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FOREWORD

Contract Nonr=-1675 (00) was awarded to Bell Aircraft Corporation by
the Office of Naval Research under sponsorship of the Army Transportation
Corps. This is one of a series of five study contracts let to investigate
the application of varlous schemes to the design of Vertical Take-off and
Landing (VTOL) or Short Take-off (STO) Assault Transport Aircraft.

The particular field of investigation at Bell Aircraft is the appli-

cation of ducted propeller propulsion systems to the design of aircraft

capable of performing the Assault Transport mission. The results of the

investigation are presented in the following listed reports:

TLTLE REPORT NUMEER
e Summary Report D181~945-001
‘ = Design Report D181-945-002
Survey of the State of the Art D181-945-003 3
5 Performance D181-945-00k
Stability and Control D181-945-005
Duct and Propeller Analysis D181-945-0C6
Preliminary Structural Analysis D181-945-007 2

Standard Aircraft Characteristics Charts D181-945-008

H This document has been reviewed in accordance with
ik ] OPNAVINST 5510.17, paragrarh 5. The security
s classification assigned hercto is correct.

}37' d&i 7" ] _of— -
Chict of Maval Rescarch (Code?%/)y

L A
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ABSTRACT

This report contains the results of a feasibility study of the
performance of ducted propeller transport aircraft capable of performing
the assault transport mission with vertical take-off and landing, The
analysis has considered conventional performance items as well as the
items of special performance pertinent to vertical take-off and landing
and short take-off. The work was not required to comply with detailed
specifications but the intent of MIL-C-5011A was followed where particular
requirements for the study were not written. A parametric study was made
to determine a range of aspect ratio and wing loading to be used in the
design of these aircraft. A complete analysis of two aircraft was made
to compare an airplane designed for the basic mission with one which had
a greater potential. Both were approximately the same gross weigh* and
configuration and differed in the size and power loading of the ducted
propellers, which resulted in different level flight thrust and drag,

The classical performance and mission capabilities of these two airplanes
are presented and compared, under conditions of vertical and short take-
off. The analysis of vertical take-off and landing determined useable

and optimum thrust to weight ratios at take-off. Time histories of the
take-off and landing flight paths are presented. The ability of the air-
plane to perform missions which include extended hovering was investigated,
The ability of the airplane to make a short take-off was explored and
curves of take-cff distance as a function of the overlcad are presented
as well as the increased range capability resulting from using fuel for

this overload. An investigation of emergency operation in level flight

Report No. D181--945-C0L Page ii
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and during take-off and landing was made., The study was made to determine
the feasibility of a VTOL ducted propeller assault transport. As a result,

emphasis has been given to the special features which the concept embodies.

gk

Report No. D181-945-004 Page iii
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SUMMARY AND CONCLUSIONS

A performance analysis of ducted propeller assault transport air-
craft capable of vertical take-off and landing was made as part of the Navy
Contract No. Nonr-1675(00). The work was not required to comply with detailed
specifications, but the intent of MIL-C-5011A was followed where particular
requirements for this study were not written. A parametric study was made to
determine the design regime for specific configurations. Two configurations
which were similar except for the size and power loading of the ducted pro-
pellers were analyzed in detail and compared. One was powered by six Allison
550-Bl and the other by six Rolls Royce RBl09 gas turbine engines. They were
designated D181-960-009 and -007 respectively. An analysis of vertical take-
off was made to establish useable and optimum thrust to weight ratios and to
define the performance of the particular aircraft. Analysis of the short
take-off capability of these airplanes, and the resulting increased perform-
ance, was also made. The configuration powered by the Allison 550-Bl gas
turbine engines (D181-960-009) had the smaller ducts and higher propeller

power loadings and was the most promising for development as a VTOL Assault
transport.

Best Configuration D181-960-009

The performance analysis of the selected configuration, D181-960-009,
indicated a high speed potential of between 460 and 527 mph. It was powered
by‘six Allisor 55N -Bl engines operating in four ducted propeller units. The
engines were mounted integrally with the ducts to take advantage of the resid-

ual thrust in vertical flight. The propellers used were chosen as part of the

Report No. D181-945-00L Page 1
CONFIDENTIAL




CONFIDENTIAL

BE LMM CORPORATION

propeller design study of Reference 1 and do not necessarily represent
the best detail design choice., The propellers in Lhe wing tip ducts, which
housed two engines each, were contra-rotating, 10 bladed, variable pitch.
The inboard ducts housed one engine each and had single rotation 12 bladed
variable pitch propellers. The thrust of these units was determined from
the momentum analysis which is detailed in Reference 2 . Three different
detail design studies were completed for the propellers to show arrangements
providing this momentum analysis thrust.

The drag analysis of this airplane was made with special emphasis
on the drag of the duct units. A comparison between the drag of a high
speed and a static inlet duct was made. The drag of the static inlet duct
was found to be about 6 1/2 times that of a high speed duct. In order to
avoid the drag penalty associated with the static inlet, this analysis clearly
pointed to the need for variable geometry flaps on a high speed inlet to achieve
the take-off configuration. The drag of the high speed inlet was appreciable
but tolerable for the flight range. .

The airplane had a sea level rate of climb of 10,700 feet per minute
at a gross weight of 60,000 pounds. A time to c¢limb to 30,000 feet of 3.6
minutes, and a service ceiling of 51,100 feet. The classical performance at
this gross weight is shown in Figure 1. The ability of this airplane to per-
form under emergency conditions induced bty loss of power was aiso examined,
The airplane was capable of flying to an altitude of 20,000 feet with four
of the six engines out. This is equivalent to having only the two inboard
ducts or one wing tip duct operating. The rudder was fully copable of trim-

ming the airplane under latter condition. An investigation of loss of power

Report No. D181--945-00L Page 2
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in hovering and transition flight was also made. Loss of one engine during
hovering would result in a total loss of 1/3 of the thrust since failure of
an engine would require automatic shut down of the symmetrically opposite
engine., A descent fram SO feet with 2/3 thrust would reduce the impact velo-
city to 21.5 mph. Control would be maintained throughout the descent due to
the thrust symme try. If an engine was lost in level flight a landing could
be made at the lowest equilibrium flight speed. This speed was 3L.S mph at
a gross weight of 70,000 pounds under sea level standard conditions.

The airplane could accomplish the assault transport mission with
a gross weight of 67,380 pounds. The maximum vertical take-off gross weight
at 6000 feet and 95°F while maintaining a 3% thrust margin, was 70,000 pounds.
At this gross weight the airplane was capable of performing missions with
radil and pay loads in excess of the basic requirement. The basic mission
requirement with an initial vertical take-off at 6000 feet and 95°F, was for
a radius of L25 miles at 300 mph. Twenty percent of the distance was to be
flown at sea level. The pay laad was to be 8000 pounds out and LOOO pounds
back with a vertical landing and take-off at the radius point and no fuel
addition. A 10% fuel reserve was held. The basic mission could be accom-
rlished from the take-off gross weight of 67,380 pounds with an average
cruise altitude of 27,000 feet. Various extensions and modifications were
possible by utilizing the vertical take-off capability at 70,000 pounds.
The complete basic mission could be accomplished at a minimum cruise alti-
tude as low as 11,300 feet. Maintaining the cruise altitude of 27,000 feet
for the 80% segment, the radius could be increased to 513 miles. If.both

radius and altitude were maintained for the 70,000 pound take-off, the pay

Report No. D181-945-004 Page 3
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load increased to 10,500 pounds. The speed at altitude could be increazad
to L20 mph still maintaining 300 mph at sea level to carry the 8000 pound
pay load 425 miles. The highest speed mission investigated involved a
cruise speed of 455 mph at . altitude and sea level. This represents a 50%
increase in speed. At this high speed the airplane was still capable of a
302 mile radius which is actually a very useful operational distance. If
the take-off ambient temperature and altitude were assumed to be standard
conditions at sea level, the operational VTOL radius of the airplane was
increased by 66% to 705 miles. A VTOL take-off gross weight of 75,800 pounds
was possible with these conditions.

This airplane combines the best features of an STOL airplane with
its normal VTOL characteristics. If a short runway is available; this air-
craft can take advantage of the runway to execute a rolling take--off with an
overload of fuel or pay load and tremendously increase its potential. Calcu-
lations were made to determine the take-off distance under overload conditions
of thrust less than the weight. To perform the rolling take-off, the ducts
are rotated to some pre-determined position between the horizontal and verti-
cal. For a thrust weight ratio of .88, which is a gross weight of 82,000
pounds; the angle for minimua ground roll was 50° from the horizontal and
resulted in a ground roll distance of 584 feet. With the duct in this pesi-
tion, the airplane is accelerated to 1lift off speed. After lift off, the
climb to 50 feet is made without further rotation of the thrust. When 50
feet is reached, the thrust is rotated to the horizontal as the airplane

accelerates to level flight sreed.
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Several alternate mission profiles, which used an initial short
running take-off, with vertical landings and take-offs at all other points
were investigateh, The overload was limited to that which would allow a
vertical landing at 6000 feet and 95°F at the advanced base., Under these
conditions the 425 mile radius with the basic 8000 pound pay load could be
increased 2.3 times to 987 miles by overloading to a gross weight of 86,150
pounds. This overload required a take-off ground roll of 770 feet. In the
event a radius of L25 miles was adequate, an increase in pay load on the
outbound leg from 8000 pounds to 16,720 pounds could be made. This increased
the take-off gross weight to 76,890 pounds and required a 300 foot take-off
ground roll. A high speed mission showed that a radius of 607 miles was
possible with a 450 mph cruise velocity. The take-off gross weight was
83,530 pounds and required a 660 foot ground roll. A graphic presentation
of the basic mission, the VIO mission with sea level take-off and the maxi-
mun radius STO mission is made in Figure 2. On these missions the heavy
weight, vertical landings were made at a weight of 70,000 pounds, which allows
a 3% thrust margin at 6000 feet and 95°F. These missions define specific
points of the airplanes radius potential and indicate some of the versatility
of the vertical take-off transport designed with a short take-off capability.

The ferry range with an 8000 pound payload was investigated with
initial vertical take-off and with LOO foot and 800 feet ground roll take-offs.
With a vertical take-off at 6000 feet and 95°F at a gross weight of 70,000
pounds the ferry range was 1360 miles. With a LOO foot ground roll, the
range was 1850 miles for a take-off gross weight of 78,460 pounds. The range

with an B00 foot ground roll was 2520 miles at a gross weight of 86,760 pounds.
These ranges were accomplished at 30,000 feet at a cruise velocity of 320 mph.
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Configuraticn D181-960-007

The second configuration (D181-960-007) which was powered by six
Rolls Royce RB 109 engines also had a good potential. This configuration
was designed with a lower power loading, and consequently with larger pro-
pellers than was the -009. The lower power level and higher static thrust
to horsepower of this configuration resulted in a lower performance poten-
tial. The configuration was designed to see if any advantages in operating
economy could be obtained by sacrificing some of the performance potential.
The high speed was 390 mph. At a gross weight of 60,000 pounds the airplane

had a sea level rate of climb of 7450 feet per minute, a time to climb to

20,000 feet of 3.5 minutes and to 30,000 feet of 6.5 minutes. The service
ceiling was 42,000 feet. The mission analysis showed that this airplane
could complete the basic mission at a take-off gross weight of 70,000 pounds. ¢
The airplane used less fuel than the high performance configuration -009 but i
had a higher basic mission gross weight due to the larger duct sizes required
to produce the same thrust with less power. The ability of this airplane with
an initial short take-off was also investigated. With a take-off gross weight
of 82,690 pounds and an initial take-off run of 610 feet, the airplane could

accomplish a radius of 831 miles. For a U425 mile radius it could carry a pay

load of 14,200 pounds with a take-off gross weight of 76,530 pounds and an
initial ground run of 280 feet.

The ferry range with vertical take-off, and with a 400 foot and an {
800 foot running take-off, was determined. The range with a vertical take- 1
off at a gross weight of 70,000 pounds was 1115 miles; with a LOO foot ground ;

run the range was 1605 miles at a gross weight of 78,460 pounds. A range of '
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2230 miles was possible after an 800 foct take-off at a gross weight of
86,760 pounds. The cruise was at 315 mph at 30,000 feet. Although this
configuration had better economy in cruise;, the increase in weight due to
the larger duct sizes offset this advantage and made the =009 a superior

configuration.

Parametric Study, Configuration D181-960-001

The preceding designs were based on a parametric analysis which
was made to determine a range of aspect ratio and wing loading for design
of ducted propeller, VTOL, assault transport aircraft. The configuration
used was characterized by ducts mounted at the wing tips and by booms
housing the engines and supporting the empennage. The wing and booms were
mounted high on a pod-like fuselage. The power from two Wright TL9 engines
was shafted through the wing to ducted propellers. In the analysis the
aspect ratio was varied from L to 10 and the wing loading from 30 to 60
pounds per square foot. The basiz assault transport mission was used to
evaluate the results of this study. In addition, a general analysis of
vertical take-off was made for this configuration.

The aspect ratio variation showed an increased performance advan-
tage with increased aspect ratio; that is the fuel to perform the basic
mission decreased, the ceilings increased, and the rates of climb increased,
In addition, the wing weight increased., When fuel saving is offset by an
increase in wing weight, a regicn of minimum weight results which extends
from about aspect ratic 5 to 7. The other advantages of high aspect ratio

led to a choice of the range of aspect ratio between 6 and 7.
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The results of the wing loading variation study showed that with
constant weight or variable wing area, the minimum weight of fuel plus
wing occurred at a wing loading of 53 pounds per square foot. With constant
wing area the fuel to complete the mission decreased as the wing loading or
gross weight decreased. These effects combine to make the best wing loading
slightly lcwer than that indicated from wing area wvariation alone; and led to
the choice of a range of wing loading fram LO to 60 pounds per square foot.
Since the wing weight per unit area will vary from one design to another,
the weight cannot be tied into a parametric study with great accuracy. The
results of the study led to a range of variables rather than to specific
valuves. The range of aspect ratio from 6 to 7 and of wing loading from LO

to 60 pounds per square foot was incorporated into the later designs.

Vertical Take=Off and Landing

An analysis of vertical take-off capability as a function of thrust
to weight ratio was accomplished., The vertical take~off flight path was con-
sidered to consist of the following: A vertical rise to hovering at 50 feet,
during which the vertical velocity was limited to five feet per second. From
hovering at SO feet, the thrust was rotated intermittently to accelerate the
airplane horizontally at low angle of attack and constant altitude to speeds
for conventional level flight. Calculations of the total fuel required by
the study configuration to complete the vertical take-off and transition to
level flight. as a function of initial thrust to weight ratio were made. The
time to rise vertically to SO feet as a function of thrust to weight ratic

was also determined. The time to rise decreases rapidly with increasing thrust
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so that for a thrust increment of 3% the time to rise was reduced from 51

to 13,5 seconds. At the same time, the fuel required for the take-off
decreased. If this thrust increment was achieved by a reduction in weight,
this would mean a loss of 1500 pounds with an available thrust of 50,000
pounds., If all this weight was fuel, the utilization of a 3% thrust margin
would result in a net fuel reduction of 1300 pounds by the time the plane
was airborne. This example demonstrates that the most fuel, or pay load,
can be taken aloft from an initial thrust weight ratio of one. Also affect-
ing the choice of initlal thrust to weight ratio, is the time required to
accelerate vertically to five feet per second and the altitude attained at
the end of the acceleration. With thrust initially equal to the weight,
five feet per second is not attaired hefore 50 feet is reached. Using a

3% thrust margin, the rise velocity is reached in five seconds at an alti-
tude of 12 feet, In order to obtain a positive lift off and acceleration

in vertical flight, this analysis indicates that a 3% thrust margin at take-
off for a ducted propeller VIOL transport is desirable.

Vertical take-off calculations for the =009 showed that the take-
off and transition could be accomplished in about 27 seconds. The accelera-
tion distance after the vertical rise to 50 feet was 1500 feet. The effects
of a 4O knot wind were found to be beneficial. Thé steady wind provides an
extra margin of both lift and control during the vertical rise. The take-off
time was reduced to 19 seconds and the air distance covered during the accel-
eration was 350 feet. The effects of unsteady winds were found to be control-

lable while the average wind gives the same benefits as a steady wind.
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The vertical landing flight path consisted of the following:
Thrust rotation from horizontal to vertical with idle power in a normal
glide. A flare to a horizontal flight path is made at the deceleration
altitude (nominally chosen as 50 feet). As the airplane decelerates at
constant altitude and angle of attack, the thrust is increased as the
1ift decreases., Rotation of the thrust about 10° beyond the vertical
gives a decelerating component to the thrust and shortens the decelera-
tion time and distance. When hovering is ireached;, a vertical descent
with a maximum vertical velccity of five feet per second is made. The
study indicated that with a 3% thrust margin, the five fcot per second
vertical velocity carn be dissipated in about 12 feet. This led to the
use of 70,000 pounds as the maximum vertical landing weight for the =007
and -009 configuration. The landing of the -009 at a gross weight of
70,000 pounds took LS5 seconds and covered 3120 feet during the decelera-
tion which was accomplished at zero 1ift. The time to hovering was 33.2
seconds., At a gross weight of 50,000 pounds the total time was L2 seconds

and the distance was 2420 feet. The time to hovering was 29.6 seconds.
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INTRODUCTION

For several years, Bell Aircraft has been engaged in an inten=-
sive study of the potential of Vertical Take Off and Landing Aircraft.

To augment the detailed studies Bell Aircraft designed and bullt a light-
weight air test vehicle specifically to investigate the performance,
stability, control, and operational problems inherent in the low-speed
vertical performance. This vehicle has been used to verify the reaction
control principle, to evaluate ground heating problems, and has success=-
fully completed a flight test program which covered hovering, transition
and level flight under manual pilot control,

During the period preceding the construction of the Air Test
Vehicle detailed aerodynamic studies had been completed to evaluate the
new and unconventional technical problems presented by such an aircraft.
The low speed regime, since it presented the majority of the unconvena
tional problems, was studied first. These studies consisted of detailed
examination of the vertical take-off performance, the low-speed stability
and control and the development of successful reaction controls.

The application of the ducted propeller propulsion system to
the horizontal attitude VTOL was conceived as a link in the level flight
speed spectrum between the rotor convertiplane and the jet aircraft.

With this concept a study of the feasibility of a vertical take-off and
lard ing assault transport airplane was made under contract with the
Office of Naval Research, Nonr-1675(00). This report presents the results
of the study which include a parametric analysis to determine the correct
design regime and the analysis of specific aircraft. A re-examination

of vertical take-off and transition flight was made to determine the

influence of the propulsion systems,
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1. BEST CONFIGURATION HIGHLIGHTS (D181-960-009

The design represented by the DLB81-960-009 was selected as the
most promising of the configuraticneg investigated., A three view of the
airplane is shown in Figure 5, The ducted propellers were powered by six
Allison 55C=-Bl gas turbine engines, These engines were mounted integrally
with the four ductecd propeller units tc eiiminate shafiing and to take

advantage of tha residual jet thrust «f the turboprep engine in vertical

flight, The ducts wers mounted at the wing tip and inboard under the

' wing. The wing tip dusts each carried iwo engines and the inboard ducts
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