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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
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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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CONFIDENTIAL




CONFIDENTIAL

BEL an% CORPRAATION

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
' cne, The propellers 1n the wing tip cicts were considered tc be contra-
' rotating, 10 bladed variable pitch while those in the inbecard duct were
12 bladed single rotavicn variable pitch Dropellers. The inboard ducts

had exit stators %o remove residual whirl., Exit statcrs were not reguired

‘TS

on the wing tip ductz, These types of

o

rcrellers were designed as part
of the proreller dezign study of Reference . . They do no% necessarily
represent the cptimum design., Thers were four detailed solutions to the

propeller design problem which cculd have teen used in the ducts. Instead

3
£

of using a contra-rotating prepeller in the outboard duct, a single rota- 1
tion variable pitch progpelle r a singies rotation fived pitch propeller
controlled by inlet guide varnes. coulid have ceen used. The cver-all
physical characteristics of the airplare are listed belcw; a more complete
listing is contained in Takble IITIcf Section IXI.A.
Length E1L fea?

He 2 ght, 33 fee

{ Span V747 feet
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The airplane was designed to execute a vertical take-off at 6000
feet and 95°F at a gross weight of 70,000 pounds and could accomplish the
basic mission at a gross weight of 67,380 pounds., The mission weight per-
mits a 3% thrust margin to provide positive 1ift off and vertical acceler-

ation at VIOL. The mission required 13,290 pounds of fuel,

I.a. CLASSICAL PERFORMANCE

The classical performance of this configuration is presented in
Figure 4, The aerodynamic parameters and thrust and drag curves are pre-
sented in Section III.C. The ciassical performance is presented at gross
weights of 50,000, 60,000, 70,000 and 80,000 pounds. The high speed was
greater than LOO mph at all altitudes and reached a maximum of 527 mph
at 35,000 feet. The sea level rate of climb varied from 12,900 feet per
minute at a weight of 50,000 pounds to 7780 feet per minute at 80,000
pounds. The time to c¢limb to 20,000 feet varied from 1.8 minutes to 3.0
minutes over the same weight range. The variation in service ceiling
was from 52,600 feet at 50,000 pounds to 47,400 feet at 80,000 pounds.
The maximum speed of 527 mph is a theoretical potential based on the
momentum analysis thrust. At L60 mph, transonic and supersonic flows
begin in the ducts and over the blades. These flows do not preclude
operaticn at higher speeds but do require further study and experimental
investigation., A detailed theoretical and experimental investigation of
the effect of such flows, which was not possible under this feasibility
study, is necessary to determine the details of the design which will

make the theoretical high speed attainable in practice.
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I.B. DRAG OF THE DUCTS

The study of duct drag resulted in a comparison of the drag of
the -009 with both static take-off shrouds and with high speed shrouds.
Figure 5 shows the airplane drag and thrust, at sea lewel, 20,000 and
LO,000 feet, with the two shroud configurations. A high speed difference
of about 110 mph exists at each altitude. At the speed for minimum drag
the use of a static shroud results in an increase in drag of about 50%.

A second plot of the shroud drag alone as a function of velocity, is
shown in Figure 6. The use of the high speed shroud shows a reduction
in the drag of the shrouds by a factor of about 6.5. The use of a take-
off flap on a high speed shroud configuration allows for the exploitation

of the full potential of the ducted propeller,

I.C. MISSION RADII

The investigation of mission radii for the -009 consisted of
evaluating the airplane ability to operate under various conditions of
loading, range, altitude, and speed. The basic flight plan of all the
radius missions was quite similar to the basic mission. The basic mis-
sion required a radius of 425 miles with an initial vertical take-off.
An 8000 pound pay lcad was carried out and LOOO pounds back. This
mission was accomplished according to the following general flight plan:
1. Take-off at 6000 feet and 95°F - Vertical or short
take-cff depending on the initial loading. All of
the landings and subsequent take-off were vertical.
Pay locad out is 8000 pounds or greater.

2. Climb to cruise altitude and fly 80% of the radius.

Report No. D181-945-00L Page 16
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3. Descend to sea level and fly the remaining 20%.

Lo Land vertically at 6000 feet and 95°F. Exchange
outgoing pay locad for 4OOO pound return load. No
fuel is added at the radius pcint.

5. Take-off vertically at 6000 feet and 95°F.

6. Return leg same as cutgoing leg. First 20% at
sea level, climb to cruise altitude for remaining
80%.

7. Land vertically at 6000 feet and 95°F holding a 10%
tctal fuel reserve.

On all the range and radius calculations the installed fuel
flow was increased 5% as specified in MIL-C-5011A. The missions are
shown in Table 1 ,

The following missions were calculated according to the above
flight plan with variations noted as they occur. The first group of
missions had an initial vertical take-off., The airplane was capable of
a vertical take-cff at a gross weight of 70,000 pounds at 6000 feet and
95°F with a 3% thrust margin, This was considered the maximum vertical
take-off weight. For the basic mission the take-off gross weight was
67,380 pounds which included 13,290 pounds of fuel. The average cruise
aititude is 26,700 feet at a cruise speed of 300 mph. The total fuel
weight of 13,290 pounds also includes the 10% tuel reserve. Using the
same take-ofi gross weight, the radius was increased to 508 miles by
elimination of the sea level cruise., This is an increase of 20%. The

average cruise velocity was 388 mph at an altitude of 43,350 feet.
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Varicus extensions and modifications of the basic mission were
possible by utilizing a vertical take~off capability at a 70,000 pound
gross weight. By increasing the fuel to a total of 15,920 pounds, the
basic mission radius could be increased to 513 miles. Holding the 425
mile radius with a 70,000 pound take-off, the cruise altitude, for the
altitude portion, could be reduced to 11,300 feet. Still using the
70,000 pound gross weight the cruise velocity for the altitude portion
of the cruise could be increased to 420 mph while maintaining 300 mph at
sea level. A shorter but still useful radius of 302 miles was possible
with a cruise velocity of LSS mph at altitude and sea level. This high
speed mission is a very useful characteristic of the airplane and increases
its potential considerably. The combined STO/VTOL characteristics of the
alrplane were exploited by a group of missions involving short rolling
take-off, All landings and subsequent take-offs were vertical, The
basic flight plan with 20% of the distance at sea level was followed.

The first mission held the 80CO pound pay load and increased the fuel so
that the gross weight for the vertical landing at the radius point would
be 70,000 pounds. The airplane was capable of a 987 mile radius after a
770 foot take-off run at a gross weight cf 86,150 pounds. The basic
radius of 425 miles could also be accomplished for maximum pay load of
16,720 pounds after a 300 foot take-off run at an initial gross weight

of 76,890 pounds. A high ¢peed mission with cruise at a velccity of 450
mph at all altitudes is also shown in Table I . In this mission a radius
of 607 miles was attained with a take-off gross weight of 83,530 pounds

using a 660 foct ground roll take-off,
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Figures 7 through 9 show the variation of mission radius with
altutudes for various hovering times., The mission flight plan consisted
of an initial vertical or rolling take-off at 6000 feet and 95°F, a climb
to altitude, cruise at altitude, hover at sea level, climb back to alti-
tude, cruise back and land vertically at the initial starting point.

Figure 7 shows the radius for an aircraft usingiinitial verti-
cal take-off at a gross weight of 70,000 pounds. The maximum radius for
15 minutes of hovering time is 500 miles, for 7.5 minutes, 590 mileg and
for 1,61 minutes 670 miles., All maximum radius points for this gross
weight are at 30,000 feet. The 1.61 minute hovering time is equal to the
fuel used in a vertical landing and take-off at 6000 feet and 95°F. The
radius versus altitude at this hovering time is then equal to radius with
a vertical landing and take-off at the radius point.

Figure 8 shows the radius and hovering time for LOO feet ground
roll at a gross weight of 78,460 pounds. The maximum radius for this con-
dition for 15 minutes of hovering time is 870 miles, for 7.5 minutes 960
miles, and for 1,61 minutes 1038 miles. All maximum radius points are
again at 30,000 feet.

Figure 9 is the variation of radius with altitude for the 800
foot ground roll condition at a gross weight of 86,760 pounds. The maxi-
mum radius for 15 minutes of hovering time is 1210 miles, for 7.5 minutes
1308 miles, and for 1l.61 minutes 1380 miles. The altitude for these
maximums is increased to 40,000 feet. Between sea level a 7 3000 feet
the radius varies almost linearally with altitude with the velocity equal
to 300 mph, For ail the conditions mentioned, the speed above the alti-
tude of 30,000 feet is greater than 300 mph.

No. D181-945-004 3
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I.D. FERRY RANGE

The one way range capability of the -009 airplane is shown in
Figures 10 and 11, The ferry range with an 8000 pound payload was inves-
tigated with initial vertical take-off and with LOO foot and 800 foot
ground roll take-offs. At the 'ow altitudes the velocity for long range
cruise was less than 300 mph while at the higher altitudes it was greater.
A minimum cruise velocity of 300 mph was used in these calculations. The-
range for both configurations increases steadily with increase in altitude,
reaching an altitude where the velocity for long range becames equal to
300 mph. From that point on the range increase with altitude is smaller,
and maximum range occurs at a cruise altitude of 4O,000 feet.

The ferry range capability as a function of cruise altitude is
shown in Figure 10. For the basic mission, gross weight of 67,380 pounds,
the maximum ferry range is 1160 miles at the altitude of L4O,000 feet.

The maximum range increases to 138C miles at 40,000 feet for a gross
weight of 70,000 pounds. For the STO mission, using a LOO foot ground
roll at a gross weight of 78,460 pounds, the maximum range increases to
2010 miles. Using an 800 foot ground roll at a gross weight of 86,760
pounds increases the maximum range to 2530 miles. All maximum ranges are
at an altitude of 40,000 feet. There is not much change in ferry range
between the altitudes of 30,000 feet and LO,000 feet. The velocities in
this region for all conditions are greater than 300 mph. Between the
altitudes of sea level and 30,000 feet, the range at a constant velocity
of 300 mph increases with increasing altitude. This variation is approxi-

mately linear.
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Figure 11 shows the variation of range with speed at a constant
altitude of 30,000 feet. The vertical portions of these curves are a
result of the limitation imposed on the speed for long range operation.
Specification MIL-C-5011A defines this speed as the greater of the two
speeds at which 99% of the maximum miles per pound of fuel is attainable,
For a vertical take-off at a gross weight of 67,380 pounds, the maximum
range of 1120 miles is attained for velocities ranging from 265 mph to
320 mph.: From the above definition, the velocity for long range cruise
is 320 mph. For the same speed range but a gross weight of 70,000 pounds,
the range increases to 1361 miles. The gross weight increase is mostly
due to an increase in thes fuel load. Using a 4OO foot ground roll at a
gross weight of 78,460 pound-, increased the maximum range to 1855 miles
for velocities ranging from 276 mph to 311 mph. For an 800 foot ground
roll at a gross weight of 86,760 pounds, the maximum range is increased
to 2520 miles, The velocity range remained the same as the one for the
previous gross weight., A small range decrease recults from an increase
of speed above that for long range. Due to this fact, the airplane is
able to perform special high speed missions with only a small decrease
in range potential.
Figure 12 shows the variation of range with hovering time, The
flight plan consisted of a vertical take-off at 6000 feet and 95°F, a
- climb to altitude, cruise at altitude and hover at the final point. The
i pay load out was 8000 pounds. The mission can be called a "yardstick"
mission whereby the hovering potential of the =009 is shown. The extreme

ends of the curve give the maximum and minimum hovering times for the
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various gross weights. The maximum hovering weight is taken as 70,000
pounds at 6000 feet and 95°F. For a vertical take-off at a gross weight
of 70,000 pounds, the maximum hovering time is 73 minutes while the mini-
mum hovering time represents the 10% fuel reserve and is equivalent to
seven minutes at a ramge of 1385 miles. For a LOO foot ground roll at a
gross weight of 78,460 pounds, the maximum time is 74 minutes at a range
equal to 620 miles, The minimum time is 11,5 minutes with a range of

1970 miles. Using an 800 foot ground roll at a gross weight of 86,760

pounds increases the range for maximum novering to 1260 miles while the
hover time remair-. at 7L minutes. The minimum time is 15.5 minutes at a

range of 2460 miles.

I.E. EMERGENCY OPERATION - LEVEL FLIGHT

The investigation of level flight emergency operation consisted
of an evaluation of the ability of the -009 airplane to operate with re-
duced power. Drag and thrust curves for sea level, 10,000 and 20,000
feet, at a gross weight of 70,000 pounds, are presented in Figures 13,

14 and 15. The drag curves are for all engines operating, 1 - inboard

duct inoperative, 2 - inboard ducts inoperative, an inboard and an out-

board duct inoperative and both outboard ducts inoperative. This is

equivalent tc having 6, 5, L, 3, and 2 engines operating. The drag
changes are due to the increase in drag which occurs with the power off
in the duct. A series of calculations were made to evaluate the loss of
, ‘ power in the four engines located in the outboard ducts or two engines

; in one outboard duct and each inboard duct, This assumption requires
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the airplane to fly on the remaining two engines represented by the inboard
ducts or one outboard duct. The high speed reduction due to loss of power
at sea level is from 460 mph with full power to 250 mph. At 10,000 feet,
the speed change is from 480 mph to 255 mph and at 20,000 feet the maximum
velocity goes from 510 mph to 24O mph. The ability of the airplane to
climb under these reduced power conditions at the 70,000 pound gross
weight is shown in Figure 16. The sea level rate of climb goes from 9000
feet per minute with full power to 1300 feet per minute with two engines
operating. The service ceiling goes from 49,000 feet to 20,000 feet. 1In
general the airplane is capable of operating over a wide range of speeds
and altitudes with as few as two engines operating. The rudder is capable
of trimming the airplane in level flight with power supplied only from

both engines of one outboard duct as is shown in Reference 2 .

I.F. VERTICAL TAKE-OFF AND LANDING

An analysis of the vertical take-off capability of the =009 was
accomplished. The vertical take-off flight path was considered to consist
of a vertical rise to S0 feet, followed by transition to speeds for con-
ventional level flight. The speed during the vertical ascent was limited
to five feet per second. The transition to level flight was made at low
angle of attack and constant altitude by intermittent rotation of the
thrust. The take-offs were made at an altitude of 6000 feet and 95°F.

Figure 17 shows a time history of the -009 at a gross weight of
70,000 pounds and T/W = 1.03. The vertical rise to 50 feet was accom-

plished in 12,7 seconds. A velocity of five feet per second was attained
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in L9 seconds at an altitude of 12 feet. The acceleration to flying
speed was accomplished in an additional 15.5 seconds, when a velocity

of 236 feet per second was reached. The thrust rotation was accomplished
intermittently at a fixed rate of 15° per second. The total time was
28.2 seconds and a distance of 17LO feet was covered during the acceler-
ation.

A time history of the -009 at a gross weight of 70,000 pounds
and T/W = 1,03, using a vertical take-off in a LO know wind is presented
in Figure 18. The vertical rise to 50 feet was accomplished in 11.6
seconds. The acceleration to flying speed was accomplished in an addi-
tional 7.2 seconds when a velocity of 208 feet per second was reached.
The thrust rotation was accomplished intermittently at a fixed rate of
15° per second. The total time was 18.8 seconds and a distance of 350
feet was covered during acceleration.

Figure 19 is a time history of the -009 for a landing with a
gross weight of 50,000 pounds. The vertical landing 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 (normally chosen as 50 feet). As the airplane
decelerates at constant altitude and angle of attack, the thrust is in-
creased as the lift decreases. Rotation of the thrust about 10° beyond
the vertical gives a decelerating component to the thrust and shortens
the deceleration time and distance. When hovering is reached, a vertical
descent with a maximum vertical velccity of five feet per second is made.

The time to decelerate was 29.6 seconds over a range of 21120 feet. The
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initial velocity is 218 feet per second. The vertical descent was com-
pleted in 12 seconds making the total landing time equal to L41.6 seconds,

Figure 20 is a time history of the -009 for a landing at a
gross weight of 70,000 pounds. The flight path is the same as mentioned
previously. The time to decelerate was 33.3 seconds over a range of 3180
feet. The total time to complete the landing was L5.2 seconds.

The stall speeds for the -009 at maximum 1ift coefficient are
shown in Figure 21, This curve is of interest in that it shows the
speeds for start of landing transition and end of take-off transition as
a function of gross weight., In vertical take-off and landing, the stall
speed is a reference speed rather than a lift-off orioxch -down speed.

The speed varies from 124 mph at a gross weight of 50,000 pounds to 166
mph at a 90,000 pound gross weight.
I.G. SHORT TAKE-OFF

Figures 22 through 24 show the result of the short take-cff
analysis for T/W ratios ranging from .8 to 1.,0. The short take-off was
made by placing the ducts in an intermediate position, between horizontal
and vertical. With the thrust in such a position the vertical component
augments the take-off 1ift ccefficient and determines the lift-off speed.
The horizontal component accelerates the airplane to this speed. Figure
22 shows the variation of ground roll distance with rotation angle, A ~
for thrust weight ratios of .80, .88, and .95. At each T/W the minimum

ground roll distance occurs at a different angle, showing that the balance

between lift-off speed and acceleration ability varies as the weight varies.

These calculations were made considering the thrust available at 6000 feet
and 95°F,
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From the 1ift-off point a climb to a 50 foot altitude was made
without any thrust rotation. When 50 feet was reached, the airplane was
accelerated in a manner similar to the vertical take-off transition, until
the ducts were horizontal and the airplane was at normal flying speed.
Figure 23 shows the minimum ground roll as a function of thrust an'd weight
ratio., A vertical take-off is possible with thrust equal to weight.

With a thrust weight ratio of .8 a 925 foot ground roll is
possible, 7ake-off distances as a function of gross weight are shown in
Figure 24. Shown are the grouni roll distance and distance over 50 feet
for weight greater than 72,100 pounds. Although a 3% thrust margin was
considered desirable for the vertical take-off, a VIO is feasible at a
T/W = 1.0 which occurs at a weight of 72,100 pounds. The basic mission
take-off weight for the -009 and -007 are called out and were 67,380

pounds and 70,000 pounds resbectively.

I.H, EMERGENCY OPERATION - HOVERING AND TRANSITION

An analysis of emergency operation during vertical take-off and
transition was made which considered the effects of single and multiple
engine failure on the -009 configuration. The airplane was designed so
that loss of an engine in hovering or low speed flight would result in
automatic shutdown of the symmetrically opposite engine.

Engine failure in hovering flight or at transition speeds below
those which can be maintained at reduced power, would result in a con-
trolled crash in the hovering attitude. Since the time for transition is
roughly 6 to 15 seconds, this critical area of flight is definitely mini-

mized. Figure 25 shows impact velccity as a function of height at which
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the power is lost, for the condition of O, 2, and L engines operating.

No advantage was taken of the drag during the fall. With four engines
operating the impact velocity from 50 feet was 21.5 mph while with nc
engines operating it was only 38.6 mph. If the initial altitude assumed
for failure ig reduced, considerable reduction of these speeds is possible,
While these speeds would probably inflict damage to the landing gear and
airframe, the airplane has been designed such that the structural defor-
mation would provide a cushion to protect the occupants during the decel-
eration, References 3 and L . The symmetry cf power will permit a wing
and fuselage level attitude to be maintained.

A consideration of engine failure during transition to level
flight led to the analysis of the ability to maintain equilibrium flight
at speeds below the aerodynemic stall speed in order to accomplish a low
speed emergency landing. With one engine out at a gross weight of 70,000
pounds this speed was only 34.5 mph., The speed of transition limits this
danger zone to a period of less than 10 seconds. Figure 26 shows a plot
of the ratio of power required to power required for hovering and the
ratio of power available to power required for hovering as a function of
velocity. With four engines out the equilibrium speed was still only
8L4.2 mph. These calculations indicate that the ducted propeller VIOL
assault transport will have adequate safety in operation at least com-

parable with conventional aircraft.
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II. STUDY CONFIGURATION ANALYSIS

The study of configuration 1 was used as the basis for a para-
metric study of design parameters. The study was made to provide design
information for the later configurations. The aspect ratio and wing
loading were varied over a large range. The wing loading variation con-
sidered changing gross weight on a fixed wing size and fixed gross weight

with variable wing size.

II.A. STUDY CONFIGURATION DESCRIPTION

The configuration used in t.ue parametric studied is shown in
Figure 27 . It 1is characterized by ducts mounted at the wing tips and
twin booms each housing an engine and supporting the empennage between
them. The wing and booms are mounted high on a pod-like fuselage. This
first configuration concept had the engines interconnected to provide
power to all the propellers without regard te the number of engines
operating. In addition, the residual thrust of the Wright T49 engines
was ducted aft behind the tail and used to provide the reaction control
in pitch, yaw, and roll, required during hovering and transition. Later
designs showed that appreciable weight savings could be made if the
engines were mounted in the duct hub to take advantage of the residual
thrust for vertical 1ift., Where the residual turboprop thrust was used
for 1lift, an auxiliary power scurce was placed at the tail of a conven-
tional fuselage for pitch and yaw reaction control while roll control was

provid . by split flaps in the wing tip ducts. The engines were then

electronically interconnected so that power would be delivered symmetrically

during low speed flight. In spite ¢f this shift in design thinking, it is

felt that this first configuration represents a reliable evaluation of

performance parameters.
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Table II lists pertinent physical dimensions and parameters for
the basic configuration from which the variations in aspect ratio and wing
loading were made. In the analysis the aspect ratio was varied from 4 to
10 and the wing loading from 30 to 60 pounds per square foot. The wing
loading variation meant a variation of wing area from 1333 feet? at
W/S = 30 to 667 square feet at W/S = 60 for an average performance gross
weight of LO,000 pounds; it also meant a weight ‘variation from 26,550
pounds at W/S = 30 to 53,100 pounds at W/S = 60 for a wing area of 885
square feet. A rough estimate of the order of magnitude of the gross
weight was made to facilitate this parametric study. This estimate sub-
sequently was found tc be lcw; however, the results of the study were not
impaired and the basic design parameters were determined at a much earlier
date than would have been pcssible had a careful weight estimate been made
first,

The first detailed ducted propeller design was made in conjunc-
tion with this analysis. Use was made of available cascade data and the
design was made within the limits of this data. As a result, the propeller
had 17 fixed pitch blades with a tip sclidity of 0.5, Control was achieved
by use of variable pitch inlet guide vanes and exit statorswere used to
remove the rotation from the exiting flcw. The details of the design are

contained in Reference 1,

I1.B STUDY CONFIGURATION PERFORMANCE PARAMETERS

The 1ift and drag coefficients for the study configurations were
estimated using standard Bell Aircraft methods, Reference > . The 1ift

coefficient as a function of anglie of attack and drag coefficient as a

Report No. D181-945-004 Page 54
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TABIE 1IIX

STUDY CONFIGURATION DATA

WING AND EMPENNAGE

HORIZONTAL VERTICAL
1TEM UNITS WING TAIL TAIL (each)
Area (8) feet? 885 178 100
Span (b) feet 76 25.7 12,2
Aspect Ratio (AR) 6.52 L.O 1.L49
Thickne ss/Chord 12 10 10
FUSELAGE AND NACELLES

FUSELAGE NACELIES (each)
Frontal Area (F) feet? 140 17
Diameter (d) feet 13,3 3.8
Length (1) feet L47.5 38,8
Fineness Ratio (FR) 3.57 10

Average Performance Gross Weight

Payload

LO,020 pounds

8,000 pounds

Power Plants 2 T49 Turboprop engines

Ducts

Diameter at Propeller

Diameter Max. Flaps Retracted

Diameter Inlet Flaps Extended

Diameter Hub/Diameter Propeller

Propeller and Stators

18 variable pitch iniet guide vanes
17 fixed pitch rotor blades

19 fixed pitch exit stators

Report No. D181-945-004
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function of 1ift coefficient for the basic configuration is shown in
¥igure 28. This was the aspect ratioc of 6.52, wing loading of L5.2 pounds
per square foot and wing area of 885 square feet. Figure 29 shows the
drag coefficient as a function of 1lift coefficient for aspect ratios 10,
8, 6.52, and L. The wing area and wing loading are the same as the basic
configuration. The effect on the drag coefficient of increasing wing area
at constant weight and aspect ratio is shown in Figure 30, This curve
represents a variation in wing loading from 30 to 60 pounds per square
foot at the basic aspect ratio of 6.,52. The analysis of the variation of
wing loading at constant wing area was made using the drag coefficient
for an aspect ratio of 8 shown in Figure 29.

The engine characteristics, shown in Figure 31, were taken from
the manufacturers specification (Reference 6 ) and corrected for instal-~
lation losses as specified. Gearing and other losses totaling about 7%
were added. These engine power and fuel flow characteristics were used
in conjunction with the mcmentum analysis of Reference 1 to determine
the ducted propeller propulsion characteristics., The method of thrust
and fuel flow estimation is explained in Section III1.B of this report.

The Wright TLS engine had a weight to power ratio of .479 and a rated
specific fuel consumption of ,76. This engine had rather high fuel con-
sumption and weight to thrust when compared with other gas turbine engines.
It was used in this phase of the study to provide a measure of conserva-

tism to the results.

I1.C STUDY CONFIGURATION PERFORMANCE

The results of the parametric a.alysis of the performance of the
study configuration are presented in Figures 27through $2. The basic

Report No. D181-945--00L Page 56
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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 con-
figuration. The results of this study are shown in Figures 53 through
S5.

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.
On the other hand the wing weight increased. When the fuel saving is off-
set by the increase in wing weight, a region of minimum weight results
which extends from about aspect ratio 5 to 7. The other advantages of
high aspect ratio led to a choice of the range of aspect ratio from 6 to
7.

The results of the wing locading 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 lower than that indicated from wing area variation alone,
and led to the choice of a range of wing loading from 4O to 60 pounds per
square foot.

Since the wing weight per unit area will vary from one design
to another the weight factor cannot be tied into a parametric study with
great accuracy. The results of the study led to an aspect ratio range
of 5 to 7 and a wing loading range of LO to 60 pounds per square foot.

These results were incorporated into the later designs.

Report No. D181-945-00L Page S7
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II.C.1. CLASSICAL FERFORMANCE

The classical performance parameters for this configuration are
presented as functions of aspect retio and wing loading. A standard pre-
sentation of classical performance i1s made in Figure 33 for the basic con-
figuration, aspect ratio 6.52, wing loading L5.2 pounds per square foot,
at a gross weight of 40,000 pounds with military power. The airplane had
a high speed of 430 mph at 27,000 feet; a sea level rate of climb of
11,560 feet per minute, and a time %to climb to 30,000 feet of L.l minutes,
The absolute ceiling was U47,000 feet, service ceiling L6,600 feet and
combat ceiling L5,50C feet,

The variation of best rate of climb with aspect ratio and wing
loading is shown in Figures 34, 35, and 36. Figure 34 shows the variation
with aspect ratio. The variation is ncn-iinear with the largest change
occurring at the low aspect ratioc., However; the rate of climb increases
with increasing aspect ratio over the range inﬁestigated. The effect is
largest at altitude, At sea level the rate of climb varies from 11,320
fpm at aspect ratio of 4 to 11,780 fpm at aspect ratio 10, an increase
of L%; while at 35,000 feet the rate of climb goes from 2,250 fpm at
aspect ratio L to 3,500 fpm at aspect ratio 10, an increase of 11%,

Figure 35 shcws the variaticn c¢f rate of climb with wing lcading
at constant gross weight or variable wing area. At sea level the rate of
climb increases with incréasing wing lcading and peaks at a value of about
55 pounds,per square fcrgo A peak alsc appears at 15,000 feet at a wing
loading of 35 pounds per square focte At 25.000 and 35,000 feet the rate
of climb decreases with wing lcading over the range examined. This pheno-

menon may be explained on the basis of the level flight drag. An increase
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in wing loading causes an increase in 1lift coefficient required for level

flight with an increase in the induced and attitude drag. At the same

time the reduction in wing area results in a decrease in the zero 1ift
drag. At low values of 1ift coefficient a net decrease in drag results

while at higher 1ift coefficients an increase in drag results. The net

—_—

change in drag reflects directly as a change in excess power available
: and therefore in rate of climb at fixed conditions of velocity and alti-

tude,

o W LAY

The variation in rate of climb with wing loading with fixed
wing area, variable gross weight, is shown in Figure 36. The effect of
increasing gross weight outweighs the effects of variation in drag and
‘ the rate of climb decreases with increasing wing loading.

‘ The effects of varying aspect ratio and wing loading on the
range in climb to 35,000 feet, the fuel to climb to 35,000 feet and the

absolute ceiling of the airplane are shown in Figures 37 through LS .

,E Figures 37, 38 and 39are for variable aspect ratio. The range in climb
g (Figure 37 ) and the fuel to climb (Figure 38) are directly related to

_;f the rate of climb as is the ceiling, and decrease with increasing aspect
“a ' ratio as would be expected. The range in climb to 35,000 feet decreases

from 25.2 statute miles to 20,4 miles, a decrease of 19%. The fuel to
climb decreases by 1L% from aspect ratio L to 10. The absolute ceiling
(Figure 39 ) increases from 43,800 feet to 50,000 feet over this aspect
ratio range, an increase of 12%.

I The variation of these items with wing loading with variable

wing area is shown in Figures 4O, L1, and 42. The range in climb and

’ ./ fuel to climb increase while the absolute ceiling decrsases with increasing
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wing lcading. Over the wing lcading range from 30 to 60 pounds per square
foot the ranges in climb increased 21%; the fuel %o c¢limb increased 5.4%
and the ceiling decreased 8.5%.

The effect of variable gross weight on the wing loading variation

is shown in Figures 43 ,LL . and 4z . The direction of change was the
d

same as with variable wing area but as would be expected the change in
weight made this effec® more prencunced over the range of wing loading
from 30 to 60 pounds per squars foot, the range in climb increased from
9.8 miles to 33.6 miles, an increase of 275%. The fuel to climb increased
from LuS pounds to 1,085 pounds,an increase of 1LLE, and the ceiling de-

creased from 55,400 feet tc L6,100 fee:, a decrease of 17%.

II.C.2. BASIC MISSION

The basic assaulv transport missicn, as defined for this study,
consisted of flying a L2% mils radius at 300 mph with vertical take-coffs
and landings a% the end pointe which are assumed to be at a 6,000 fcob
altitude on a 95°F day. The airplane was tc¢ carry an 8,000 pound payload
out and a L,00C pcund paylcad back, and maintain a 10% fuel reserve. The
radius was to consist of cruise at the altitude for long range for 80% of
the distance and a' sea level for 20% cf the distance on both legs. This
mission was simplified slightly for this phase of the study. The altitude
cruice was made at 35,000 fest on both legs. A single increment of fuel
for all take-offs., landings and reserve was used. These assumptions sim-
piified the parametric swudy without damaging the comparative value of

the results,
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The variation of the cruise parameter, miles flown per pound of
fuel used, as it varied with aspect ratio and wing loading over a range
of altitudes from sea level to 35,000 feet is shown in Figures L6, L7,
and 48. Figure 46 shows the variation of this parameter with aspect
ratio, The miles per pound of fuel increases with increasing aspect
ratio at all altitudes. The rate of increase becomes larger as the alti-
tude gety higher. At sea level the miles per pound go from .0350 to
.0365 over the aspect ratio range from 4 to 10, a change of L4&. At
i 35,000 feet the change is from .0833 to .1115 which is 36%. The varia-

tion of miles per pound with wing locading with variable wing area is

shown in Figure 47. As was the case with the rate of climb the changing

wing loading at constant weight cauies opposing changes in both 1ift co-
. efficient and drag. As a result the parameter increases with increasing
wing loading at sea level, has a peak value at 15,000 feet, and decreases

at 25,000 and 35,000 feet for the range of wing loadings investigated.

h The variation of the cruise parameter with wing loading and variable

;ﬁ gross weight (Figure LB8) is dominated by the weight change. The miles
?’ per pound decreases with increasing wing loading at all altitudes. As
54 | would be expected the change is greatest at the higher altitudes.

i : The basic mission was calculated as a function of aspect ratio
=y and wing loading, using the data of the preceding curves. Figure L3

shows the variation of total fuel for the basic mission as a function of
aspect ratio. The fuel decreases from 14,020 pounds at an aspect ratio

of 4 to 12,000 pounds at an aspect ratio of 10. The effect of an assumed

increase of wing weight with aspect ratio on the total weight of fuel plus

’ N wing is shown in Figure 50. The region of minimum weight falls between
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the aspect ratios of about 5 and 7. The variation of weight in this region
is very small, 50 pounds out of 14,000 pounds. Between aspect ratios 6
and 7 no noticeable change in weight exists. This fact together with the
other advantages of increased' aspect ratio, lead to the selection of the
design range of aspect ratio between 6 and 7.

Figure 51 shows the variation in fuel required to complete the
mission as a function of wing loading with variable wing area. At a wing
loading of 30 pounds per square foot 12,495 pounds were required. This
requirement increased to 13,215 pounds for a wing loading of 60 psf. This
is in reality a small change amounting to 6.5%. The assumptions of unit
wing weight for this configuration led to a minimum wing plus fuel weight
at a wing loading of 53 psf. However, since the total fuel weight change
was small, and the uni* wing weight is a function of the configuration and
cannot be set rigidly, this minimum value of wing loading was used as a
guide in selecting a range, rather than as an absolute value. The range
was selected considering the data of Figure 52 which shows the variation
in fuel as a function of wing loading with constant wing area. The fuel
required increases from 11,020 pounds to 13,700 pounds as the wing loading
increases from 30 to 60 pounds per square foot.

A consideration of these wing loading effects led to the choice
of a rather wide range of wing loadings, between LO and 60 pounds per
square foot at the cruise weight. This wide range would of necessity be

narrowed in the detailed consideration of a particular configuration.

I1I.D. VERTICAL TAKE-~OFF STUDY

An analysis of vertical take-off capability as a function of
thrust to weight ratio for the study configuration was accomplished.
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The vertical take-off flight path was considered to consist of a vertical
rise to hovering at 50 feet, followed by transition to speeds for conven-
tional level flight. The speed during the vertical ascent was limited to
5 f_et per second. The transition to level flight was made at low angle
§ of attack and constant altitude by an intermittent rotation of the thrust.
- The take-offs were made at an altitude of 6,000 feet at a temperature of
: 95°F. The Wright TL9 engines which powered this configuration had a
i specific fuel consumption of about 0.78. This led to some conservatism
} in the estimate of fuel required as the engines used later had specifics
of about 0.5. The total fuel quantity involved was relatively small so
that the effects of this conservatism were negligible. Figure 53 shows
the total fuel required to complete the vertical take-off as a function
. N of initial thrust to weight ratio. The time to rise vertically to 50
feet as a function of thrust to weight ratio is also presented in Figure
53. The time to rise decreases rapidly with increasing thrust so that
a thrust increment of 3% the time to rise was reduced from 51 to 13.5
F seconds. At the same time the fuel required for the take-off decreased
..-‘ ’ from 270 to 67 pounds. If this thrust increment was achieved by a re- d
duction in weight this would mean a reduction of 1,500 pounds for an
4 available thrust of 50,000 pcunds., If all this weight was fuel, the
utilization of a 3% thrust margin would result in a net fuel reduction
‘l-‘ of 1,300 pounds by the time the plane was airborne. This example demon-
if strates that the most fuel, or payload;, can be taken aloft from an initial
thrust weight ratio of one. Figure Sl presents still another facet of the
problem. In this figure, the time required to accelerate vertically to

‘ K_/ S feet per second and the altitude attained at the end of the acceleration

Report No. D181-945-004 Page 63
CONFIDENTIAL




CONFIDENTIAL

= A T

i S

BEL l{%ﬂf% COAPORATION

are plotted as functions of the initial thrust to weight ratio, With
thrust initially equal to the weight, 5 feet per second is not attained
before 50 feet is reached. Using a 3% thrust margin the rise velocity

is reiched in 5 seconds at an altitude of 12 feet, In order to obtain a
positive 1lift off and acceleration in vertical flight this analysis
indicates that a 3% thrust margin at take off for a ducted propeller

VIOL is desirable, This differs from previous studies with VIOL aircraft
which have shown that the high rate of fuel flow characteristic of turbo-
jets made a vertical take off with the initial thrust equal to weight
feasible, A sample time history of the vertical take off is shown in
Figure 55, This take off was calculated from an initial thrust to
weight ratio of 1.02, Presented are the variations with time of velocity,
altitude, range, and thrust direction. The time history illustrates the
intermittent thrust rotation, and the resulting velocity and distance
variations. The wvertical rise to 50 feet was completed in 14,8 seconds,
A vertical velocity of 5 feet per second was attained in 7.6 seconds at
an altitude of 17 feet, The anceleration to flying speed was accomplished
in an additional 1L seconds, when a velocity of 208 feet per second was
reached. The thrust rotation was accomplished intermittently at a fixed
rate of 15 degrees per seconde The total time was 28,8 second and a

distance of 1020 feet was covered during the acceleration,
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III. DESCRIPTIONS OF THE SPECIFIC CONFIGURATIONS

(D181-960-007, D181-960-009, & D181-960-011)

Three airplanes were designed two of which are similar except
for the power plants and ducted propellers. They all had six engines
supplying power tc four ducted propellers. The engines used were the
Rolls Royce RB 109 and the Allison 550-Bl gas turbines. On the two sim-
lar configurations, which were designated D181-960-007 and D181-960-009,
the engines were mounted integrally with the ducts to take advantage of
the residval thrust in vertical flight. In each case the wing tip ducts
housed two engines each and the inboard ducts one engine each. The third
configuration, D181-960-011;, had the engines mounted in twin booms which
extended aft to support the tail, The power, from the six Allison engines,
was interconnected by a common shaft and clutch arrangement., The con-
figurations will be referred to simply as the -007, =009, and =0l1. The
=007 was powered by the Rolls Royce engines and the -009 by the Allisouns.
Figures 5,57 and 58 are three view drawings of the -007, =009, and =011

respectively.

III.A. PHYSICAL CHARACTERISTICS

The pertinent physical dimensions and weights of the -007 and -~009
are listed in Table III. All three airplanes were designed to be capable of
a vertical take-off at a gross weight of 70,000 pounds at 6000 feet and 95°F
while maintaining 3% thrust margin. At this gross weight, in addition to an
8000 pound pay load, the -009 could carry 15,915 pounds of fuel and the -007
could carry 13,075 pounds of fuel. The ~0ll had a gross weight of 74,996

pounds with 15,000 pounds of fuel and the 8000 pounds pay load. As this was
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TABLE III
PHYSICAL CHARACTERISTICS

Configurations D181-960-007 & -009

Configurations
Item Units P181-960-007 | D181-960-009
OVERALL DIMENSIONS
Length £t 81 81
Height ft 33 33
Span ft 101.1 97.7
WEIGHTS (for vertical T.0. at
T 6000 ft and 95°F with
3% thrust margin.)
Cross Weight 1b 70,000 70,000
Fuel 1b 13,075 15,915
\J Pay Load 1b 8,000 8,000
Yater for Power Auementation 1b 1, 300 1,300
POWER PLANTS
Manufacturer and Identification Rolls Royce Allison
RB109 550-B1
Number of Engines 6 6
S. L. Static Rated Power SHP L,020 5,168
S. L. Static Rated Residual 1b 1,000 830
Thrust
UCTED PROPELLERS
Number of Units L L
Proveller Diameter Inboard ft 10.8 8.4
Outboard ft 15.4 11.8
U Propeller Hub to Tip Ratio L .5
Design Thrust/Horsepower 1b/HP 2.96 2.34
Report No. D181-945-00L Page 89
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PHYSICAL CHARACTERISTICS

(continuad)

Report No. D181-945-004
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Configurations
Item Units D181-960-007 | D181-960-009
Fan Power Loading HP/ft2 L9.6 117.6
Static Inlet Diameter Inboard ft Ihel 11.1
Outboard ft 19.3 15.0
PROPELLERS
Inboard Type | sinfle variable
rotation pitch
Number of Blades - 12
Blade Twist deg 23.7
Section Root 65A6.307
Tip 65A3.305
RPM 1540
Outboard Type contra- variable
rotating pitch
Number of Blades 10
Blade Twist Front deg 23.2
Rear deg 17.7
Section Front Root 65A46.806.2
Tip 65A3.904.9
Rear Root 65A5.905.7
Tip 65A3,60L.8
RPM 1000
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PHYSICAL CHARACTERISTICS

(continued)
Configurations
Item Units p181-960-007 | D181-960-009
WING
Ref. Area £t2 1220 1220
Span £t 85 85
Aspect Ratio 6.0 5.8
Thickness/chord b 4 12 12
Section 6LALL2 6LALL2
HORIZONTAIL TAIL
) Area £t2 310 310
Aspect Ratio L.35 L.35
Thickness/chord % 8 8
VERTICAL TAIL
Area £t 230 230
Aspect Ratio 1.82 1.82
Thickness/chord 4 8 8
FUSELAGE
Frontal Area £12 120 120
Diameter ft 12 12
Length £t 81 81
Fineness Ravio 6.75 6.75
hed
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overweight, The configuration was rejected and not considered further,

The prime purpose of the design was to ccmpare the two systems of power

application. The use of engines in the ducts resulted in lighter weight
as well as more thrust available., The =009 and =007 were 81 feet long

and 33 feet high, The =009 had an over-all span of 97.7 feet, and the =007
had an over-all span of 10l.1 feet., The difference in span was due to the
larger ducts on the -007.

III.B. DUCTED PROPELLER CHARACTERISTICS

The ducted propeller installations were designed to provide
72,100 pounds of thrust at 6000 feet and $5°F. The duct and propeller
sizes were chosen to achieve this thrust with the available power and
residual thrust. The power available at 6000 feet and 95°F was augmented
by water injection to the rated power under sea level static conditions.
The gearing and inliet lcsses; which consisted of a total pressure recovery
at the ehgine of 97% and a 2% gearing loss, amounted to about a 7% power
loss. Figures 59 and 60 show the available power of the RB 109 and Allison
550-Bl engines respectively. Figures 61 and 62 show the residual thrust
and fuel flow characteristics of these engines. The Rolls Royce RB 109
delivered L4020 HP under sea level static conditions and had 1000 pounds of
residual thrust, while the Allison 550-Bl had 5168 HP and 830 pounds of
residual thrust, (References 7 and 8 ).

In designing the ducted propellers a design thrust to horsepower
value was determined from the design gross weight, the residual thrust, and
the available power, so as to have a total thrust to weight ratio of 1,03
at 6000 feet and 95°F, This required thrust to horsepower was us=d in con-
junction with the static momentum analysis of Reference 1 to determine the
duct design. A sample composite momentum curve is shown in Figure 63,
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‘ \) This curve shows thrust per horsepower (ﬁFg) as a function of the duct inlet

to exit area ratio (22) and the disc loading in terms of horsepower per
i i
! square foot of inlet area (HE). This plot shows sample results of the
Ay
i i momentum analysis under sea level standard conditions, with a bell mouth
|
[

inlet pressure recovery, a 90% fan efficiency and a constant flow area from

' } the propeller to the exit. For a desired value of (é%) a plot of (%E) VS,

53) is made. (§§) increases as (;%) increases. At this point a choice of

| A
‘ ! (;2) is made which allows a realistic design of a practical flap to give this
| i

: E area ratio under static conditions, and which will also permit a good cruise

A
and high speed shroud design with the flaps closed. This choice of (KE) fixes

the (%?) required. This value of (%?) in conjunction with the horsepower
available determines the inlet area and the exit or propeller area. The pro-
peller hub to tip ratio is chosen and the diameters determined. The hub to
tip ratio is chosen on the basis of propeller power loading and the volumetric
requirements of the hub. ThAt is, the minimum acceptable hub to tip ratio,

which increases with increasing power loading, is estimated, this value is
used unless the volume necessary to house the engines, gears, controls, etc.
necessitates use of a larger hub. The detail design of thepropellers, guide
vanes, and exit stators is explained in Reference 1 . The propellers for

these configurations are shown in Figures 6L through 67. Figure 64 shows

an outboard duct for the -009., Two 10 bladed, variable pitch, counter rotating,
propellers, powered by two Allison 550-Bl engines formed tﬁis propulsion unit.
Inlet and exit stators were not used. The inboarf duct is shown in Figure 65.
This unit had a 12 bladed variable pitch propeller, and had exit stators to
remove rotation from the exiting flow. Figures 66 and 67 show the ducts

for the -007. W
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The design of ducted propellers is discussed in detail in Refererce

1 . The propellers for the -007 were not designed in detail since the design
study was made to cover a range of pcssible propeller types over a range of
power loadings. These types were variable pitch single rotation propellers,
fixed pitch single rotation propellers which were controlled by variable

inlet guide vanes, and variable pitch contra-rotating propellers. The single
rotation propellers had exit stators to straighten the final flow. The contra-
rotating propellers had no stators, This study definitely established the

feasibility of the design of ducted propeller units for these configurations.

The propellers called out for the -009 were chosen as part of the study and
do not necessarily represent the optimum choice of type. Any of the above
mentioned types could have been used. As the purpose of the study was the
determination of feasibility, no attempt was made to select the specific pro-
peller design for these configurations. It is considered that further detail
design studies on the specific configuration would determine which of the
several workable solutions was most practical for mechanical design and
incorporation.

The inflight thrust available was also ocbtained from the momentum
analysis. PFigure 68 is a sample of the inflight momentum analysis under
sea level standard conditicns, with a 90% fan efficiency and a 97% duct
inlet pressure recovery. The figure shows thrust per horsepower as functions
of disc loading 2t the propeller (%%), and free stream velocity. Using the
H

P) as a fun-
Ag

ction of velocity is determined. From this, (ﬁﬁp) vs, velocity is found, which

known geometry of the propeller and the available horsepower; (

in turn gives thrust vs, veloscity. Specific fuel consumption in temms of

thrust was determined in a similar manner In the performance analysis these

Report No. D181-9LS5-00L Page 9L
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fuel flowa‘!efe increased by 5% as specified in MIL-C-5011A. The relation-

ship between thrust and power specific is given by:

(SPe)p = L. of fuel . (SFC)HP
1b. thrust - Hr. Fg,o4 * Fregigqual
HP
where

(SFC)F is the specific fuel consumption in terms of thrust.
(SFC)gp is the specific in terms of horsepower.

Fauet
Fresidual is the residual thrust of the engine.

is the thrust of the ducted propeller.

The momentum analysis presented in Reference 1 was used in this

way to establish the performance of these airplanes.

IIXI . C. AERODYNAMIC COEFFICIENTS OF THE SPECIFIC CONFIGURATION

(D181-960-007 and D181-960-009)

The 1ift and cirag coefficients for the configurations -007 and
D09 were calculated using standard Bell Aircraft methods Reference 5 .
Since the two airplanes were identical except for the ducts, an analysis

was made for the -007 and modified to the -009. Figure 69 shows the -007

airplane drag coefficients as a function of 1ift coefficient and Mach
number. This curve applied to the -009 by reducing the drag coefficient
by 0.0022. This increment resulted from the reduction in duct sizes. The
variation of 1lift curve slope with Mach number for both airplanes is shown
in Figure 70. The maximum lift coefficient at low speed was estimated to

be 1.005 at an angle of attack of about 12 degrees.
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An analysis of duct drag was made to determine the influence
of duct size and shape. The drag analysis, power on, treated the flow

in two parts. The flow entering the duct effected the propeller effici-

ency and influenced the available thrust, while the external flow con-

tributed to the airplane drag. In the analysis, a comparison of the drag

of a static and a high speed inlet was made. The static inlet was designed
| to have a larger inlet area in comparison with the propeller area while the
: inlet area of the high speed shroud was comparatively small. As a result
{ the high speed shroud profile had thickness ratios on the order of 1/10
those c¢f the static shroud. In each case the inlet lip design was such that
no separation occurredon the upper surface of tﬁe lip. A comparison of the
drag coefficient of these two types of shroud as a function of the shroud

. ’ length to diameter ratio is shown in Figure T7l. The drag coefficient was
D
qd

defined as Cp =

-—

by TP e e

where D is the drag
g is the dynamic pressure
1.is the duct diameter at the nropeller.

Two different scales of unr~ us~ed because the drags of the two
types of shroud differed so widely. The Adrac coefficient of the static
shroud was about 6 1/2 times that of the Hich speed shroud. Figure 72 shows
the variation of drag with velocity for high speed and static shrouds with
diameters of 5, 10 and 15 feet. This drag analysis clearly indicates the

desirability of wvariable area inlets for static and high speed flight.
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IIT. D. LEVEL FLIGHT PERFORMANCE

The classical performance of configuration -007 and -009 is
shown in Figures 73 through 76 . Figures 73 and 74 are typical thrust
and drag curves for gross weight of 50,000 and 80,000 pound at altitude
of 0, 20,000 and LO,000 fest. These curves present the basic performance
from which the classical performance stems. The maximum speed is shown
by the intersection of thrust and drag curves. The excess thrust at the
speeds below maximum indicates the airplanes potential for maneuver and
clir;lb. The classical performance curves showing maximum speed, climb speed,
rate of climb, and time to climb as functions of altitude, are presented
in Figures 75 and 76 for four gross weightsof the -009 and -007 respectively.
The -009 had a high speed in excess of LOO mph at all altitudes with a top
speed of 527 mph at 35,000 feet. The -007 on the other hand had less high
speed potential having a best speed of only 390 mph between 25,000 and
30,000 feet. This lower speed resuvlied from two effects; the higher drag
of the larger ducts, which coupled with less forward flight thrust, to give
a lower maximum speed. These effects also resulted in better rates of
climb, ceilings, and shorter times to climb for the -009. At a gross weight
of 60,000 pounds the sea level ratesof climb were 10,700 feet per minute for
the -009 and 7,450 feet per minute for the -007. A comparison of t he service
ceilings, at this weight, (altitude for 100 ft. per min. ra.te of climb) shows
an altitude of 51,100 feet for the -009 and L2,000 feet for the -007. The
times to climb to 20,000 feet at this gross weight were 2.1 minutesfor the
<009 and 3.5 minutes for the -007, and to 30,000 feet, were 3.6 minutesfor

the -009 and 6.5 minutes for the -007.
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The maximum speed of 527 mph shown for the -009 is a theoretical
potential based on the thrust as calculated in the momentum analysis. At
this forward speed the flow in the ducts is transonic and the relative
velocity over the blades is supersonic. Whilaz these conditions are not
prohibitive they do require further study and experimental investigations.
A detailed investigation of transonic anu supersonic flow in the blades was
not made since it was beyond the scope of the basic feasibility study and
there was not enough time for investigation of this phenomenon. A speed
of 460 mph is attainable before transonic flow effects begin in the duct
and over the rotor, A study of the propeller operating characteristics
under transonic and supersonic conditions would determine the type of design
necessary to attain the theoretical high speed with a practical ducted pro-
peller propulsion system.

III1.E. RADIUS AND RANGE COMPARISON (D181-960-007 and -009)

The performance analysis of the <007 and -009 airplanes considered
a spectrum of radius and range missions to fully explore the available
potential with both vertical and short rolling take-offs. The basic flight
plan of all the radius missions was quite similar to the basic mission. The
basic mission required a radius of 425 miles with an initial vertical take-
off. An B000 pound payload was carried out and 4OOO pounds back. This
m.ssion was accomplished according to the following general flight plan:

1. Take-off at 6000 feet and 95°F - Vertical or short take-off
depending on the initial loading. All of the landings and
subsequent take-offs were vertical. Pay load out is 8000 pounds
or greater.

2. Climb to cruise altitude and fly 80% of the radius.

Report No. D181-945--004 Page 98
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3. Descend to sea level and fly the remaining 20%.

L. Land vertically at 6000 feet and 95°F. Exchange outcoins

payload for LOOO pound return load. No fuel is added at

v the radius point.
5. Take-off vertically at 6000 feet and 95°F.
6. Return leg same as outgoing leg. First 20% at sea level,
! climb to cruise altitude for remaining 80%.
: 7. Land vertically at 6000 feet and 95°F holding a 10% total -
% fuel reserve.
On all the range and radius calculations the installed fuel flow
was increased 5% as specified in MIL-C-5011A. The mission comparisons are

shown in Table IV.

The following missions were calculated according to the above

flight plan with variations noted as they occur. The first group of

SLERTIE & 0 it (R
@
(/\
N

missions had an initial vertical take-off. Both airplanes were capable
of a vertical take-off at a gross weight of 70,000 pounds at 6000 feet
and 95°F with a 3% thrust margin. This was considered the maximum
vertical take-off weight. For the basic mission the -009 had a take-off
weight of 67,380 pounds and carried 13,290 pounds of fuel; the -007 took
off at 70,000 pounds and carried 13,075 pounds of fuel. Because of its
larger ducts the -007 was heavier and capable of performing the basic
mission at its maximum vertical take-off gross weight. For the basic
mission the -009 cruised out at 24,800 feet andb ack at 29,000 feet for
the altitude portion of the cruise. The -007 accomplished the altitude -
part of the cruise at 2h,800 feet out and 28,800 feet back. These were
the lowest altitudes at which the speed for long range cruise as defined
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in MIL-C-5011A was 300 mnh. "~rious extensions and modifications of the
basic mission were possible = ntilizing a vertical t ake-off capability

at a 70,000 pound gross weirntl. v increasing the fuel of the -009 to a
total of 15,920 pounds, the racius could be increased to 513 miles.

Holding the 425 mile radius with a 70,000 pound take-off,the cruise altitude,
for the altitude portion, could be reduced to 11,300 feet. ©~till using the
70,000 pound gross weipht the cruise velécity for the altitude portion of
the cruise could be increased to 420 mph while maintainines 300 moh at sea
level. A radius of 302 miles was possible with a cruisc v-ioczity of LS5 mph
at altitude and sea level. These missions are presented in more detail in
Section I.

The characteristics of the airplane permitted the use of a short
take-off similar to the STOL type of airplanes. In order to evaluate the
resulting potential, a group of missions involving an initial rolling take-
off were calculated. All landings and subsequent take-offs were vertical.
The basic flight plan with 20% of the distance at sea level was followed.
The first mission held the 80CCO pound payload and increased the fuel so that
the gross weight for the vertical landing would be 70,000 pounds. The -009
had a radius of 987 miles and initial take-off ground roll of 770 feet with
a take-off gross weight of 86,150 pounds. The -007 had a radius of 831 miles
after an initial take-off run of 610 feet at a gross weight of 83,690 pounds.
Under the above conditions the airplane could fly the basic 425 mile radius
and carry an increased payload. The -009 could carry 16,720 poun<s out and
the ~007 could carry 14,220 pounds out. Both airplanes returned with a 4000

pound payload.
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The one way range capability of these airplanes is shown in

Figures 77 and 78. The ferry range with an 8000 pound payload was

investigated with initial vertical take-off and with 40O foot and 800 foot
ground rol.. take~offs. At the low altitudes the velocity for long range
cruise was less than 300 mph while at the higher altitudes it was greater.
A minimum cruise velocity of 300 mph was used in these calculations. The
! range for both configurations increases steadily with increase in alititude,
reaching an altitude where the velocity for long range becomes equal to
300 mph. From that point on the range increase with altitude is smaller,
For a VTO capability at a gross weight of 70,000 pounds the ~009 F

can attain a maximum range of 1370 miles at an altitude of LO,000 feet.

For the same grossweight and VTQ, the -007 has a maximum range of 1080 miles

e
i
¥
L

at an altitude of 35,000 feet. Taking-off with an initial ground roll of
OO feet at a gross weight of 78,L60 pounds, the maximum range of the ~D09
increased to 2010 miles at the 40,000 foot altitude while the -007 had a
maximum range of 1695 miles at 35,000 ft. Using an 800 foct ground roll
at a grcss weight of 86,760 pounds. the maximum range was increased to
2510 miles for the -009 with the cruise altitude remaining at L4O,000 feet.
The maximum range for the =007 was 2155 miles; the cruise altitude drops
from 35,000 feet to 30,000 feet.

Figure 78 shows the variation of range with speed at a constant
altitude of 30,000 feet. The vertical portions of these curves are a
result ¢f the limitation imposed on the speed for long range operation;

specification MIL-C-501A defines this speed as the greater of the two

; . L sreeds at which 99 vercent of the maximum miles ver nound of fuel is
- Report No. D181-945.-004 Page 102
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attainabla. For vertical take-off at a gross weight of 70,000 pounds the

-009 had a maximum range of 1361 miles for velocities ranging from 265 miles

per hour to 320 miles per hour. From the above definition the 320 mph is

the velocity fer long range cruise. The 007 has a velocity range from 272
miles per hour to 303 miles per hour for a maximum range of 1115 miles,

For a 40O foot ground roll at a gross weight 78,L60 pounds, the maximum

range for the -009 and the =007 is increased to 1855 miles and 1610 miles
respectively. The -007 velocity range "rem 270 miles per hour to 317 mph
while the -009 had a velocity range varying from 276 miles per hour to 311
miles ver hour. Using an 800 ft. ground roll at a corresponding gross weight
of 86,760 pounds, the maximum range increased to 2520 miles for the -009 and
2230 miles for the 007. The velocity increments remained the same as the
ones for the previous gross weight.

An increase in speed above that for long range cruise results
in a small range decrease for both configurations. This small range varia-
tion with increased speed allows the airplane to perform special high speed
missions without undue penalty..

A payload of 800C pounds was carried in all of the ferry ranges
mentioned. The maximum ferry ranges that were attained by changing the total
pay load into a fuel load are shown in Figures 77 and 78. Using an 800 foot
ground roll at a gross weigh* of 86,760 pounds, Figure 77 shows & maxirmuam
range of 3265 miles for the =009 at an altitude of 40,000 feet. At the same
take-off condition but at 30,000 feet, Figure 78 shows a maximum ferry range
of 33L0 miles for the =009 The velocity range was from 276 miles per hour

+0 311 miles per hour.
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LIST OF SYMBOLS

Aspect ratio, b2/S
Cross sectional area
Altitude

Span

Drag coefficient

Lift cocefficient 2

Maximum 1ift coefficient

Lif% curve slope

Duct diameter

Fuselage and nacelle diameter
Drag, CDqS
Thrust
Frontal area
Fineness ratio °

Acceleration due to gravity

Gross weight

Altitude

Horseoower

Disc lcading in terms of inlet area
Disc loading at the propeller

Lift, CLqS

Shroud length/duct diameter
Fuselage length

Mach number

Report No. D181-945-004
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N. mi/lb = Nautical miles/pound
P‘bl/Po =  Pressure recovery factor
qQ = Dynamic pressure
’ Rc =  Rate of climb .
Ref. = Reference
S = Wing and empennage area
w/s =  Wing lcading
SFC = Specific fuel consumption
Stat. Mi., = Statute miles
te = Time to climb
/W = Thrust to weight ratio
} \') = Airspeed or free stream velocity
Vc = 1imb speed
'. G - Vo «  Maximum velocity ;
i Wt, =  Weight
i (04 = Angle of attack
: 7] = Efficiency
I \ )\ = Angle between thrust line and airplane axis - thrust angle
E P =  Air density
| E Subscripts i
l A =  Airplare
! e = exit
£ = fan
, i = inlet
:; o = free stream condition
reqe. = require=d
] stat, = static
( r N avail. = avai lable
tot. = total
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