2 | 6 | High vibration breaking wire bundles
Hydraulic system 8 1 1 | 6 | Power control system 1 and 2 in wrong order
Landing gear 4 1 | 2 | 1 | Indication system not reliable
Heating system 1 1 | System did not function properly
Avionics 6 2 | 2 | 2 | Numerous noise and interference problems
Auxiliary power unit 2 1 1 | APU operation erratic
Flight controls 5 s | 3 Pitch trim creep; g loafls affect prop pitch; must be able to
exceed takeoff power in an OEI emergency
Ice protection 1 1 Not installed; must be installed on aircraft 4 or 5 for Cat. II
Propeller wind blast 1 1 | Define hazard areas
. Levels too high in and about aircraft; P-1 and P-4 helmets
Noise 1 1 .
inadequate
Crew comfort 3 1 2 | Need “cool suits” for Cat. II; cross country is out
Static electricity 1 1 | Need permanent static ground wire
Manuals 2 2 Need updating; need cargo loading manual
TOTALS | 113 3 [23[45]| 42

33 T know of no new helicopter or V/STOL development program that has met its contractual hover performance
specification after early flight test data was acquired. The shortfall seems to be between 5 and 15 percent.
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It took the Vought-Hiller-Ryan team a little over 2 years to meet many of the test
evaluators’ requirements and “fix” its XC-142A so that it was ready for the second go-around
at test evaluation. This Category II evaluation by the Tri-Service Test Force was conducted in
three segments as the final report for performance3* dated October 1968 [178] notes in its
introduction:

“The flight testing was accomplished with three aircraft over three separate periods
of time. During the first portion of the tests, with aircraft S/N 62-5923, only a pitot-static
system calibration was obtained before the airplane crashed during a reconversion. During the
second portion of the tests, with aircraft S/N 62-5921, 16 flights were made, totaling
approximately 11.5 hours of productive flying time. Tests were limited to those necessary to
support the operational suitability test objectives and those tests supporting the assault
transport mission evaluation; they consisted mainly of determining the VSTOL capability of
the aircraft. The aircraft and instrumentation were maintained by personnel of the Ling-
Temco-Vought (LTV) Aerospace Corporation.

The third portion of the Category II tests was conducted with aircraft S/N 62-5922.
This aircraft was built by mating the fuselage of the original aircraft of the same serial
number, with the wing of aircraft S/N 62-5923. The original aircraft S/N 62-5922 was
seriously damaged at the contractor’s facility in Dallas, Texas, in October 1965.

During this portion of the tests, 15 flights were made, totaling approximately 15
hours of productive flying time. These tests were made primarily to define the mission
capability of the aircraft. The aircraft and instrumentation were maintained by the USAF and
the USA with support from the LTV Aerospace Corporation.

During the final phases of the Category II tests the rebuilt aircraft S/N 62-5922, with
a contractor crew on board, crashed and was severely damaged on 9 October 1967. This
accident terminated the test program prematurely, resulting in incomplete data in some areas.

Persistent subsystem problems contributed to a high percentage of maintenance
downtime and a high abort rate throughout the test program. The structural integrity of the
aircraft was compromised because of failures of mechanical, hydraulic, and electrical
components. These failures were caused by a severe vibration environment, resulting in metal
fatigue.”

This first major tiltwing aircraft program came to an end in November of 1967, and
then a great deal of engineering data was simply put on the shelf. The performance report
[178] states that the aircraft met its hover ceiling requirement to hover (out of ground effect)
(HOGE) at 6,000 feet on a standard day (density equals 0.001988 slugs per cubic foot). The
gross weight was 37,474 pounds, and the four turboshaft engines were at their takeoff rated
power of 2,780 SHP per engine at 6,000 feet.

The XC-142A’s HOGE performance in engine power (Cp) and weight coefficient (Cw)
form is shown in Fig. 2-104. Because of the accident on October 9, 1967, the test evaluators
were, in fact, in a data-short position. However, from the hover performance data they did
have, they concluded that the XC-142A did meet the contractual requirement. This
requirement is shown as the black, solid diamond on Fig. 2-104. One XC-142A propeller was

54 There is a report on Stability and Control [216] and also one about Operational Suitability [217]. Both of these
reports are still restricted, so I can only provide the references.
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Fig. 2-104. Category II hover performance data out of ground effect was incomplete
because of the October 9, 1967 accident and the ending of the XC-142 program in
November 1967.

tested on the static propeller test rig at the Air Force Aeronautical Systems Division facility in
Ohio. The data was reported in references [218, 219].55 I have used that isolated propeller data
to construct the solid blue line you see on Fig. 2-104. The transmission efficiency was on the
order of 0.98, and the accessory power losses were about 44 horsepower. You will note in
passing that a tiltwing has virtually no wing download so nearly all the propeller thrust goes to
supporting gross weight. This is in direct contrast to a tiltrotor, which gives up anywhere
between 10 and 15 percent of its proprotor thrust because the proprotor slipstream impinges
on nearly all of the wing area. This impingement creates a wing download, which is negative
thrust. You can see the contrasting configurations by comparing Fig. 2-76 to Fig. 2-77.

Fig. 2-104 shows (with the Figure of Merit in red) that the XC-142A was close to its
most efficient hovering regime for the 37,474-pound design weight if the hovering altitude
was sea level on a standard day. Only 9,250 shaft horsepower was required at this condition.
This rather minimal power to hover—compared to a military rated power of 3,080 times 4 or

55 Because of the XC-142A’s hover performance shortfall with the low Activity Factor (or solidity, if you prefer)
propeller (C-W No. 2FE16A3-4A), the Air Force and the Curtiss-Wright Corporation went right to work to find
a better design. The effort involved testing 28 different configurations (plus a calibration baseline). The
aerodynamic geometry of the redesigned propeller (C-W No. 2FF16A1-4A) is given in reference [218]. If you
ever wanted a gold mine of propeller test results to measure your hover theory against, this reference, and the
tabulated data contained in reference [219], will make your task easier. Data up to tip Mach numbers of 1.7 and
up to rotorcraft Ct/c = 0.2 were obtained.
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12,320 total shaft horsepower available—meant that the XC-142A could hover out of ground
effect on three engines. Frankly, I found it quite interesting that the test evaluators did not
address the XC-142A’s ability to hover with one engine inoperative. What was addressed in
detail was the nearly unbelievable STOL performance.

The reason I used the word “unbelievable” is because, even at a takeoff weight of
40,000 pounds, test data at sea level showed that the XC-142A pilots could consistently clear
a 50-foot obstacle in 410 feet of concrete or carrier deck runway. The pilots only needed
120 feet before they lifted the aircraft off the ground at 41 knots, and they reached 57 knots as
they passed over the 50-foot obstacle. In short, a ratio of military rated power to takeoff
gross weight of 0.308 horsepower per pound gave the VITOL XC-142A excellent STOL
performance off of U.S. Navy ships—without a catapult! The cover of Bill Norton’s superb
story [39] of the XC-142A, shown in Fig. 2-105, is a great record of the aircraft operating off
a carrier deck. Furthermore, the operational suitability test report stated that “the XC-142A’s
outstanding performance and potential in the STOL mode was a paramount feature.” The test
evaluators were not so impressed with hover performance on a hot day. In fact, the
performance report strongly recommended that the design criteria should be to hover out of
ground effect at 6,000 feet with an outside air temperature of 95 °F. In addition, the thrust-to-
weight ratio should be 1.15 to provide a control margin, which really starts to be expensive.
Personally, I can only imagine what the aircraft power requirement would cost if pilots
wanted to hover with one engine inoperative at 6,000 feet on a hot day.

Fig. 2-105. The XC-142A had installed power for a maximum speed of 355 knots. This
excess power equated to exceptional STOL performance. Navy sea trials were
quite successful [39] (photo courtesy of Bill Norton).
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The test evaluators could make a reasonable case that the XC-142A met the hover
requirement. They could not, however, make a similar case for the aircraft meeting forward-
flight requirements. The maximum airspeed was to have been 355 knots “at sea level, at
military rated shaft power.” The combat radius mission was to be 200 nautical miles assuming
a mission defined as “on a standard day, at sea level, at a takeoff gross weight of
37,474 pounds, with an outbound/inbound payload weight of §,000/4,000 pounds, a fuel load
of 5,644 pounds, and at a minimum cruise speed of 250 knots.”

The evaluators determined from Category II data that the XC-142A only had a
maximum speed of 315 knots at the forward center of gravity (c.g.) and only 240 knots at aft
c.g. because of stability and vibration problems. The combat radius was determined to be
48 nautical miles principally because the evaluators reduced the fuel load to 3,492 pounds to
account for the 2,513 pounds lost to weight empty increases of the test aircraft. That is, the
design weight empty was 23,039 pounds versus the test aircraft’s weight empty of 25,552
pounds. The crew was included at 430 pounds so that the takeoff gross weight was 37,474
pounds. This at least kept the payloads at 8,000/4,000 pounds, which was very important.

The power required data in forward flight that was obtained before the October 9,
1967 accident, was limited. However, the data that was obtained was very thoroughly
analyzed and reported in the Category II Performance document [178]. Just for the fun of it
and for the historical record, I transferred the tabulated forward-flight data into Microsoft”
Excels and followed the flight test engineering handbook of that time [220] to confirm the test
evaluators view of the XC-142A.56 The results are shown in Fig. 2-106.

The power required and available data shown in Fig. 2-106 suggest that the
XC-142A might have demonstrated a maximum speed of 320 to 330 knots—depending on
how you extrapolate the available data. Furthermore, the specific range data on Fig. 2-106
gives some indication of the XC-142A’s fuel efficiency. The combat radius of 48 nautical
miles that the test evaluators arrived at depends on (1) the start-up time, (2) the taxi and/or
hover time, (3) the time to climb and the distance traveled, (4) the descent time and distance
traveled, (5) the hover time at the combat zone, and (6) the similar return segments. Of course,
some fuel must be held in reserve so the crew can get home. Because specifications for these
mission segments are not immediately available to me, the one estimate I can make is that
3,492 pounds of fuel, at a specific range of 0.116 nautical miles per pound, equates to a range
of 405 nautical miles. On this basis, the radius could hardly exceed 200 nautical miles.

The fuel used in the various mission segments can be roughly estimated using data
from the Category II report [178]. The report states that “fuel allowed for engine start, taxi,
takeoff and acceleration to climb speed [160 knots] was 500 pounds.” The limited data
available indicates the machine could climb to 20,000 feet in about 5 minutes after takeoff at a
nominal gross weight of 36,000 pounds using military rated power and a propeller RPM of
91 percent. The average fuel burn rate was on the order of 4,300 pounds per hour or about
75 pounds per minute. The average true airspeed was about 210 knots or 3.5 nautical miles
per minute. Therefore, in the climb to 20,000 feet, about 375 pounds of fuel was used, and the

56 My results differed less that 1.5 percent from the data reduction output and graphs in the Category II report.
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aircraft covered some 18 nautical miles. Thus, the available 3,492 pounds of fuel was reduced
to about 2,617 pounds before the outbound cruise began at 20,000 feet and 250 knots. If you
assume the return trip also uses 875 pounds of fuel to reach cruise altitude and speed, then the
amount of fuel available for cruise becomes 1,741 pounds. Now, this amount of cruise fuel at
a specific range of 0.116 nautical miles per pound means about 200 nautical miles of range,
which is 100 nautical miles of combat radius. Add the 18 nautical miles from the climb
segment and you might estimate the XC-142A’s combat radius at 118 nautical miles versus
the test evaluators’ 48 nautical miles. Because I have not included any fuel for reserve, 1
would say the test evaluators were generous with their 48 nautical miles versus the
specification requirement of 200 nautical miles.

Let me stop for moment and discuss the derivation of the XC-142A’s lift-drag polar
from the performance data measured during flight testing. This vintage 1960’s step-by-step
process that arrives at Fig. 2-107 is quite instructive when you see it written out. This process,
as you might guess, is the inverse of the process used to predict power required (in advance of
flight testing) when given a drag polar—from some source—as the starting point. To begin
then, flight test data will give you a torque generally measured from the engine’s torque
meter, and for modern rotorcraft, a proprotor (propeller if you prefer) shaft torque measured

12,000 T T : : : A A\ : : : T : 0.12
| | | | | | |
11,000 | ‘ | | | | ‘ 0.11
| | | Specific
| |
Total 10:000 0.1 Range
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Fig. 2-106. The limited XC-142A power required data that was obtained suggests that
the machine would have demonstrated a maximum speed on the order of 320 to
330 knots given the installed power available from four T64-GE-1 turboshaft
engines.

180



2. ROTARY WING PERFORMANCE AT HIGH SPEED

0.14 10
0.13 9
X X X
x X XK X x x
0.12 8
L v Xy « o X% Aircraft
Drag X o
X . L/D
Coeff. .11 X e .
Cy X %@‘

X
/
0.09 / - 5
0.08 3y : 4

0.07 (‘/: o 3

0.06 o 2

0.05 1

0.04 0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Lift Coeff. C;
Fig. 2-107. XC-142A drag polar as derived from flight test data.

with a strain gauge. For the XC-142A, only engine torque in percent of the maximum was
recorded (but the maximum was set at 1,350 foot pounds). Proprotor speed was also measured
and expressed as a percentage of 1,232 rpm. The engine’s relatively low torque and relatively
high-power turbine speed was transmitted to the proprotor by a gearbox at a ratio of 11.04
to 1. On the XC-142A, the proprotor speed was increased by the gearbox ratio so that the
engine shaft horsepower could be computed (and tabulated and printed out on paper) using
the equation

Torque

e (ft—=Ibs)x[Prop Speed (in rad —sec) |x Gearbox Ratio
(2.85) SHP, = . .

550

The XC-142A’s flight test data used an average of the four free-turbine-engine torques
and, because of the proprotor interconnect provisions, the average of the four proprotor shaft
speeds in Eq. (2.85). My observation was that the engine torques were generally not well
matched while the proprotor shaft speeds hardly differed at all. Before this engine horsepower
gets to the proprotor, its value is reduced by the transmission efficiency (1) and the engine
accessory power (SHP,..). That means the proprotor shaft horsepower (PSHP) is calculated as

(2.86) PSHP=SHP, 1 -SHP,,.

It was interesting to me to see that the propulsion system transmission efficiency of the
XC-142 varied with engine shaft horsepower and RPM percentage. In fact, a graph of this
dependency was included in the Category II report so I was not required to guess. The
transmission efficiency variation was between 0.94 at low power and 100 percent rpm up to
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0.985 at a maximum engine shaft horsepower of 3,080 and 60 percent rpm. The accessories
were charged with drawing 44 horsepower. I might add that it is quite unusual to have this
sort of detail quoted in the data reduction chapter of a flight test report.

Now that you have the horsepower going into the proprotor, the question becomes one
of obtaining the proprotor thrust at the operating flight condition. The proprotor shafts of the
XC-142A were not instrumented for axial force, which would be called the thrust. As you
know, it is rather easy to get close to wing lift from an aircraft’s weight, but getting the
propulsive force that balances aircraft drag can be quite a challenge. In the case of the
XC-142A, the approach was to estimate the thrust horsepower (PTHP) of one proprotor as
(2.87) PTHP = PSHPxn, = % .

Then the prime contractor—now the Ling-Temco-Vought team—accepted the Curtiss-Wright
company’s theoretically computed proprotor efficiency (np) chart, shown here as Fig. 2-108,
as the best data available from which to obtain the thrust of one proprotor

550xPSHP x
(2.88) T, = e
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Fig. 2-108. The XC-142A propeller efficiency chart submitted by Curtiss-Wright to
Ling-Temco-Vought [178].
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The next logical step, because the thrust (Tp) from four proprotors is assumed equal to the
aircraft’s drag, is to calculate the drag as

(2.89) D, =4T,

and then calculate the conventional drag coefficient as Cp = D/qrpSw.

The propeller efficiency chart, Fig. 2-108, uses the classical coordinate system that I
was first exposed to [221] in my freshman year at Rensselaer Polytechnic Institute (RPI) in
1952. The efficiency is defined as the product of advance ratio (J) and thrust coefficient (Cr)
divided by power coefficient (Cp). The parameters, in propeller nomenclature, are

(515
JC; \nD )\ pn°D*

2.90) Mp=—TL= ,
290) M C, 550 PSHP
pn’D’

where the proprotor rotational speed (n) is in radians per second.

In reproducing the test evaluators’ performance data in forward flight, I actually took a
more direct path that started by creating an equation that fit the curves provided in Fig. 2-108.
My experience with efficiency curves such as Fig. 2-108 let me assume that, because Cp
equals a function of J and Cr, you can curve-fit propeller efficiency data with

Cp=Cp +A,)Cr + B(J)Ci

2.91
29D =Cp, +(A, +AJ+A,T*)C, +(B, +B,J+B,I*)C;

where Cr = np Cp/J and Cp, = P, +PJ+P,J°. Using 160 points from Fig. 2-108, I gave the
Microsoft® Excel« regression analysis tool the problem of finding the coefficients and arrived
at

C, =0.015981+0.0014024(J* ) +0.00036615(J*)
(292)  +[-0.056282+0.877136(1)-0.027999()) | C,
+]1.904649-0.733694(1) +0.737029(1*) | C;

and then I had a curve-fitting of Curtiss-Wright’s efficiency data to within 1 percent. Because
you know the power coefficient (Cp) and want the thrust (Cr), the quadratic equation,
Eq. (2.92), is solved for Cr simply as

1
2.93) C, = E[—A +[A+4B(C,-C,, )] :

and it immediately follows that

214 2
(294) C,=4| 2D ¢ =§(D—ch.
(%pVFP)SW
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It was a trivial task to mechanize the above steps in an Excels spreadsheet and
reproduce the results shown in Fig. 2-107.

Now let me add some additional thoughts about the Ling-Temco-Vought (LTV)
XC-142A before summarizing development progress with tiltwings in toto.

The LTV XC-142A program had a number of technical efforts that contributed to the
aircraft’s success that you should be aware of. First and foremost are the very interesting
NASA reports dealing with trim, performance, descent boundaries created by wing stall, and
ground effect (both in hover and low-speed flight). A summary report that Ken Goodson gave
at the 1966 NASA Conference on V/STOL and STOL Aircraft [222] contains very helpful
information. Ken gathered up NASA test results from three scale models representing the
XC-142A, which had a wingspan of 67.55 feet. The model scales and the associated reports
were: a 0.11-scale model tested in “free flight” [223] (Fig. 2-109, also see Fig. 2-83 ); a 0.09-
scale powered force model [224]; and a large-scale powered force model [225]. From a trim
point of view, Fig. 2-110, the model data and flight test data were in adequate agreement on
the wing tilt angle (iw) required for steady, level flight at all speeds. A key performance chart
that Ken presented, reproduced here as Fig. 2-111, illustrates how useful even small-scale
models can be in estimating (what amounts to) powered-required-versus-speed data. Note that
Ken scaled-up the model data to full scale so that the thrust from four propellers equaled a
takeoff gross weight of about 38,000 pounds. The conversion of thrust to proprotor
horsepower required is, however, not so easy a task as you now know.

Fig. 2-109. The 0.11-scale model with a wingspan of 7.5 feet was tested in “free flight” in
the Langley 30- by 60-foot wind tunnel [223].
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Fig. 2-110. The variation of the wing tilt angle with level flight speed was well established
for both the powered force models and the full-scale aircraft [222].
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Fig. 2-111. Even small-scale, powered force models are quite valuable when estimating
performance as this NASA test data for the XC-142A shows [222].
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The descent boundary for the XC-142A (Fig. 2-112) was studied both with the
0.11-scale free-flight model and the 0.09-scale powered-force model using tufts to show
separated flow areas on the wing (Fig. 2-113). You will recall that rate of descent (Vz or R/D)
is connected to the flightpath angle (y) and the forward speed (Vx or Vgp) as R/D = Vgp sin v.
Therefore, if the XC-142A pilot starts a descent with the wing tilted at, say, 30 degrees
corresponding to a speed of 40 knots (from Fig. 2-111), he will experience the onset of wing
stall and noticeable aircraft buffeting at a descent angle of about 10 degrees according to
Fig. 2-112. This example gives a rate of descent of about 700 feet per minute. From a combat
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Fig. 2-112. XC-142A descent boundaries from flight test and model scale show the model
scale to be quite conservative [222].

Fig. 2-113. Wing stall between each propeller pair (the shaded areas) defined the buffet
onset boundary on the XC-142A [222].
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assault mission point of view, a restriction to 700 to 800 feet per minute (7 to 8 knots, or 12 to
13.6 feet per second) in rate of descent is, in my mind, quite unacceptable. Something closer
to 1,500 feet per minute with the pilot in absolute control and able to decelerate to a
comfortable, controlled landing would be the goal I would shoot for.

You might note from Fig. 2-112 that descents with wing angles between 50 and 90
degrees were not evaluated. As far as I know, this region has never been studied, and yet
testing at higher rates of descent at slower forward speeds might disclose that buffeting
problems were negligible. Of course, the vortex region might then become a limiting factor.

Ken Goodson’s presentation [222] pointed out that hovering and slow-speed flight
close to the ground created interesting aircraft behavior. The recirculation of propeller
slipstreams, as the sketch in Fig. 2-114 shows, gave the pilots of the XC-142A yaw and roll
control problems. Yaw accelerations approaching the control available in hover were
measured. Today, you would expect to install a modern autopilot to help the pilot with this
kind of distraction. However, the subject of testing models in ground effect received
considerable attention in this era as you will appreciate just by reading references [226, 227].

Structural dynamic aspects of the XC-142A received considerable attention at the
Chance-Vought Corporation during the design phase. (Many of the internal company reports
dealing with all the technology department’s efforts are available through the U.S. Air Force
Flight Dynamics Laboratory.) The fact that a dynamically similar model was built, tested, and
reported on really impressed me then and still does today [228, 229].

During this early VTOL era, the question of handling criteria was still very much
under discussion [230-232]. Results from the XC-142A program [233] were of some help, but
I think things did not become clearer until high-fidelity simulators came into widespread use.
Furthermore, as with the larger helicopters, the first group of VTOLs raised the issue of

G o FLEGHT TESTS

40 it AIRPLANE HOVERING
CONTROL AVAILABLE

Fig. 2-114. The XC-142A experienced significant yaw accelerations (I') when the bottom
of the fuselage was less than 50 feet above the ground [222].
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proprotor slipstreams from hovering aircraft blowing people down. You might find reference
[234] of interest. When hovering 75 to 100 feet above the ground, the XC-142A produced
ground-level velocities up to 100 knots.

Now for some concluding thoughts about the XC-142A program drawn in part from
references [25, 39, 177, 178, 212, 235]. The XC-142A program produced “about” what was
sought by the contract (awarded January 1962) between the Tri-Services (the Air Force was in
charge) and the Vought-Hiller-Ryan team. What was sought was an experimental VTOL
aircraft at a size comparable to the de Havilland/U.S. Army Caribou.>’ For $75.9 million and
in 4 years, the LTV team was to produce five machines and one static test article, and get a
good, if not glowing, report at the end of Category II evaluation. There may have been some
thought that a YC-142A58 was in the cards because the aircraft was big enough to carry 32
troops in a combat assault mission. The LTV team got the aircraft to first full back and forth
conversion on January 11, 1965, which was exactly 3 years after contract award. The program
ended up at $135.8 million obligated and spent over 6 years.

There were four very hard landings between the five experimental aircraft and one
fatal crash (on May 10, 1967). The final accident on October 9, 1967, brought the program to
a halt. This aspect of experimental aircraft—accidents—is one you must always be aware of.
Bernie Lindenbaum [212] gave us a detailed summary of XC-142A accidents when he wrote:

“Aircraft #2—On 19 October 1965, this aircraft experienced a ground loop on landing which
caused extensive damage to the wing and propellers. The hydraulic system had a fatigue
failure which caused the left outboard propeller actuator to fail during flare-out and landing.
This caused an asymmetrical thrust and a ground loop to the left.

Aircraft #3—On 4 January 1966 this aircraft made a hard landing in the vertical mode. The
aircraft sustained major damage to the fuselage. The cause of this accident was the pilot’s
failure to select the proper propeller speed for vertical mode flight. The pilot procedures were
revised subsequently to ensure the proper propeller speeds would be selected. The wing of
this machine was later mated with the fuselage of the #2 aircraft for further flight testing.

Aircraft #4—On 27 January 1966 there was a turbine failure in the #1 engine caused by the
failure of the overriding clutch to engage. This caused extensive damage to the wing, the
outboard aileron, the number 2 nacelle, the aft engine shroud and to the fuselage. This aircraft
was repaired, used by NASA for flight research, and is now the one which is in the Air Force
Museum.

Aircraft #5—On 28 December 1966 this vehicle was taxied into a hangar door causing major
damage to the fuselage nose, the wing, the wing hinge and the propellers. This accident was
caused by the pilot failing to actuate the hydraulic system; he, therefore, had no brakes or
nose wheel steering available.

57 At a takeoff gross weight of 38,485 pounds, cruise at 250 knots at sea level, have a maximum speed of 380
knots at 20,000 feet, have a combat range of 783 nautical miles and a combat radius of 200 nautical miles,
demonstrate a ceiling of 25,000 feet, have a capability to hover out of ground effect at 6,420 feet with a thrust-to-
weight (T/W) margin equal to 1.15, and have a STOL capability to take off over a 50-foot obstacle in 288 feet.

58 To me, a “Y” designation means a preproduction prototype incorporating all the fixes to the XC-142A.
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Aircraft #1—On 10 May 1967 the failure of the spring capsule in the tail rotor pitch control
system gave full pitch to the tail rotor, as the aircraft approached the hover configuration. It
nosed over at about 200 ft altitude and crashed in an inverted attitude killing the pilots. This is
the only accident during the tri-service program that could be directly attributable to the
V/STOL configuration.>?

Aircraft #2—On 9 October 1967 this aircraft experienced a hard landing due to a high sink
rate at low forward speed. The pilot reduced power while attempting to go into a hover
configuration causing a high rate of descent which could not be stopped prior to ground
impact. The hard landing broke the fuselage and the wing, and the aircraft was considered
beyond repair.”

I would be remiss if I did not say that I think the XC-142A got shortchanged in its
development. This tiltwing aircraft was designed to do for the U.S. Army what the tiltrotor—
the Bell Boeing V-22—has done for the U.S. Marines. But the experimental XC-142A
(comparable to the V-22 in its first phase, the JVX phase) had a raft of reliability and
maintenance problems. The aircraft control problems while operating in ground effect were
every bit as serious. The shortfall in speed and range performance was also a reason for
VTOL critics to want the program cancelled. These technology and engineering shortcomings
would have required significant redesign (similar to the FSD V-22 phase) before it could have
been cleared even for the Low-Rate Production phase that the V-22 required. And the
XC-142A would have required more redesign, as was done on the V-22, before it received go-
ahead for full-rate production and widespread use in operation.

The XC-142A and its program never had a champion comparable to the U.S. Marines
who wanted the MV-22, a story told by Richard Whittle in his book The Dream Machine—
The Untold Story of the Notorious V-22 Osprey [34]. You will find Dick’s very, very true
story absolutely fascinating from start to finish. The XC-142A program, without a glowing
Category II flight test report, saw the end of DoD Tri-Service support, and all future tiltwing
considerations died. Thoughts turned to the tiltrotor, which I will discuss in a moment, and
the U.S. Air Force decided that a STOL assault transport was the way to go. This led to the
YC-14 and YC-15 competition that you will read about later.

39 This accident leads me to mention that while at Boeing Vertol, we began serious work on what we called a
monocyclic propeller [236]. The approach was to replace the pitch control fan used on tiltwings such as the
VZ-2, CL-84, X-84, and XC-142A with propeller pitching moment. A propeller with cyclic pitch (much like the
Sikorsky ABC and X2 TD compound helicopters) would have more than enough longitudinal pitching moment
to control the aircraft when operating in ground effect. I was swayed to the idea, in part, because of the VZ-2
flying model tests reported by Lou Tosti at Langley in 1962 [196].
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2.12.6 Tiltwings in Summary

Earlier | summarized the feasibility of many rotorcraft demonstrators with one figure,
Fig. 2-73. Let me repeat that figure here as Fig. 2-115 so you have a handy reminder. Next I
have added the path to the XC-142A to show you where the four tiltwing aircraft (developed
between 1955 and 1970) fall. You see this tiltwing progress in Fig. 2-116.

You also have, with Table 2-9,°0 the basic characteristics of the four tiltwing aircraft
demonstrated up to the early 1970s. These groundbreaking machines are the VZ-2 developed
by the Vertol Aircraft Corporation with support from the U.S. Navy Office of Naval Research
(ONR), the CL-84 developed by Canadair with support from the Canadian Government, the
X-18 developed by Hiller Aircraft Corporation, and the XC-142 developed initially by the
team of Vought-Hiller-Ryan (VHR), later to become the Ling-Temco-Vought (XC-142A).
These experimental aircraft (or technology demonstrators, if you prefer) represent six decades
of searching by the rotorcraft (and some of the fixed-wing) industry for a product beyond the
autogyro and the helicopter.

With respect to Fig. 2-116, you should keep in mind that the Bell XV-15 filtrotor (in
gray) was several years away from flying. Therefore, the meaningful comparison is between
helicopters and compounds and tiltwings. In this regard I always felt that the XC-142A
showed what could be done when you are given a hover requirement of 6,000 feet at 95 °F.
On the other hand, the military assault mission plus U.S. Navy shipboard requirements offer
no design freedom to create an aerodynamically efficient airplane. This means (to me) that
there is very little chance to spin off the military-developed VTOL into an aircraft that the
commercial world would buy.

Table 2-9 makes several key points. For example, the ratio of gross weight (GW) to
equivalent parasite drag (f.) is increased over time. Clearly the VZ-2 was only created to
demonstrate tiltwing feasibility and basic principles. The CL-84 made a serious effort at high-
speed flight because the landing gear was at least partially retractable. However, the installed
power would not permit hovering with one engine out, nor was the hover ceiling out of
ground effect much above sea level on a standard day with both engines operating. The X-18
was, in my opinion, a very risky adventure because there was no interconnect shafting. Very
little was learned from this step and, in fact, the X-18 never even hovered. The XC-142A was
the next step toward giving the military a useable VTOL product, but, as I have said, this
promising machine did not have the champion needed to look past the aircraft’s deficiencies
and accidents.

And there you have my summary views about the world of tiltwings. Now let me go
on to a discussion of filtrotors and how the Bell Boeing MV-22 came about.

60 It would be nice if all the data on this table could be guaranteed. All I can say is that most of the data are at
least very representative, and some numbers, obtained from two or three sources, are almost in agreement. In
some data cells I put estimate (est.), not applicable (na), and could not find (cnf) in the hope of someone filling
in the blanks. Incidentally, I took Jane’s All The World’s Aircraft data with a grain of salt because it comes from
manufacturers who tend to be rather optimistic.
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Fig. 2-115. The rotorcraft industry has demonstrated many high-speed VTOL concepts.
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Fig. 2-116. The aviation industry demonstrated four tiltwing VTOLSs between 1957 and
1970, beginning with the VZ-2 and ending with the XC-142A in October of 1970.
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Table 2-9. The Four Tiltwing Demonstrators

Item Unit VZ-2 X-18 CL-84 XC-142A

References [119%2” 119883”21529]’ [13,205-208] [210, 211] [28, 392’1]27]7_]79’
Manufacturer Vertol Hiller Canadair Vought-Hiller-Ryan
First flight date Aug. 13, 1957 Nov. 24, 1959 May 7, 1965 Sept. 29,1964
Crew/passengers 1/0 2/0 2/12 2/32
Type Research Research Prototype Prototype
Number built 1 1 4 5
Number of accidents 0 1 2 6
Engine (no.) YT53-L-1 (1) YT-40-A-14 T53-L-13 (2) T64-GE-1 (4)
Takeoff rating (SFC) hp 825 (0.78) 5,850 () 1,400 (0.58) 3,080 (0.50)
Max continuous rating (SFC) hp 675 (0.80) 4,954 () 1,150 (0.613) 2,270 (cnf)
Transmission limit hp 650 cnf cnf 11,220
Number of gear boxes 5 (2 for fans) 0 4 (2 for pitch fan) 11 (3 for pitch fan)
Proprotor

Diameter (blade no.) ft 9.50 (3) 16.08 (6) 14.0 (4) 15.625 (4)

Activity Factor per blade na 178 142 90 420

Blade area (total) ft? 15.44 70.47 22.63 29.6

Solidity (power weighted) na 0.2178 0.347 0.147 0.154

Twist deg —24 cnf cnf cnf

Tip speed hover/cruise ft/sec 717/717 na 900/900 1010/755
Wingspan ft 24.875 47917 34.333 67.55
Wing area (inc. fuselage) ft? 118.156 528.0 233.333 534.37
Wing aspect ratio na 5.24 4.35 5.05 8.53
Horizontal tail area ft? 33.00 193 87.5 163.5
Vertical tail area ft? 32.00 121 59.1 130.0
Pitch fan

Diameter (blade no.) 2.0 (4) J34 turbojet 7.0 (4) 8.17 (3)

Tip speed hover/cruise 613/613 exhaust 820/stopped 1,005/stopped

Solidity (power weighted) 0.212 piped to tail 0.0664 0.185

Twist deg 0.0 na cnf 0.0
Yaw fan Yes None None None

Diameter (blade no.) 2 (4) na na na

Tip speed hover/cruise 612.6/612.6 na na na

Solidity (power weighted) 0.212 na na na

Twist deg 0.0 na na na
Flat plate area ft? 21.0 63.4 14.4 (est) 32.6
Zero lift drag coefficient na 0.205 0.135 cnf 0.061
Min drag coefficient at (Cy) 0.135 (0.62) 0.12 (0.30) 0.0616 (0.271) na
Gross weight/parasite drag area 1b/ft? 167 520 796 1,208
Normal VTOL takeoff weight Ib 3,500 33,000 11,500 40,149
Maximum takeoff weight Ib 3,500 33,000 14,500 41,500
Max STOL landing weight b 3,500 33,000 14,500 37,242
Operational weight empty b 3,063 27,272 8,417 25,552
Fuel capacity (U.S. gallons) gal./lb cnf 1,000/6,450 247/1,600 1,400/9,000
Maximum (speed/altitude) kts/ft 126/1,000 235/10,000 249/5,000 330/10,000
Max cruise (speed/altitude) kts/ft 126/1,000 cnf 230/5,000 251/25,000
Economical (speed/altitude) 100/1,000 cnf 230/5,000 220/20,000
Range n.m. 130 (est) cnf na 3,000
Disc loading Ib/ft? 24.7 81.2 37.4 51.3
Horsepower per ton of GW hp/tn 371 709 435 626
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2.13 THE PATH TO THE PRODUCTION V-22 TILTROTOR

The first step towards a tiltrotor having fully operational military status was taken
when Mario A. Guerrieri and Robert L. Lichten partnered up to start development of what
became the Transcendental Model 1-G, which made its first untethered hovering flight on
July 6, 1954. Development continued with the Transcendental Model 2, under Bill Cobey as
president of Transcendental. At nearly the same time, Bell Helicopter began research and
development of the XV-3 with U.S. Army and Air Force sponsorship. When the mechanical
instability problems of the XV-3 were solved, Bell won a NASA and U.S. Army competition
to design, build, and fly the Bell XV-15. The XV-15 demonstrated that tiltrotor technology
was of age and led, finally, to the V-22, which the U.S. Marines first took into combat as the
MV-22B on October 4, 2007 [34].

When you add it up, it took 53 years to get from the first experimental tiltrotor to the
introduction into combat service of a fully operational, military tiltrotor. This was not exactly
an instantaneous birth and application of a new concept. But still, the potential for a
commercial VTOL transport that can advance the rotorcraft industry’s product line beyond
helicopters is now real. A commercial VTOL transport, the Augusta Westland 609, is now in
development as I write this in 2013.

This path from the Transcendental Model 1-G to the MV-22B is a story of mixed
program and technical issues that easily compares to the tortuous path leading to the first
autogyros and early helicopters. It is a relatively easy story to tell in hindsight, but I cannot
imagine even drafting a program plan (in advance) that included so many points where the
only option appeared to be to simply quit. This is what happened with the XC-142A tiltwing
program a decade earlier as you have just read; tiltrotor development fared much better as you
are about to learn.

2.13.1 The Transcendental Model 1-G and Model 2

The 1956-1957 issue of Jane’s All the World’s Aircraft has an entry for the
groundbreaking Model 1-G that reads, with some italicizing by me, as follows:

“Transcendental Aircraft Corporation

Head Office and Works: Glen Riddle, Pennsylvania®!
President: William E. Cobey

This small company is engaged in the development of convertiplanes. The original
Model 1, which employs two 17-foot rotors which can be swiveled through 84° to provide
either lift for vertical flight or thrust for horizontal flight, was designed in 1945 and completed
in 1951. Development of the aircraft has progressed through ground tests and modifications to
the Model 1-G which, at the time of writing had made successful free vertical flights, the first
being achieved on June 15, 1954.

61 Sue and I had our first house about 2 miles from Glen Riddle. During a Sunday drive in 1960, I noticed the
remains of what (I assume now) was a Model 1-G lying by a barn along a back road in Glen Riddle.
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Although the development of the Transcendental convertiplane has been mostly
privately financed, considerable assistance has been forthcoming through various U.S.A.F.
contracts.

In 1952 the company was awarded a contract to investigate the dynamic and
structural characteristics of the rotor system. The primary purpose of these tests was to study
the action of the rotors during simulated conversion. An additional contract was awarded in
1953 to investigate mechanical instability problems when tilting the rotors of the
convertiplane. This contract was continued to include limited flight tests.

The Model 1-G, which is illustrated and described hereafter, is strictly a single-seat
research aircraft intended to investigate the conversion problems of a convertiplane.

THE TRANSCENDENTAL MODEL 1-G

Type—Single-seat experimental convertiplane.

Rotor System—Two three-blade rotors mounted at tips of fixed wings are arranged to be
tilted from horizontal (vertical flight) to point 6° forward of vertical (forward flight) by
electric motors. Rotor diameter 17 ft. (5.18 m.). Chord of rotor blades 4 in. (101.6 mm.).
Blades have extruded 75 ST aluminum-alloy spar, 24 ST ribs, trailing-edge and skin. Rotors
inter-connected to ensure simultaneous tilting. Hubs fully articulated. Controls for
collective and cyclic pitch run through wings and over chain and sprocket drive at tips to
rotor heads. Rotor transmission from gear box in front of engine, through spanwise shafts to
bevel gearing at wing tips to rotor heads. Two-speed gear rotor drive to give required r.p.m.
for vertical and forward flight.

Wings—Cantilever monoplane. NACA 23015 wing section. Aspect ratio 7:1. Incidence 4°.
Chord 3 ft. (0.915 m.). Aluminum-alloy structure. Ailerons have metal frames and fabric
covering. Total aileron area 4 sq. ft. (0.37 m.). Gross wing area 63 sq. ft. (5.85 m.).

Fuselage—Steel tube forward structure. Aluminum-alloy monocoque tail cone.

Tail Unit—Cantilever monoplane type. All-metal structure. Areas: fin 4 sq. ft. (0.37 m?),
rudder 2 sq. ft. (0.186 m?), tailplane 5 sq. ft. (0.46 m?), elevators 4 sq. ft. (0.37 m®). Span of
tail 6 ft. 6 in. (1.98 m.).

Landing Gear—Fixed nose-wheel type. Transcendental air-oil shock-absorbers. Wheelbase
6 ft. (1.83 m.). Track 8 ft. (2.44 m.).

Power Plant—One 160 h.p. Lycoming 0-290-A six-cylinder horizontally-opposed air-cooled
engine. Fuel capacity 14 U.S. gallons (53 litres).

Accommodations—Pilot’s semi-enclosed nacelle forward of wings.

Dimensions.
Wingspan 21 ft. (6.40 m.).
Overall length of fuselage 26 ft. (7.93 m.).
Height 7 ft. (2.13 m.).

Weights and Loadings.
Weight empty 1,450 Ib. (658 kg.).
Weight loaded 1,750 1b. (794 kg.).
Disc loading 3.6 1b./sq. ft. (17.54 kg./m?).
Wing loading 27.7 Ib./sq. ft. (135.17 kg./ m?).
Power loading 10.93 Ib./h.p. (4.96 kg./h.p.).

Performance (estimated).

Max. speed as helicopter 120 m.p.h. (192 km.h.).
Max. speed as aeroplane 160 m.p.h. (256 km. h.).
Ceiling as aeroplane 5,000 ft. (1,525 m.).
Endurance 1'2 hours.”

The tiltrotor that Mario Guerrieri and Bob Lichten envisioned in 1945 was conceived
while both were employed at the Kellett Autogyro Company. They left Kellett and started up
the Transcendental Aircraft Corporation in October 1946. Bob “established all of the design
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criteria and parameters of the aircraft and it was eventually built to these specifications.”’62
The partnership lasted until early 1948, but “before detailed design of the aircraft had
progressed to any great degree,” Bob Lichten® left to join the Bell Aircraft Corporation
located in Buffalo, New York. A small portion of the Transcendental Brochure [242] states
that

“Mario Guerrieri’s first convertiplane was completed in September, 1950. This
unique aircraft was basically a fixed wing monoplane with a rotor mounted at each wing tip.
The design incorporated a rotor tilting mechanism [Fig. 2-117]. By means of this mechanism,
the rotors could be swung from a horizontal hovering plane to a vertical plane once the
aircraft had attained sufficient forward speed for the wings to develop enough lift to support
the aircraft. With the rotors turning in a vertical plane, they would act like the propellers on a
fixed wing airplane, pulling the aircraft forward at speeds far in excess of those possible with
a conventional helicopter.

Although Guerrieri’s original design was basically sound, he encountered a difficulty
which has plagued the designer of virtually every new rotary wing concept. During pre-flight
ground testing of his unique configuration [Fig. 2-118], ground resonance was encountered
and the aircraft was destroyed in November 1950.

On January 1, 1951, William E. Cobey, an aeronautical engineer with a wealth of
practical experience in the design of rotary wing aircraft, joined the organization as Chief
Engineer. The experience that Mr. Cobey had gained while employed by Kellett Aircraft
Corporation, working on the XR-8, XR-10 and XK-17 helicopters, was invaluable in
designing the successor to the Transcendental Model 1, the Model 1-G.”

Together, Guerrieri and Cobey carried on until June of 1952 when they entered into a
contract with Wright Aeronautical Development Center (WADC) in Dayton, Ohio, to
measure blade, rotor shaft, and control stresses. (I would suspect that Transcendental must
have been struggling when they got this first of three Air Force contracts). Then in September
of 1952, with the company on sounder footing, Mario sold his share of Transcendental to
Cobey and left to take a position at Hiller Helicopters in Palo Alto, California.

The story after 1952, when the Model 1 had been rebuilt as the Model 1-G, was
written by William Cobey, then Transcendental Aircraft Corporation President, and published

62 Mario Guerrieri sent a letter to Vertiflite that was published in the September/October 1988 issue [237]. In
November 2013 I decided to see if I could contact him and get some gaps in his story filled in. I was able to track
down Mario’s son, David, only to find out that his father had died in 2002.

63 Bob Lichten (born July 3, 1921, in Philadelphia; died September 18, 1971, in a single-car accident near Waco,
Texas) graduated from MIT in the class of 1943. He began his career at the Platt-LePage company. He later
moved to Kellett as an acrodynamicist [238] and then joined Mario Guerrieri, who also worked at Kellett, and
together they formed the Transcendental Aircraft Corporation in October of 1946. Sometime in 1948, Bob
moved to Larry Bell’s Bell Aircraft Corp. as a project engineer [239]. Bob found a kindred VTOL spirit in Larry
Bell, and the two laid the groundwork for the future Bell XV-3. In 1952 Bob moved to what was first known as
the Texas Division of Bell Aircraft Corp. Lawrence D. Bell died on October 20, 1956, but by then the nucleus of
what was to become Bell Helicopter Textron (in 1960) was thriving, and the XV-3 development was being
funded by U.S. Army and Air Force contracts. Bob spearheaded preliminary design and the XV-3 in particular.
Robert Lyon Lichten had an amazing career [240]. You will find more about Bob, the XV-3, and many insider
antidotes in the Bell Helicopter Textron Story [241]. It is well worth your reading time.
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in the American Helicopter Society Newsletter (later Vertiflite) in November 1956 [243].
Cobey noted in his article [with some of my comments in italics] that

“The Model 1-G Convertiplane [Fig. 2-119] had been designed and built without any
financial support from the government. However, as early as March 1951, the United States
Air Force [USAF] had shown informal interest in the project. In June, 1952, this interest had
developed to the extent that WADC entered into a contract with TRANSCENDENTAL for
the purpose of obtaining data on blade, rotor shaft and control stresses, and on blade motions,
under various conditions of ground operation. The tests conducted under this contract
indicated that the rotor system was structurally sound, that adequate margin of safety would
be maintained in flight, but that mechanical instability would be an important consideration
during conversion.

TRANSCENDENTAL recommended to the USAF that advantage be taken of the
fact that the Model 1-G was the most advanced, full-scale convertiplane in existence, and that
further development work be pursued on this ‘guinea pig’ to study mechanical instabilities
and to place it in flyable condition. Prior to this time, the Model 1-G had been intended to
serve only as a ground research test stand rather than a flight test article.

On June 1, 1953, WADC entered into a second contract with TRANSCENDENTAL
‘to establish an experimental and analytical procedure for the elimination of mechanical
instabilities in a tilting rotor convertiplane during the design and first article ground test stages
of development.” In performing this contract, it was TRANSCENDENTAL’s purpose to
discover what vibrations are characteristic of tilting rotor convertiplanes and to evaluate the
effects of each important mode on the operation of the aircraft.

Tests were conducted on the full-scale convertiplane which was suspended on elastic
shock cord, using a mechanical shaker to excite vibration. The amplitude of response
vibrations was measured at the rotor hub. Twelve different configurations were tested,
varying from each other with respect to rotor shaft length and material (steel and dural), wing
struts, tail struts, and/or rotor tilting actuators. Each configuration was tested with the rotor
shafts in the vertical, the horizontal, and the intermediate position. Excitation was applied in
two planes successively for each rotor shaft position, and excitation frequency was varied
over a spectrum of from 200 to 1000 cycles per minute. Test results were expressed in the
form of hub response curves. Based on the results of these tests, a general procedure was
developed for the elimination of mechanical instability in tilting rotor convertiplanes.
Knowledge gained from these tests was invaluable to advancement of the state of the art, and
results were discussed fully by TRANSCENDENTAL engineers with representatives from
other manufacturers who were engaged in similar projects [i.e., Bell with the XV-3].

After the Model 1-G Convertiplane had been modified to place it in flyable
condition, TRANSCENDENTAL was awarded a third contract by WADC. Its objective was
the determination of forces and moments applied to a convertiplane rotor in flight. As will be
noted on the photographs of the Model 1-G accompanying this article, the left rotor of the
aircraft was instrumented to record the forces and moments in three mutually perpendicular
planes.

During the ensuing six months, conversion flights during which the rotors were tilted
forward approximately 70 degrees and back to vertical were performed repeatedly. On July
20, 1955, while in high-speed forward flight with conversion virtually completed, the friction
lock on the collective pitch stick slipped, causing the aircraft to enter a steep dive very
abruptly. Although the pilot was able to initiate recovery, insufficient altitude was available in
which to complete recovery, and the landing gear struck the Delaware River, flipping the
aircraft onto its back. At the time of this accident, during which the aircraft suffered major
damage, it had accumulated 23 hours of airborne time in over 100 individual flights.”
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Fig. 2-117. The screw jack conversion actuator assembly of the first tiltrotor, the
Transcendental Model 1 (photo courtesy of Howard Levy and Mike Hirschberg).

Fig. 2- 118 Marlo Guerrieri’s Model 1, shown here on its ground test rlg, was Vlrtually
destroyed in November 1950 because of ground resonance (photo courtesy of
Howard Levy and Mike Hirschberg).
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Fig. 2-119. The Transcendental Model 1-G. This 1,750-pound VTOL technology
demonstrator made its first, untethered, hovering flight on July 6, 1954. The
preceding Model 1 was destroyed by ground resonance. This classical, early
autogyro and helicopter mechanical instability problem was overcome with the
Model 1-G. Only partial conversions from a shaft tilt of 0 degrees (hover) to
about 70 degrees forward (airplane) were completed. On July 20, 1955, during a
test flight in which the conversion was virtually complete, the aircraft dove,
nose first, into the Delaware River (photo courtesy of Howard Levy and Mike
Hirschberg).

This first-ever tiltrotor accident did not dissuade the company nor the U.S. Air Force,
which gave another contract to Transcendental on March 15, 1956. Initial design efforts to
pursue a warmed-over Model 1-G were not encouraging, so Transcendental decided on a
completely new, larger machine, the Model 2, shown in Fig. 2-120 and Fig. 2-121. As to the
Model 2, Cobey went on in his article [243] to describe the aircraft saying:

“The Model 2 is the same basic configuration as its predecessor, the Model 1-G, but
it is structurally much stronger, it is aerodynamically much cleaner, and it has 50% more
power. Design parameters are maintained as close as possible to the Model 1-G to minimize
the effect of modifying the power plant. It has been designed with growth potential from its
present estimated gross weight of 2249 1bs. to a gross weight of 4000 Ibs. The Model 2 has a
useful load more than double that of the Model 1-G, while the increase in weight empty
(attributable to the increased power) is less than 9%.

The increase in power from 160 to 250 hp necessitated a new center transmission. In
order to provide for growth potential and future installation of a much higher powered shaft
turbine, the new center transmission is designed to absorb up to 1,000 hp. This redesign has
been accomplished with a weight increase of only 40 Ibs. over the previous 160 hp
transmission.

The gear ratio of the new center transmission has been changed so that the tip speed
of the 18-foot-diameter rotors of the Model 2 is the same as that of the 17-foot-diameter rotors
of the Model 1-G. The rotor blades of the Model 2 are of greater length and chord than those
of the Model 1-G in order to accommodate the increased gross weight. Wing area of the
Model 2 has been increased over that of the Model 1-G by 40% with no increase in wing
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weight. The increased wing area results from the greater span (increased about one foot to
provide clearance for the larger rotors) and from sweeping back the trailing edge.

Construction of the Model 2 is complete, and ground tests are in an advanced stage.
With the exception of gears and Government Furnished Equipment [G.F.E.] consisting of
engine, instruments, wheels, and tires, the entire aircraft was fabricated within
TRANSCENDENTAL’s own shop, by the organization’s own personnel, using company
owned tooling. The aircraft is scheduled to make its first flight by the end of 1956—
approximately nine months from the start of manufacture. This significant achievement is
considered to be eloquent testimony to the effectiveness of TRANSCENDENTAL’s
competent administrative and engineering staff and to the versatility of its shop team.”

That the Model 2 was at least lifted to a hover seems to be indisputable. However, it
appears that the exact date of when the aircraft first hovered is, at present, not known. At any
rate, the 1957—1958 issue of Jane’s All the World’s Aircraft reported in part:

“In March 1956 Transcendental was awarded a further contract to continue
development of the convertiplane. The new Model 2, while having the same basic
configuration as its predecessor, is structurally stronger, aerodynamically much cleaner, and
has 50 percent more power. The Model 2 was completed only seven months after U.S.A.F.
contract for its construction was placed.

Type—Two seat. Experimental Convertiplane.

Rotor System—Two three-blade rotors mounted at tips of fixed wings are arranged to be
tilted from horizontal (vertical flight) to point 6° forward of vertical (forward flight) by
electric motors. Rotor diameter 18 ft. (5.49 m.). Chord of rotor blades 0.356 ft. (108 mm.).
Blades have extruded 75 ST aluminume-alloy spar, 24 ST ribs, trailing-edge and skin.
Rotors inter-connected to ensure simultaneous tilting. Hubs fully articulated.

Fig. 2-120. According to Bill Norton [244], this photo is the only known proof that the
Model 2 actually flew. The best guess is that the first flight was in very late 1956
or early 1957 (photo courtesy of Howard Levy and Mike Hirschberg).
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Controls—Collective and cyclic pitch run through wings and over chain and sprocket drive at
tips to rotor heads. Rotor transmission from gear box in front of engine, through spanwise
shafts to bevel gearing at wing tips to rotor heads. Two-speed gear in rotor drive to give
required r.p.m. for vertical and forward flight.

Wings—Cantilever monoplane. NACA 23015 wing section. Aluminum-alloy structure.
Ailerons have metal frames and fabric covering. Gross wing area 100 sq. ft. (9.29 m?).

Fuselage—All-metal structure.

Tail Unit—Cantilever monoplane type. All-metal structure. Span of tail 6 ft. 4 in. (1.92 m.).

Landing Gear—Fixed nose-wheel type. Transcendental air-oil shock-absorbers.

Power Plant—One 250 h.p. Lycoming 0-435-23 six-cylinder horizontally-opposed air-cooled
engine. Fuel capacity 14 U.S. gallons (53 litres).

Accommodations—Enclosed cockpit seating two side-by-side in nose of fuselage.

Dimensions.

Wingspan 22 ft. 9 in. (6.93 m.).
Overall length of fuselage 22 ft. 1 in. (6.74 m.).
Height 9 ft. 5 in. (2.86 m.).
Weights.
Weight empty 1,579 Ib. (717 kg.).
Weight loaded 2,249 1b. (1,021 kg.).”
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Fig. 2-121. The Transcendental Model 2. This 2,249-pound tiltrotor was designed with
growth potential to 4,000 pounds at a future date when a turboshaft engine was
to be installed.
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Fig. 2-122. The Model 2 showed some attention to airplane aerodynamics although
retractable landing gear was not a feature. Bill Norton states [244] that the Air
Force was surprised by the Model 2’s development and that they cancelled the
March 15, 1956 contract (aimed at further Model 1-G data gathering) in
February of 1957.

Even as the Model 2 was being developed, Transcendental, under Cobey’s leadership,
was looking forward to the Model 3, Fig. 2-123. But without U.S. military financial support,
the company was doomed. In December of 1957, Republic Aviation, located in Long Island,
New York, established a Helicopter Division. It appears that Cobey sold Transcendental
to Republic Aviation in early 1958; all the talent went on to other adventures and
Transcendental’s story ended.

I would be quite remiss if I did not remind you that the origins of tiltrotors can easily
be traced back to Britain and Germany before World War II as Bob Lynn (retired Senior Vice
President of Research and Engineering for Bell Helicopter) reported in his 1992 AHS
Nikolsky Lecture [245]. One very interesting additional fact came to light in October of 2013.
At the 75th Celebration of the 1938 Rotating Wing Aircraft Meeting [246], which was held at
the Franklin Institute in Philadelphia, Pennsylvania, Fred Piasecki, Frank Piasecki’s son, gave
a presentation with wonderful pictures of many pioneers. Mike Hirschberg, the Director of the
AHS, sent me a copy of the presentation with a note that slide 6 would be of real interest. The
artwork that Fred sent me, included here as Fig. 2-124, had the caption:

“The lower artwork was done by F.N. Piasecki while employed at Platt-LePage Aircraft as a
draftsman with Allen Price and Elliot Deland. The story is: the artist made a fine sketch of the
tilt rotor yet never finished on time for the next morning Washington visit planned by Platt.
FNP completed the art showing the rotors in their hover mode.”
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Fig. 2-123. The Transcendental Model 3 never got beyond the drawing board stage.

Fig. 2-124. It is easy to see this 1945 concept as a growth of the Platt-LePage XR-1,
which was itself a scaled version of Focke’s F.61 shown on the cover of Volume II
(photo courtesy of Fred Piasecki).
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2.13.2 The Bell XV-3

When Bob Lichten arrived at Bell Aircraft Corporation in Buffalo, New York,
sometime in 1948 (with his 5 years of experience from employment at Kellett and
Transcendental), you can well imagine that he was able to absorb much of Larry Bell’s
engineering VTOL studies conducted up to that time. As luck would have it, both the U.S.
Army and the U.S. Air Force were warming to the idea of VTOL aircraft. The management
aspect was that the Air Force would act as the contractual agency for the Army. This joint
military thinking began to crystallize by August of 1950, and in May of 1951 they issued a
Request for Proposal (RFP) for convertible aircraft. Larry Bell and Bob Lichten’s response
was the Bell Model 200, and Bob became the project engineer.

In October of 1951, the two services agreed on three winners:

1. The McDonnell Aircraft XV-1, a compound helicopter that you saw earlier in
Fig. 2-6 on page 49.

2. The Sikorsky XV-2, a stopped rotor compound that only reached preliminary
design.

3. The Bell Aircraft Corporation and then Bell Helicopter Textron XV-3
(Fig. 2-125 and Fig. 2-126), a tiltrotor—the world’s second when you include
Transcendental’s efforts.

Let me stop right here to point out that the XV series went up to XV-15, at which point
I stopped searching beyond Mike Rogers’ terrific book, VTOL Military Research Aircraft
[25]. You should be aware, however, that the U.S. Army Transportation Research and
Engineering Command (TRECOM), the U.S. Air Force Wright Aeronautical Development
Center (WADC), and the U.S. Navy Office of Naval Research (ONR) supported VTOL
aircraft development of the VZ series, which Rogers also discusses. The VZ series went from
the VZ-1 up to the VZ-12. The Doak VZ-4%4 that you see in Fig. 2-127 and Fig. 2-128 was, in
my opinion, one of the most successful of the VZ series and was a VTOL aircraft having
technology quite comparable to the Vertol VZ-2 tiltwing (Fig. 2-78, page 138), the Bell
Aerospace X-1465 shown in Fig. 2-129, and the Bell Helicopter XV-3, which you will learn
more about shortly.

64 You will find NASA Langley testing of the Doak VZ-4 reported in references [247-249]. Separate test reports
of the 4-foot-diameter ducted fan, including a detailed configuration description, is provided in references
[250-255]. The VZ-4 was evaluated by the Air Force, and results were reported in reference [249].

65 Jay Miller made a very, very thorough study in The X-Planes [38] and he covers the X-14 and its predecessor,
the Bell ATV, in great detail starting on page 107. Miller notes that the X-14 made its first “complete VTOL
cycle on May 24, 1958.” Following Bell’s testing, the U.S. Air Force took delivery and immediately turned the
only X-14 over to NASA Ames Research Center during October of 1959. NASA operated the aircraft primarily
as a variable stability machine nearly continuously for the next 22 years. Miller states that “few accidents and no
major injuries marred its distinguished career.”
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Fig. 2-125. The Bell XV-3 (s/n 54-4147) started out with three-bladed, articulated hinged
proprotors. A dynamic instability referred to as rotor-pylon instability, and later
as whirl flutter, finally caused a catastrophic crash on October 25, 1956 (photo
courtesy of Tommy Thomason).

Fig. 2-126. The XV-3 (s/n 4-4148), the second aircraft, used Bell’s “standard” two-
bladed, teetering proprotor, which, along with several other fixes, suppressed
whirl flutter enough that military flight test evaluation could be completed [256].
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Fig. 2-127. Only one Doak VZ-4A was built.

Fig. 2-128. The Doak VZ-4A made its first flight on February 25, 1958. This 3,200-

pound aircraft was initially powered with an 840-horsepower Lycoming YT-53
turboshaft engine, which was later upgraded to a 1,000-horsepower YT-53A.
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Fig. 2-129. Larry Bell’s Bell Aircraft Corporation became Bell Aerospace in 1965. The
company obtained a contract for the X-14 in July of 1955. This 4,270-pound
aircraft was initially powered by two Armstrong Siddeley ASV8 Viper turbojet
engines slung under the nose and exhausting through vane cascades beneath mid-
fuselage. Each Viper was rated at 1,750 pounds thrust. It first hovered on
February 17, 1957.

The Bell XV-3 program extended from October of 1951 to November of 1968—say
17 years. Two machines were built. The aircraft began with two, three-bladed proprotors and,
after a first hovering flight on August 11, 1955, the first aircraft (s/n 54-4147) flew on and off
with an inherent proprotor dynamic instability until October 25, 1956. That day saw the end
of the three-bladed version and most of the rest of the aircraft.

Robert (Bob) L. Lynn had the honor of giving the 1992 Nikolsky Lecture [245]. He
chose to speak on The Rebirth of the Tiltrotor. In his lecture, he recounted the early evidence
of the dynamic instability problem and the events on that heartbreaking day in October of
1956 with these words (plus my additions in brackets):

“At Bell [Aircraft Corporation] in 1951, Bob [Lichten] was successful in selling a
tiltrotor as part of the U.S. Army and Air Force Convertiplane Program that was to provide
demonstrations of different approaches to convertiplane requirements. The aircraft in that
program, the McDonnell XV-1, the Sikorsky XV-2, and Bob Lichten’s XV-3, are shown in
figure 5.

Aided by many good people, Bob also was successful in overcoming normal
development difficulties and in keeping the program sold during its design, manufacture, and
early wind tunnel test phases. Figure 6 shows the as-designed, [three-bladed] articulated rotor
version of the XV-3 just before its first ground test [on June 23, 1955]. Aircraft always look
best before their test programs, with all their fairings on and before they ‘grow’ feathers
(vortex generators), tufts, and dents.
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As is usually the case, things became more difficult as the aircraft entered into
ground and flight tests. Intermittently throughout the next several years, its flight development
was delayed due to recurring dynamics problems, referred to as ‘rotor-pylon instability.’
Although the dynamicists of the day and their contemporary analyses provided much needed
guidance, they couldn’t handle these very difficult problems adequately, and solutions were
left to trial and error.

The first occurrence of a dynamics problem was during the initial hover flight [on
August 11, 1955] when the pilot, Floyd Carlson, suddenly encountered a very high vertical
cockpit vibration. He recovered by setting the aircraft down hard. Figure 7 shows a
photograph of that flight. Floyd had encountered a form of mechanical instability while
airborne. No one was hurt and the damage to the aircraft was minimal, but nearly a full year
was spent on tie-down seeking fixes.

Dick Stansbury, the project pilot and my good friend, recently told me that during
these ground tests (fig. 8) the instability was encountered often. The pilot was protected with a
one-half-inch armor-plate ‘house’ that moved back to allow entry into the cockpit, and rotor
‘snubbers’ were provided to recover from the instability when the normal recovery technique
of lowering the collective failed to arrest it. An increased mast length, increased controls
stiffness, and additional pylon damping and stiffness allowed flight to resume [on March 24,
1956].

In flight, ‘nibbles’ of the problem were again encountered, and this led to the
addition of struts to stiffen the wing (fig. 10). At first the struts appeared to fix the problem,
but at about 70 knots at zero pylon angle (vertical), a mild instability occurred (ref. 7). The
problem seemed benign and controllable, so Dick backed off speed a little to evaluate the
effect of pylon angle. As he lowered the pylon toward 15 deg from the vertical, it struck
again. This time the consequences were catastrophic. Violent vertical cockpit vibration caused
Dick to black out—and the aircraft crashed. At the beginning of the episode, Dick somehow
had enough presence of mind to turn on the instrumentation. Later study of the records
confirmed airborne mechanical instability. As a result of this accident Dick Stansbury was
crippled for life. He contributed much to the program, just as he did to the development of
Bell’s helicopters, both before and after the accident. As one of a crowd, I acknowledge my
admiration for Dick Stansbury for his courage and spirit, as well as his accomplishments.” 0

Whirl flutter as it came to be called, became, as you might guess, a research topic of
intense interest for tiltrotor advocates until well after the XV-15 had demonstrated a
performance-limited flight envelope free of this dynamic instability. (You might not know
that Lockheed’s Electra, a four-turboprop airliner, suffered the same plight, and three aircraft
disintegrated in flight between February 1959 and March 1960. The FAA put a speed limit on
that airplane after the third accident. I will discuss whirl flutter shortly.)

66 Bob Lynn was one of my mentors. While he was on a visit to Boeing Vertol, I was asked to give him a tour of
the Boeing V/STOL wind tunnel. That meeting led to me moving to Bell in July of 1977. I went from Director of
Research to Chief of Aero. Fortunately, I have always been big on the work and unimpressed by titles and
offices. I just wanted a change from a military customer to the world of commercial helicopters. At that time the
Bell family include more than a few (some would say) matured and maturing mavericks. This group was quietly
guided and encouraged by real leaders. As Bell’s chief engineer after Bart Kelley, Bob made sure I became an
apprentice maverick. I was hardly aware of it at the time and certainly returned little appreciation. Bob steered
me toward very useful tasks and quietly swept up my debris as I thrived and grew. Now that is a mentor.

Bell offered me a perfect blend of Skunk Works with enormous production and product support capability. They
could make one or two prototypes or a couple of thousand machines with equal dexterity.
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After the XV-3’s October 25, 1956 setback, Bell engineers immediately replaced the
three-bladed articulated design with a two-bladed semirigid rotor. The rotor configuration
changes were more than just a change from three to two blades. These details, and some
chronology of the XV-3 program, are provided in Table 2-10 and Table 2-11.

You might note on Table 2-10 that I use reference [257] most in following the
chronology of the XV-3 program. This reference is an article in Aerophile, Volume 2,
Number 1, dated June 1979, and I believe this is the most complete and authoritative story
you can read on the subject. Jay Miller was both the editor and publisher of this magazine for
the several years that it existed. Jay’s lead-in to the very detailed article titled Bell’s XV-3
shows just how much work went into providing considerable depth about the program. He

wrote:

“A number of folks get a note of credit for assisting AEROPHILE in the gathering of
information and data for the completion of this in-depth XV-3 story. Special thanks go to
Tommy Thomason, present-day director of Tilt Rotor Programs for Bell Helicopter Textron,
who busted his butt getting us literally every available reference item needed in order to do
this unique aircraft historical justice. Thanks is also due to Bell Helicopter Textron’s Martin
Reisch who made sure that all available p.r. releases were in our hands for reference; Ted
Carrigan who came through with color transparencies for our cover; NASA’s Stanley Miller;
[Bell] test pilot Dick Stansbury; [Bell] test pilot Bill Quinlan; [Bell] project engineer Bob
Mertens; and [Bell] flight test engineer Claude Leibensberger.” ¢’

It is interesting to me to see so many similarities between the XV-3 and
Transcendental’s Model 1-G. In particular, the fuselage shapes clearly show Bob Lichten’s
influence, which is not too surprising considering the fact that Mario Guerrieri mentions that
Bob did the preliminary design on the Model 1-G before leaving Transcendental. And then at
Bell (starting in 1948) Bob began as the project engineer and later became head of the
Advance Design Group soon after Bell Helicopter moved to Hurst, Texas. The choice of three
blades and an articulated hub for the XV-3 clearly duplicates the Model 1-G.

What the XV-3 development team lacked was a firm foundation in whirl flutter
dynamics. Furthermore, the machine was very overweight or, as others have said, the machine
was grossly underpowered, and I might add under-rotored with the smaller diameter. The
aircraft, as evaluated at the U.S. Air Force Flight Test Center at Edwards Air Force Base in
California, had a nominal takeoff gross weight of 4,890 pounds. The weight empty of the two-
bladed version was 4,205 pounds, and the equipped pilot weighed 245 pounds.
Instrumentation added another 160 pounds, and that left only 280 pounds for fuel. The takeoff
rating of the Pratt & Whitney R-985-AN-1 supercharged piston engine was 450 horsepower at
2,300 revolutions per minute, however only about 400 horsepower reached the two proprotors
[256, 260]. The aircraft could barely hover out of ground effect (HOGE) at Bell in Texas and
could not hover HOGE at Edwards Air Force Base in California. I imagine that this must have
been disappointing to Bob Lichten because his primary skill was aerodynamics—I have been
told—and he was widely acknowledged as a leader and the driving force behind the XV-3.

67 Claude Leibensberger led a team of Bell retirees who restored the one remaining XV-3 (s/n 54-4148) [258,
259].

208



2. ROTARY WING PERFORMANCE AT HIGH SPEED

Table 2-10. The Bell XV-3 Program

Item Three Bladed Two Bladed Remarks

Configuration Data Articulated With flap and Te'etering with stiff
lag hinges inplane blades
Diameter (ft) 25.0 23.0
Chord (in.) 6.28 11.0
Solidity (nd) 0.04 0.046
Airfoil NACA 23015 NACA 0015
Chronology Date/[Ref]
Contract award October 1951 [257] One of 3 winners
Rollout of s/n 54-4147 [ggt;; 12%02 23] Fig. 2-125
Rollout of s/n 54-4148 April 1955 [257]
First hover s/n 54-4147 Aug. 11, 1955 Pilot: Floyd Carlson
[257,260-262]
Envelope expansion began June 1956 [257] Limited progress
Hard landing Aug. 18, 1956 [257] Dynamic instability
200-hr tie-down test completed | Early March 1956 [257] Many “fixes”
Restart s/n 54-4147 hovering March 24, 1956 [257]
First in-flight pylon tilt July 11, 1956 [257] Pylon tilt to 5 deg
Severe damage incident July 25, 1956 [257] Instablllty; back to
tie-down

Returned to flight status Sept. 26, 1956 [257] After many more “fixes”
Partial conversions Early Oct. 1956 [257] Got to 80 knots
Crash of s/n 54-4147 Oct. 25, 1956 [257, 261] Pilot: Dick Stansbury
ngzllzggieﬁizgj: 4148 as Nov. 1956 (best guess) Date/[Ref] Standard (]izlilglkllehcopter
Initial whirl testing began April 22, 1957 Okay in ground tie-down
Wind tunnel testing first August 4, 1957 Shipped to NASA Ames
First 40 x 80 test (no. 114) Sept.—Oct. 1957 [263] Exposed instability
First hover s/n 54-4148 Jan. 21, 1958 [257] Encouraging
Partial conversion (to 30 deg) April 1, 1958 [257] Weaving
Second 40 x 80 test (no. 125) Oct. 1958 Aircraft intact
Returned to flight status Dec. 11, 1958 [257] At Bell

First full conversion

Dec. 18, 1958 [257]

Pilot: Bill Quinlan

First gear shift

March 13/14, 1959 [257]

Looses altitude

Bell flight testing concluded

April 24, 1959 [257]

No show stoppers

S/N 54-4148 shipped to Air
Force Flight Test Ctr (AFFTC)

April 30, 1959 [257]

By Lockheed C-130

AFFTC limited flight
evaluation conducted

May 21-July 3, 1959
[256, 264, 265]

Evaluation generally
positive; underpowered
and overweight

Preliminary Report

July 22, 1959 [264]

Shows some promise

Final AFFTC Report

May 1960 [256]

Publically available

Third 40 x 80 test (no. 172)

June/July 1962 [266]

Sustained rotor/pylon
oscillations encountered

Fourth 40 x 80 test (no. 267)

May 1966 [267]

Fatigue failure at 8:00 p.m.
PDT on May 20th
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Table 2-11. The Bell XV-3 Configuration Properties [264]

Airplane:
Length ..ocovveeeiieeeee e, 30.3 ft Horizontal tail
Ground to top of vertical stabilizer-............ 13.6 ft Area (total) cooeeeeeieeeeee e, 32.6 sq ft
Proprotor span (distance between Stabilizer area (to elevator hinge) .......... 18.7 sq ft
outboard edges of disks) ........cceeeveernen. 52.5ft SPAN...iiiieee e 133.1 in.
Distance from wing MAC quarter Root chord........cccveiieiieieiee 46.4 in
chord to horizontal tail MAC Airfoil section, r00t..........cccveeveeennenn. NACA 0015
quarter chord .........occoveiiinieniee 164.5 in. 1510 SO NACA 0012
Wing Group: Incidence, normal 0 deg
Wing Sweep of leading edge ......cceevvveveveciiecieennne 9.5 deg
Area (total) ..oocveeeeieieeee e 116.0 sq ft Dihedral .......ccoooveiiiiee 0 deg
SPAN . 31.2 ft FN] 01T o o 21 4 (o U 3.8
Root chord........ccoooiiiiiiiiis 45.0 in.
Elevator movement............ccccuenee.e. 20 deg above, Vertical tail
15 deg below Area (total) c.ooeeoeeiiiiiiin 32.8sq ft
Tip chord ....ooovveiieiieiceieeeeeeeeeen 45.0 in. Fin area (to rudder hinge) ...........c..cceene. 27.3 sq ft
Mean aerodynamic chord......................... 45.0 in. Rudder area (aft of hinge).........cceeveenenee. 5.5sqft
Airfoil section.......cccceevereeieneennn. NACA 23021 Airfoil section.........coceeeeevenencnenennen. NACA 0012
ThiCKNESS....ccvveeieiieieeieeeeeeeee e 21 % ASPECE TALIO...vveneienieeieeie et 1.33
Incidence.......ccoevvveceeeieeieniecieseee e +5.0 deg Rudder movement ...........cccveveeennnnen. 20 deg right,
Sweepback and dihedral..............cccoeeveennnnee. 0 deg 20 deg left
ASPECE TALIO. ..t 8.4
Aileron Proprotor:
Sweep of leading edge .......cceoceevvervenirenen. 20 deg TYPE e Semi-rigid UFA
Area (aft of hinge line) .......c.cceceeeerenene. 9.4 sq ft Number of blades..........cocevveieviiiiieiniiieeieeeee, 2
SPAN e 66.6 in. Delta-3. i —20 deg
Chord (average percent wing chord DIAMELET ..ot 23 ft
excluding overhang balance)................. 22.5% Chord, constant............ccceeeerevvereerneeeennnne 11.0 in.
Movement.........c.cceuveeeerrieeeenineenns 20 deg above, SOHAILY ovveeeeiiie e 0.51
20 deg below Disc loading (based on 4,700 Ib
Flaps gross Weight) ......oovcvvveevcivieeniiieeenns 5.66 Ib/sq ft

Single slotted, 0.20 wing chord
Half-span flaps are incorporated
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2.13.2.1 Performance

That the XV-3, with two-bladed hubs and 23-foot-diameter proprotors, appeared
woefully underpowered (and overweight) became immediately clear when hover testing
began at Edwards. Two other points were also clear. The change from an articulated hub with
three blades to a stiff inplane teetering hub (Fig. 2-130) was made with a reduction of 2 feet in
rotor diameter! The change was made expeditiously, of course, to remove ground resonance
as a factor in the aircraft’s dynamic instability problems. The other key point was that it
appeared that 60 horsepower from the engine was lost before it ever got to the proprotor hubs.
This last point is made abundantly clear in Fig. 2-131. Because the test gross weight was
nominally 4,700 to 4,800 pounds and the brake horsepower of the Pratt & Whitney R-985-
AN-1 engine was about 450, you have, roughly speaking, a power loading of 10 pounds per
horsepower. Therefore, the 60 lost horsepower meant something like 600 pounds of lost gross
weight. This seems to me to be high by a factor of two. A drivetrain efficiency more on the
order of 3 to 5 percent and 5 to 10 horsepower for accessories would be reasonable. This
would amount to 30 horsepower and some 300 pounds of lost gross weight.

This situation received minor consideration as the flight evaluation report [256] notes
in its power determination paragraph. The report, by Wally Deckert and Bob Ferry, states
(with some editing by me):

Fig. 2-130. The two-bladed, semirigid rotor configuration used on the XV-3
(photo courtesy of Bill Warmbrodt).
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Fig. 2-131. The difference between proprotor power required and engine power
required measured during the XV-3’s limited flight evaluation appears excessive
(to me). However, little attention was paid to this performance aspect because of
other more important considerations such as dynamic instabilities and flying
qualities.

“A calibrated engine was not available for the test program. Due to the nature of the
test program and test vehicle, little effort was expended in rigidly determining the power
characteristics of the R-985 engine. Test brake horsepower was determined by recording the
manifold absolute pressure, engine rpm, carburetor air temperature, and atmospheric
condition. These conditions were used to enter the Pratt and Whitney power chart (fig. 23) to
obtain BHP,. This was corrected to BHP, by the following relationship. There was essentially
no carburetor air temperature rise noted during the evaluation. No corrections were made for
humidity since the relative humidity was always less than 20 percent and corrections were
negligible. A full rich mixture was used during all the quantitative test work. The full throttle
lines on the Pratt and Whitney power chart may be used with essentially no error by entering
the chart at a given engine rpm and altitude. That is, full throttle manifold pressure versus
altitude occurred essentially as shown on the power chart.

Proprotor torque was measured by a strain gage installation on the proprotor masts
[shafts]. The performance in this report, however, is based on brake horsepower for
consistency. Proprotor torque was not obtained during the STOL evaluation and the [free in-
flight] hovering tests because gross weight considerations necessitated the removal of all
oscillograph-recorded parameters. However, to show the power relationship (fig. 22)
[Fig. 2-131] presents BHP versus RHP at one density altitude. [I imagine one result is not a
universal result for all altitudes and, in particular, all engine and rotor speeds.]
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The high test gross weights and density altitudes prohibited a free-flight, quantitative
definition of hovering performance. To obtain hovering performance a special hovering rig
was designed and fabricated to accommodate the XV-3. As shown in the accompanying
photograph, the XV-3 was mounted on a loading platform. This loading platform could be
raised from ground level to desired heights to a maximum of 13 feet. The skids of the XV-3
were rigidly attached to a piece of boiler plate. Four load cells were inserted between the
boiler plate and the loading platform. Load cell readout was by oscillograph. Several hundred
pounds of weight placed on the boiler plate provided aircraft stability at high power settings
and more accurate load cell readings. It is believed that downwash effects on the boiler plate
were negligible due to its small size and location (see photograph). Using 2400 engine rpm [a
proprotor speed of 555 rpm] a manifold sweep was then conducted at 0, 5, 10 and 13 foot skid
heights. [The distance from bottom of the skids to the proprotor planes was 8.8 feet.] The load
cells thus recorded the thrust of the proprotors minus the download on the wings, which gave
a simulated hovering gross weight of the aircraft.

In the absence of compressibility effects, dimensional analysis of the major
parameters affecting hovering performance will yield two dimensionless parameters, namely
Cp and Cw.

550x BHP w
Co=—rs Cy=—r—s
pA(QR) pA(QR)

These parameters were used to present non-dimensional hovering performance
(fig. 1) [Fig. 2-132]. The validity of this simulated hovering performance was substantiated by
qualitative observations during the test program although it should be noted that the tests
were conducted in a 4-knot crosswind. In some respects this tethered technique is more
desirable than free-flight hover. For example, power and aircraft stabilization can be obtained
readily and reliably. However, the technique does require previous free-flight determination
of the hovering cyclic stick positions or tests at several cyclic stick positions.”

I became intrigued with this drivetrain and hover data and, just for the fun of it, I
decided to reverse analyze both the in and nearly out of ground effect (IGE and OGE) hover
data to estimate the aircraft’s proprotor Cp versus Cy using the relationship that
(2.95) RHP_, =0.977(BHP)-55.

otal

The results I obtained are shown in Fig. 2-132. There are relatively few points to quantify the
XV-3’s hover performance from the flight evaluation [256]. However, the aircraft was tested
in the NASA full-scale 40- by 80-foot wind tunnel (Fig. 2-133) and Dave Koenig, Dick Greif,
and Mark Kelly authored a NASA Technical Note [263] on the investigation. They provided
five more HOGE points with direct measurement of mast torque. The five points were
obtained with the wind tunnel roof removed and the proprotor shafts inclined forward by
5 degrees—the thought being that recirculation of tunnel air would be, at least, minimized.
These points, also included on Fig. 2-132, help establish just what the XV-3’s hover
performance was when expressed as a classical proprotor Cp-versus-Cy curve. However,
flight testing continued on to obtain transition and forward-flight performance using the Pratt
& Whitney engine specification chart as the “correct” basis for power.® Of course, as an
aerodynamicist at heart, I was disappointed that more accurate quantitative flight test data
were not obtained for the Bell XV-3. My view is that engine power and proprotor torque
should also (and always) be measured at near zero thrust. Nor was I satisfied with the test
being conducted without a calibrated engine and the fact that the aircraft weight empty had

68 See figure 23, page 74 of reference [256].
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grown substantially by the time the aircraft was shipped to Edwards. But, if you keep in mind
the trials and tribulations that were overcome, you must appreciate that hover performance
was really a very minor point in the development of the first tiltrotor to complete transition
from hover to forward flight and back again.

As you might imagine from Fig. 2-125, Fig. 2-126, and Fig. 2-133, the forward-flight
performance confirmed the high drag and poor maximum lift-to-drag ratio of the XV-3. The
situation became very clear during testing of the machine in NASA’s 40- by 80-foot wind
tunnel. This was the first wind tunnel test of a full-scale tiltrotor. The measured aerodynamic
characteristics (i.e., lift coefficient, Cr, and drag coefficient, Cp, versus fuselage angle of
attack, ar) with the proprotor blades off is shown in Fig. 2-134. Because the two teetering
hubs were not removed, the aircraft’s minimum drag coefficient (Cpmin) equal to 0.1126 left
something to be desired in terms of aerodynamic efficiency. This minimum drag corresponds
to an equivalent parasite drag area (f.) of about 13 square feet and, at a gross weight (GW) of
4,800 pounds, you have GW/f, equal to 367 pounds per square foot. A quick look back to
Volume II, page 292, figure 2-146, will show you that the XV-3 had only slighter lower drag
for its gross weight than the first-generation helicopters. In the region below stall, say below a
lift coefficient of 1.1, data on Fig. 2-134 can be approximated by the following equation:

C, =0.08281( 0, +4.3495) with angle of attack (a,) in degrees

(2.96)
2 . .
C, =0.1152-0.02816C, +| 0.03926 + C; with an aspect ratio (AR) of 8.6.
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Fig. 2-132. According to the limited flight evaluation [256], the Bell XV-3 needed 518
horsepower out of the P&W 985 engine just to hover OGE on a standard day at
sea level.
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Therefore, the XV-3—with proprotor blades off but hubs on—had a maximum lift-to-drag
ratio of 6.2 at a lift coefficient of 1.1, which is just before stall. Data with the proprotor shafts
in the hover position simply increased the zero lift drag coefficient from 0.1152 to 0.1536.

Fig. 2-133. Before flight testing at Edwards Air Force Base, the XV-3 was tested in
NASA’s large-scale wind tunnel (photo courtesy of Bill Warmbrodt).

i
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Fig. 2-134. The Bell XV-3 was not aerodynamically “clean.” The L/Dy,,.x was only 6.2
occurring at a Cy, of 1.1. Retractable skids would have helped reduce drag, of course.
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Dave Koenig, Dick Greif, and Mark Kelly also conducted power-on testing of the
XV-3 when it was in the 40- by 80-foot wind tunnel at NASA Ames. All controls were
operated remotely from the control room [263]. The testing procedure was quite unique. They
chose four pylon tilt angles of 10 (near hover position of 0 degrees), 30, 60, and 90 (airplane
mode) degrees. At each pylon (or shaft tilt, if you prefer) angle, they fixed the proprotor
power and varied the fuselage angle of attack while holding the tunnel speed constant. During
a fuselage angle-of-attack sweep, they recorded primary forces and moments, as well as the
usual rotor flapping and blade feathering parameters. I have included two examples of their
performance data, Fig. 2-135 and Fig. 2-136, which are for pylon tilt angles of 10 and 30
degrees measured forward from the angle (0 degrees) used for hovering. You might note that
the authors presented their data (figure 8, page 30 of reference [263]) in coefficient form, but I
have found the dimensional form much easier to grasp for this introduction because it is closer
to the dimensional flight test data you will see shortly.

From Fig. 2-135 you can see that the dimensional presentation form allows a simple
interpolation for the speed (at total proprotor power of 242 horsepower and a gross weight of
4,700 pounds). Thus, based on wind tunnel data, the XV-3 should reach steady, level flight at
76 knots with the proprotor shafts tilted forward to 10 degrees. The situation at a 30-degree
shaft tilt (see Fig. 2-136) begins to show the XV-3’s performance limitations that were later
confirmed in flight test.
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Fig. 2-135. Wind tunnel lift-drag measurements at a shaft tilt of 10 degrees forward from
the hover angle showed the XV-3 had quite adequate performance capability.
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Fig. 2-136. Wind tunnel lift-drag measurements at a shaft tilt of 30 degrees showed the
XV-3 had insufficient wing area (Sw = 116 sq ft).

After NASA Ames completed XV-3 wind tunnel testing in late October of 1958, the
aircraft was shipped by a Lockheed C-130 transport airplane back to Bell where contractor
testing was finished. On April 30, 1959, Bell then shipped its one flyable XV-3 (s/n 54-4148)
to the U.S. Air Force Flight Test Center (AFFTC) at Edwards Air Force Base again by C-130
transport airplane and, finally, a limited flight evaluation was conducted from May 21 to
July 3, 1959. While a preliminary flight evaluation report was available in late July of 1959
[264], the final limited evaluation report did not become publically available until May of
1960 [256].

The final evaluation report was deemed “limited” because the XV-3—as tested—was
over design gross weight, and performance data acquired at about a 5,000-foot altitude
showed a usable speed range of only 15 to 110 knots because the maximum power of the Pratt
& Whitney reciprocating engine was about 420 horsepower. In fact, a large number of flights
required the flaps down at 20 degrees, and this included all 45 data points obtained in steady,
level flight. As Fig. 2-137 shows, the flight envelope was severely restricted in its “high-
speed” capability because of insufficient engine power available. Just as bad a situation was
created by the insufficient wing area (Sw of 116 square feet) that, even with flaps down at
20 degrees, led to a stalling speed of 100 knots. On the bright side, no aeromechanical
instabilities raised their head, and conversions from hover to airplane flight and back again
could be accomplished on a regular basis.
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Fig. 2-137. Even though the Bell XV-3 was an overweight, underpowered, experimental
machine, it proved that the tiltrotor concept was quite feasible [256].

The flight envelope you see in Fig. 2-137 was based on 45 data points that provided
the power-required-versus-speed curves shown in Fig. 2-138. This data peaked my curiosity
as to what engine power available would have been needed in airplane mode so that true high
speed (well in excess of the 100 knots achieved by current in-service helicopters) might have
been demonstrated. To make this airplane mode estimate, I used Eq. (2.96) for the XV-3’s
drag level and Eq. (2.55), repeated here for convenience,

Preq’d. = Pinduced + Pproﬁle + Ppropulsion
S .
2pntRV,,
297 6C v.) [9 3 2 v Y
+p(nR?) V| e g3 T | 4] 2y 2y r
8 V, 8 2 (Vu,/V, V,
+TPVFP

for the power required by one of the two proprotors. The total engine brake horsepower
required was then obtained from Eq. (2.95) after doubling the results from Eq. (2.97).
The estimate from this simple calculation is shown with the heavy lines I have added to
Fig. 2-138.
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Fig. 2-138. XV-3 engine brake horsepower required versus s
angles (i.e., conversion angles labeled by C or H for hover position) [256].

What the XV-3 needed, of course, was a turboshaft engine rated at about 800
horsepower to offset the aircraft’s very high parasite drag. The wing area of 116 square feet
was marginally sufficient for altitudes up to, say, 10,000 feet, given more power. However, all
conversions and reconversions clearly benefitted by putting the flaps down.

The general opinion of the pilots was that the XV-3 had insufficient thrust margin in
hover and that the aircraft was “squirrely” in ground effect. In forward flight, the aircraft’s
performance, stability, and control in level flight and maneuvers was compromised because of
the teetering proprotors flapping. This latter point led to the XV-3 being sent to NASA Ames
for a dynamic stability flight study. The very valuable results of this follow-on flight testing
were reported in reference [268]. Hervey Quigley and Dave Koenig’s introduction is a very
good summary of the XV-3. They wrote, with some additions by me, that

“The Bell XV-3 convertiplane has been extensively tested over the past several
years. An investigation was conducted in the Ames 40- by 80-foot tunnel to study the
effectiveness of a number of modifications to correct the wing-pylon oscillation which was
evident on the initial flights of the airplane. This investigation, reported in reference 1 [263],
showed that the airplane could be flown through transition and gear-shifted to low prop-rotor
rotational speed in airplane flight without serious airplane or rotor stability problems. A
limited flight evaluation was performed by the Air Force Flight Test Center and is reported in
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reference 2 [256]. The flight evaluation explored the flight characteristics of the airplane from
near hover to about 155 knots. Since the completion [July 3, 1959] of the Air Force tests, the
airplane has been flight-tested by the National Aeronautics and Space Administration at the
Ames Research Center to explore further some of the problem areas noted in previous tests
and to study general handling-qualities requirements for V/STOL aircraft. Much of the recent
flight testing of the XV-3 has centered around the cruise configuration of the airplane in
order to study the effect of the large flapping rotors on the handling qualities at cruising
speed and above. This paper will deal with what is considered to be one of the basic problems
of the tilt-rotor concept in cruise when flapping prop-rotors are used for propellers. This
problem can be divided into four separate but related problem areas:

(1) The high blade-flapping amplitude with steady-state angles of attack and
sideslip

(2) The increase in flapping due to maneuvering

(3) The prop-rotor normal force associated with pitching and yawing angular
velocities of the airplane

(4) The airframe vibration which accompanies airplane angular velocities.”

In this very short (10-page, 7-figure) report, the authors got right to the point. They wrote in
the discussion that

“As airspeed is increased, the steady-state flapping decreases for both prop-rotor
rotational speeds [532 and 362 rpm]. Thus, it would appear that flapping should become less
of a problem as speed is increased; however, any type of maneuver will introduce additional
flapping. The flapping due to maneuvering in pitch at 130 knots air-speed is presented in
figures 3 and 4 [Fig. 2-139] where the change in blade flapping due to angle of attack and due
to pitch angular velocity are presented. The change in blade flapping angle due to angle of
attack alone (fig. 3) is relatively small, but the blade flapping due to pitch angular velocity
(fig. 4) can be quite large. A pitch angular velocity of only — 0.2 radian per second results in a
change in blade flapping angle of over 4°. In dynamic maneuvers, the change in blade
flapping angle due to angle of attack and pitch angular velocity can add to give even higher
blade flapping angles. The XV-3 is provided with a maximum available blade flapping angle
of 11.2° which should prove adequate for any normal maneuver. It can be seen in figure 4 that
the change in blade flapping angles is positive when the pitching angular velocity is negative;
because of inertial effects, the prop-rotor disk is lagging the angular motion.

In evaluation flights of the airplane at high airspeeds, pilots have reported a
condition in which the airplane oscillated about all axes simultaneously. An analysis of the
time histories taken during this maneuver has shown that it consisted of longitudinal and
lateral-directional oscillations that were very lightly damped. The damping ratio and period
for the two oscillations over the speed range that could be covered with this airplane are
presented in figure 5. These data are for the low prop-rotor rotational speed. The longitudinal
and lateral-directional oscillations are not directly coupled. They are at different frequencies
and oscillations can be performed in either mode without exciting the other, but with such low
damping it is easy to excite both modes at the same time. These damping ratios are much
lower than are considered acceptable by any of the criteria for airplanes in cruise. Damping
ratios of 0.34 for the longitudinal mode and 0.18 for the lateral-directional mode have been
specified as the minimum allowable by military handling qualities specifications.

The damping ratios are not only low but also change appreciably over this relatively
small airspeed range, approaching zero at the higher speeds [Fig. 2-140]... . Due to the low
tail volume of the XV-3, the force on the prop-rotor hub had a large effect on the dynamic
stability of the airplane.”
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With this first-ever measured data [256, 263, 268], tiltrotor advocates got a quick
reminder about airplane stability and control. Just imagine if the XV-3 had been powered with
an 800-horsepower turboshaft engine. Then level flight forward speeds on the order of 160
would have been possible. This would have forced the pilots to quickly learn how to fly an
unstable airplane—just the situation the Wright Brothers faced at Kitty Hawk on Dec. 17,
1903. Most certainly, the vertical and horizontal tail surfaces would have been resized before
envelope expansion could have continued but with potential whirl flutter problems.
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Fig. 2-139. The teetering proprotor flapping contributed negative damping to the
longitudinal stability of the Bell XV-3 tiltrotor [268].
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Fig. 2-140. The Bell XV-3 would have had negative damping in longitudinal dynamic
stability (of the short-period mode with 2-second period) beyond 160 knots.
Lowering the proprotor speed to achieve greater propulsive efficiency would
have created a serious quality-of-flight problem [268].
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The stability behavior of the XV-3 that was being commented about so negatively was
captured on an oscillograph strip chart®® and reported in the flight evaluations conducted at
Edwards Air Force Base and NASA Ames [256, 264, 268]. I have reproduced one example for
you to see here as Fig. 2-141 [256]. In this example, sensors recorded what the pilot did with
the longitudinal stick (the top curve on the figure) and what the XV-3 did in response. Five
channels of data were recorded: pitch acceleration, normal acceleration, pitch rate, angle of
attack, and blade flap angle. In this particular flight, the pilot agreed to put in an aft pulse,
which is commonly defined as “deflect stick 1 inch from the trim position, hold aft stick for
1 second, and then return stick to the trim position.” In essence, his task was to create a square
wave. While you might think he did a poor job, I will tell you that his “pulsing” of the stick
was actually quite good. The issue is more of an academic one because dynamists of all
stripes can mathematically create a square wave and are quite dissatisfied with anything less
than perfection. This example was aimed at obtaining stick-fixed behavior after the aircraft
was disturbed from trim, level flight at 94 knots.

As ragged as you might think the pilot’s disturbing stick motion was (in comparison to
a square wave), the XV-3 clearly returned to a trimmed condition in about 5 to 6 seconds. The
time that it took for the aircraft to return to trimmed, level flight was considered by all the
pilots to be quite long. Furthermore, the time to regain trim increased as the procedure was
repeated at successively higher speeds. I imagine the test crew, based on a rough curve of
time to regain trim versus speed, projected that the XV-3 would not ever return to trim at, oh
say, 140 to 150 knots. This is a characteristic of an unsatisfactory airplane, and the flight
reports said so in no uncertain terms. In fact, if you take a moment to reread the requirements
for an airplane to win the Daniel Guggenheim Safe Aircraft Competition (page 3 of this
Volume) you will see that requirement 6 stated that the airplane should “remain in stable
flight for at least 5 minutes with hands (and feet) off all controls for any airspeed between
45 mph and 100 mph, even in gusty air.” There is absolutely no evidence that the Bell XV-3
could meet this 1930’s requirement.

2.13.2.2 Longitudinal Stability

The subject of longitudinal stability when the pilot holds the controls fixed in the trim
position and then the aircraft is hit by a gust—or some other disturbance occurs—is quite
interesting. You could say it is more than interesting because it plays a very, very important
part in configuring any aircraft, even at the beginning of conceptual design. To see what
aircraft design parameters are involved, you need at least an introductory knowledge of the
theory behind this subject.

So let me start with an examination of Fig. 2-141 in a little more detail. I have chosen
the oscillograph trace for rate of pitch from this figure to begin the study. To help, I converted
this waveform from its original analog tracing to a digital graph so the small vertical scale is
enlarged. This graph is shown in Fig. 2-142. The first thing to notice from this waveform

69 These are the kind of charts I grew up with. I learned how to interpret the data at nearly a glance as did most
of my peers.
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Fig. 2-141. Oscillograph strip chart showing the stability behavior of the XV-3 from
flight evaluations conducted at Edwards Air Force Base and NASA Ames [256].
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Fig. 2-142. The XV-3’s short-period longitudinal stability appeared lightly damped.

is that after the pilot completed his “square wave disturbance” at time equal to about
0.75 seconds, the XV-3 reached a maximum pitch rate of about 3.5 degrees per second in the
nose-up direction. Pitch angle is generally denoted by the symbol (0) and, because pitch rate
is a change (A) in pitch angle with time (t), you would write in mathematical terms

% = 3.5 degrees per second.

When the change is virtually infinitesimal, then a dynamist will change the symbol from A to
a “d” and write

A_O - @ =3.5 deg/sec as A approaches zero.
At dt

When the mathematics consume too much pencil lead and paper, you will see shorthand
brought into equations so that d/dt=80. Personally, I have often found that the dot above the

Greek symbol frequently disappears by the second reproduction of a technical work.
Therefore, I will stick to the AB/At notation as much as possible.

The second thing to notice about the pitch rate waveform in Fig. 2-142 is that the
curve looks like a trigonometric sine or cosine function where, after each repetition, the
maximum (and minimum) pitch rate is getting smaller. In fact, dynamists have found that
acceptable airplanes have a pitch angle that behaves—mathematically—in accordance with

(2.98) 6=¢" [A sin (freq)t+ Bcos(freq) t]

where (C) is a constant (with units of 1/second) that accounts for the damping that makes the
oscillation die out (one hopes). The oscillating frequency (freq) is in radians per second. The
constants (A and B) determine the amplitude of the oscillation.
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It is a relatively simple matter to take the derivative of Eq. (2.98) and arrive at a pitch
rate equation, which appears as

(2.99) % =c“ [(Bx freq — AC)sin( freq) t —(BC+ A x freq) cos(freq) t] ,

My approximation of Eq. (2.99) to the flight test results is shown in Fig. 2-142. The
constants that I believe best apply to the XV-3 are:

Oscillating frequency (freq) 1.9 radians per second
Damping constant (C) -0.12

Coefficient (A) +0.0195

Coefficient (B) —0.0240

Sin amplitude (Bo — AC) —0.04322 radians per seconds
Cos amplitude (BC + Aw) —0.03993 radians per second

On this basis, you can fit the XV-3 flight test measured waveform with
o _ o :
(2.100) i [(0.04322) sinl.9t — (0.03993)cosl.9t] _

Keep in mind that the effect of the pilot’s stick input causes what dynamists call a
transient input. In this example, this whole transient period occupies about the first 2 seconds
of the experiment. Therefore, my approximation equation, Eq. (2.100), only applies after the
transient input is completed. That is why my result only applies to the XV-3’s response after
2 seconds and why my curve starts at time equal to 2 seconds. Using advanced dynamic
stability theory, you can predict the aircraft’s behavior during the transient period, but that is a
discussion beyond my intentions for this introductory volume.

Dynamists use a few other terms that you should know about. For instance, they will
interchange oscillating frequency in radians per second and period (Tperiog) in seconds. A
period is the time it takes for the waveform to complete one cycle. Because a cycle is one
revolution or 2z radians, you have

21

(2.101) T, —_—
freq

eriod =
so when you have a waveform, you can “eyeball” the time to complete a cycle and, in your
head, calculate the frequency as freq = 2m/Tperiod, Which has the units of radians per second.

Another term dynamists and flying qualities specifications use is damping ratio, which
relies on a denominator in the ratio called critical damping. You encountered this damping
ratio term as the label on the vertical axis in Fig. 2-140. Furthermore, reference [268] noted
that “Damping ratios of 0.34 for the longitudinal mode and 0.18 for the lateral-directional
mode have been specified as the minimum allowable by military handling qualities
specifications.” For Bell’s XV-3 it appears that

—C

~(0.032 .
2(freq)

(2.102)  Ciritical Damping Ratio (CDR) =
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This result differs markedly from the data in Fig. 2-140 and certainly shows that the XV-3 fell
far short of the minimum of 0.34 specified by the military (in the 1960s).

There are, in fact, just two key numbers from the preceding discussion that a
competent stability and control engineer needs in order to make a preliminary judgment about
the longitudinal stability of a conceptual design. These two numbers are the damping constant
(C) and the natural frequency. Engineers “know” from experience that the acceptable aircraft
will oscillate, after experiencing a disturbance, according to the displacement equation

(2.103) Displacement = ¢ [A sin (freq)t + B cos(freq) t] :

They want to see the damping constant (C) come out negative, which means that any
disturbance to the aircraft will die away quickly, and the aircraft will return to its trim state.
They initially ignore the amplitudes (i.e., A and B) of the oscillation (or waveform, if you
prefer). Furthermore, they have a mathematical approach that solves for the damping constant
and frequency in a most direct manner—given some detail about the machine. This
mathematical approach contracts Eq. (2.103) to its complex number form, which is written as

(2.104) Displacement = Ae™

where S is a complex number defined as Real + Imaginary X +/—1. Because i=v-1 , I like to
write that S = Re + Im 1.7° Do not forget that (Im) is really a real number.

Let me stop right here for a moment to discuss the fundamentals of how dynamists use
applied mathematics and complex numbers to solve many F = ma equations. As an example,
think about the mass (m) — damper (c) — spring (k) problem stated as

d’ d
(a) m—); +e 2 4kx =0
dt dt
or, more in line with the way dynamists think,

2
o ¢ f+(c:ijd—x+(of :ij:o.
dt m / dt m

The solution giving the displacement (x) is “simply”

© x =l {K1 [cos(lm)t+isi