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CHAPTER 1

DEVELOPMENT OF BASIC RELATIONSHIPS

1.1 Introduction

Since the entire VTOL field extends, in principle, from pure helicopters to jets or
rocket-lifted and propelied ‘aircraft, suitable relationships should be developed that would
enable one to compare all of the various concepts and configurations on some common basis.
The areas wherein the comparisons should or could be made may be selected as follows:

1. Performance
2. Environmental aspects {(chiefly external noise)
3. Cost.

In this particular investigation, a comparison of specific performance iterns of air-
craft representing diverse concepts and configurations constitute the core of the study.
Consequently, development of expressions for judging task performance will represent the
prime aim of this chapter.

In this respect, one must first determine the task in which the particular performance
of the examined concepts and configurations may be judged as superior or inferior with
respect to that selected as the baseline. Of the many possible tasks, the broadly interpreted
transport mission appears as the most suitable for that purpose.

The prime objective of any vehicle is usually the requirement of moving a number
of people or a given amount of cargo over a determined distance. Thus, a relationship showing
what fraction of the maximum gross weight at the beginning of the trip; i.e., the relative
payload that can be carried over different ranges, could be considered as a universal measure-
ment of the vehicle’s ability to perform that prime transport mission requirement.

However, in executing this task, a time limit may appear as a strong constraint. Con-
sequently, cruise speed becomes another important universal measurement of the vehicle's
transport capabilty. )

But cruise speed is directly associated with the question of ‘cost’ as represented by the
rate of expenditure of energy needed to achieve various levels of the speed of the vehicle.
Since all of the aircraft examined in this report use fuels having practically the same caloric
values, the fuel.consumption per unit of aircraft gross weight and unit of time may be selected
as a common measurement of the aircraft’s ‘energy consumption goodness’ in achieving
various speed-of-flight levels.

Once the relationship of fuel consumption per unit of gross weight and unit of time vs.
speed of flight is established, another important common measure of aircraft performance
can be derived: namely, the amount of fuel required per unit of aircraft gross weight and
unit of distance flown.



Knowledge of the ratio of aircraft weight empty to its maximum flying gross weight
{relative weight empty) permits one to determine the relative payload for zero range (the so-
called zero-range payload) and, having the values of the fusl consumption in cruise per unit
of gross weight and unit of distance flown, graphs of the previously mentioned relative pay-
load vs. range can be constructed. ‘

Furthermore, the relative ideal productivity (dsfined as the product of payload and
cruise speed divided by weight empty) can now be shown vs. range — thus providing still
another means of comparing performance aspects of various examined concepts and con-
figurations. Other common comparative relationships as, for instance, the amount of fuel per
unit of payload transported over a given range, can be developed.

Of course, some transportation tasks may be outlined differently; for instance, as a
requirement of keeping a number of people or a given payload on station for a specified time.
In the case of rotary-wing aircraft, this ‘time on station’ may include time in, or near, hover-
ing. Here, although the task formulation may be different from that of point-to-point trans-
portation, the basic philosophy of finding a means of comparison that can be applied to
various aircraft types remain the same, as can be seen from this chapter.

Once the method of comparing performance is established, the question presents
itself as to the selection of a baseline for performing the given task. In this respect, perform-
ance of conventional shaft-driven helicopters, the V-22, and other extensively studied tilt-
rotor configurations may serve as necessary standards or gauges for comparison.

However, in a still broader field of comparison, one may pose questions regarding the
competitiveness of the considered concepts with respect to fixed-wing aircraft-— including
propeller-driven, turbine-powered, and jet-propelied types. Consequently, some performance
characteristics of these aircraft will be generalized and compared with VTOL concepts that
have been revitalized by present-day technology.

Finally, in order to give the reader some indication regarding the direction for selecting
values of some basic design parameters for VTOL aircraft using wings as a means of lift-
generation in forward flight, a few selected relationships showing the influence of speed and
altitude of flight, wing loading, wing aspect ratio, and basic cleanness of the aircraft on its
lift-to-drag ratio will be discussed.

It is believed that using the above-outlined philosophy of comparison giving some
idea regarding the selection of the optimal design parametric values, a definite, although
broad-brush painted picture regarding the possibilities of the old, but revitalized, concepts to
perform basic transport tasks will emerge. This, in turn, should provide a rational basis for
determining the amount of time and effort that should be spent in various research and
development areas.

1.2 Presentation.of Comparison {nputs

1.2.1 Weights

Weight aspects are interpreted and presented as fractions of the maximum flying
gross weight (W) of the aircraft. Consequently, the following definitions will be used:



Relative weight empty

We = We/W (1.1)
where W, is the weight empty.
Relative useful load
Wy = (W—WeiW =1 — We. (1.2)
Relative payload in general
Wpr = WpilW (1.3)

where Wy, is the payload.
Relative zero range, or zero tfme payload
Wopy = W—Wo— Werew = WerllW
or
Wopy = 1 - Wo — Werow,s (1.4)
where Wcuw of is the joint relative weight of the crew and trapped fluids.

1.2.2 Fuel Consumption

In range {R) considerations, the fue! consumption per pound of aircraft gross weight
and nautical mile (FCy) R can be computed when the fuel flow in ib per hr (FF) at a given
speed of flight (V, in kn), and aircraft gross weight (W) are known:

(FCwlg = FF/WV. {1.5)

Similarly, fuel consumption per pound of gross weight and one hour flight duration
(FCw), (be it hover or forward translation) can be expressed as follows:

(FCw), = FFIW. (1.6)

(3]
where FF, as before, is the total aircraft fuel flow in pounds per hour during the specified

regime of flight (from hover to Vmax)-



1.2.3 Payload vs. Range

A general expression for the determination of the payload that can be carried by
any aircraft or vehicle in general over a range (R} can be developed from a basic differential
equation giving the elementary variation in the gross weight of the vehicle {(dW) over an
elementary distance traveled (dR). Knowing the gross-weight and distance-related fuel con-
sumption (FC,,.)'v expressing fuel utilization (say, in pounds) per unit of gross weight (also
in pounds) of the vehicle's gross weight and unit of distance (in nautical miles) traveled,
dW becomes

' aw = —W(FCw)RdR. {1.7)

The total weight of fuel required to fly a distance R can be exactly computed once
the intended flight path is established; and speed, altitude, ambient conditions, and {FC,,) R
=f(W,V,p, T) sre known (where p is the air density and 7 is the ambient temperature).

However, in a comparative study such as this where relative merits regarding load-
carrying capabilities are mutually compared, a simple relationship for the relative payload
vs. range can be developed by assuming that the fuel consumption per pound of gross weight
and one nautical mile remains constant throughout the entire fiight.

Under these circumstances, integration of Eq. {1.7) would give the amount of fuel
required for range R:

Wl = {1 — exp [-(FC,1,RT}W (1.8)

and the relative quantity of fuel (qu )R is obtained by dividing both sides of Eq. (1.8) by the
maximum flying gross weight W:

(Wedg = 1 — expl—(FCy )R], (1.9)

Remembering that Wop / defines the relative zero range payload, an expression es-
pecially useful for our comparative study for the relative payload vs. range is obtained:

Woig = Wo, — 1 + exp[—(FCylgRI. (1:10)

In the above equation, (FCy) , is in Ib/Ib,n.mi, while R is the range in n.mi.
An exprassion for the relative payload vs. time (¢} on station — whether in hover or
in forward flight — can easily be obtained in a way similar to the development of Eq. {1.10):

Wplt - Wop, = 1+ exp[—(FC,lt] (1.11)

where (FC,,,)' (also assumed to be invariant) is the amount of fuel consumed per pound of
the aircraft gross weight and one hour, and ¢ is the time on station in hours.



Looking at Eqgs. (1.10) and (1.11), one may clearly see that the relative payload vs.
range or time relationships are dependent on two parameters: the zero-range {time) relative
payload levels (first term in those equations) and the fuel consumption values; per pound of

gross weight and nautical mile in Eq. (1.10), and pound of gross weight and one hour of

flight in Eq. (1.11). -
The Wop, term in Egs. (1.10) and {(1.11) abviously reflects the structural efficiency of
the design, since it is directly related to the relative weight empty {Eq. 1.4)).

The second term in Eq. (1.10) is governed by the (FCy ) g values which reflect aero-

thermodynamic efficiency of the aircraft as a whole with respect to the distance flown.

Similarly, in Eq. (1.11), the (FCw)‘ term represents a measure of the aero-thermodynamic
efficiency of the aircraft with respect to the time of flight. For helicopter-type rotorcraft,
the relative payload vs. time it of special interest for the hover regime of flight.

Figure 1 was prepared to illustrate the interplay between structural weight and aero-
thermodynamic efficiency aspects for two zero-range relative payload values, 0.4 and 0.6,

assuming that (FCy)p = 0.00031 Ib/ib,n.mi for helicopters, 0.00023 for tilt-rotors, and

0.00016 for turboprops.
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Figure 1.1 Relative payload variation vs. range for helicopters, tilt-rotors, and turboprops

A .look at this figure will indicate that for aircraft characterized by inherently high
JFCW’R values (i.e., steep slopes at the _W-p, = f(R) curves), high Wop ; — in other words, low
W, values — give them the possibility of being competitive with respect to more fuel-efficient
counterparts as far as transportation.of a given payload up to the same range values are con-

cerned.



1.2.4 Fuel Consumption Aspects

Total fuel flow (FF) in Ib/hr represents the rate at which an aircraft consumes fuel
under specified regimes of flight, as represented by gross weight, speed, and ambient condi-
tions. This, obviously, means that the fuel flow of all powerplants should be summed up for
aircraft having mixed types of powerplants acting simultaneously in a particular regime of
flight.

The gross weight-related rate of fuel consumption {FCy), in Ib/ib,hr becomes:

(FCy), = FFIW {1.12)

where the gross weight W is in pounds.
Fuel consumption p‘er pound of gross weight and nautical mile of distance flown
is obtained by dividing Eq. (1.12) by the speed of flight in knots:

(FCwly = FFIWV. (1.13)

For all types and configurations of aircraft examined in this report, a comparison of
(FC,,)H values is important, since their levels dictate the slope in the relative payload vs. range
relationship. Consequently, the influence of some important design parametric values on
fuel consumption per pound of gross weight and nautical miles flown will be briefly reviewed
later in this chapter. |

For all VTOL aircraft, the time and gross-waeight-related fuel consumption may be of
some interest in all regimes of flight. But, for helicopters, where hovering requirements often
constitute one of the most important parts of their mission definitions, a comparison of
(FC.,,.)r values in hover becomes essential in determining the competitive position of the
examined configurations with respect to those of the baseline. In order to make such com-
parisons for rotor tip-driven vs. shaft-driven types, special sections in Chapter 2 willi be
devoted to (FCw), computations. _

Fuel consumption per pound of payload at various ranges (FCp/)g may be considered
as another useful gage for comparing various types of aircraft and configurations with respect
to their effectiveness as transport vehicles.

Under ;he slmplif—y—ing assumption that (FCy ), = const, the amount of fuel required
by an aircraft to travel distance R is given by Eq. (1.8), and the payload that can be carried
over that distance can be obtained by multiplying Eq. (1.10) by W. Dividing Eq. (1.8) by the
modified Eq. (1.10), one obtains

(FColg = {1 —exp[—(FCw')RR:]}]{ Wopr = 1+ expl—(FCu)RI} .  (1.18)

Looking at Eq. (1.14), one will again note an interplay between the Wop / and (FC,) R
parameters. Types and configurations characterized by high (FC,) R values may still remain
competitive up to some range levels with the more fuel-efficient types if their zero-range
relative payloads remain sufficiently higher (i.e., relative weights empty are lower) than those
of their competitors. This point is illustrated in Figure 1.2,
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Figure 1.2 Fuel required per pound of payload vs. range

1.2.5 Relative Productivity

Relative productivity may be considered as still another universal gauge for measuring
transport effectiveness of aircraft representing different types and configurations.
Actual relative productivity (PR), as related to transporting a payload corresponding

to range, (WP,R). is usually defined as follows:

PR = VuWoig/We (1.15)

where Vx is the so-called work speed which, in repetitive operations, is computed on the
basis of distance traveled and total time elapse between two consecutive operations (Ref.

1), )
However, the ideal relative productivity is based on the aircraft or, in general, the

cruise speed of the vehicle:
I-;Eid =. VerWpig/We. (1.16)

In both of the above equations, the numerators express the quantity of Ib-n.mi,
ton-n.mi, or passenger miles that can be moved per hour which, obviously, can be considered

as a measure of the actual (Ea. (1.15)) or ideal (Eq. 1.16)) transport effectiveness of an air-
craft. or vehicle in general. Assuming that the cost is proportional to weight-empty, Eqs.

{1.16) and (1.18) may be considered as a means of evaluating the economic effectiveness of

a vehicle.



It is obvious that the so-established criteria would make sense for the types of vehicles
when costs per pound of the structure are similar. Although the idea of relative productivity
may not prove suitable for comparing, say, alrcraft and cargo ships within one family such
as helicopters or even transport aircraft in general, it may provide some measure of cost
effectiveness.

Dividing Wy, and W, in Eq. (1.16) by W and then substituting Eq. (1.10) for W;,/R,
Eq. {1.16) can be rewritten as

PRig = { Wo,, — 1+ expl=(FCu)gRI} Vool W, (1.17)

or, assuming for simplicity that Wo 0! =1-— W,, the following approximate expression can be
obtained:
FE,-,,.W = {1/W, expl(FCy) 4RI} — 1. (1.18)

Looking at the above equation, one can see that here again, the cost-affectiveness
of a vehicle is the result of an interplay between performance (V,,), relative fuel economy
(FCw)pq. and relative structural weight (W,). As far as the last influence is concerned, Figure
1.3imay prove guite instructive. .

In this figure, the approximate ideal relative productivity of the three types of aircraft
is plotted vs. relative weight empty for four ranges (0, 400, BOO, and 1200 n.mi). in addition,
the following rather conservative assumptions were made regarding relative fuel consumption
and cruise speed values: (FCw) g = 0.00031 Ib-n.mi and Ver = 130 kn for helicopters, (FCy ) g
= 0.00023 and V,, = 200'kn for tilt rotors, and (FCw)g = 0.00016 and V. = 240 kn for
turboprops.

This figure also reconfirms the importance of low W, levels for all three types of
aircraft as far as maintaining high productivity is concerned.,

It may be exprected that within similar gross-weight classes, the relative ideal pro-
ductivity of fixed-wing aircraft in general, including turboprop transports, will be higher
than that of helicopters and present tilt-rotors. With respect to the latter, advanced turbo-
props should h'lve potentially lower relative weights empty, lower fuel consumption per
pound of gross weight and one nautica! mile (cleaner serodynamics and higher wing aspect
ratios) and, possibly, somewhat higher cruise speeds. However, in those operations where
vertical takeoffs and landings are required, this productivity advantage will be of little value
to conventional turboprops. Thué, helicopters and tilt-rotors remain, at present, as the only
true baseline references for the VTOL operation field.

1.3 Discussion of Parameters Influencing Performance

1.3.1 General

It was clearly indicated in Section 1.2 that as far as broadly interpreted transport
missions of carrying some payloads over various ranges are concerned, the most important



— NelUoOpters
== = tili=rotors
- - =lurbo=prope

400 1 -
R=0nmi 400 n.mi.

F |
?
E
2
Q o ' ' v v
g 0.4 08 [T ] 04 (Y] 0.8
€ RELATIVE WEIGHT EMPTY RELATIVE WEIGHT EMPTY
w
é 300 *r . 800 a.mi 1 1200 ami
3 . '~
& N - s\
~. -~
200 4 \ ~ ' e
= i N T . T~
~ -
- b .. \s Yo
100 < ™~ - 4 ot ™~ - T -
-
\ \ -
~
¥ ] N N
0.4 os os 04 os os
RELATIVE WERIGHT BMPTY RELATIVE WEIGHNT EMPTY

Figure 1.3 Examples of approximate ideal relative productivity vs. relative weight empty

factors affecting ‘goodness’ of an aircraft to perform such tasks are (1) relative zero-range
payload or, in other words, relative weight empty, (2) fuel consumption per pound of the
aircraft gross weight and one nautical mile flown at a given cruise speed, and (3) absolute
cruise speed value.

In the case of missions built around the requirement of keeping a given payload on
station for a specified time, the two most important factors are (1) zero time relative payload
{obviously synonymous with zero-range payload), and (2) fue! consumption per pound of
gross weight and unit (say, 1 hour) of flight time. In helicopters performing crane operations,
jevels of fuel consumption per unit of weight and unit of time becomes especially important
for hovering and near-hovering regimes of flight.

With respect to the relative zero-range {time) values, it is obvious that the higher they
are and thus, the lower the relative weight empty, the better. An extensive discussion of
factors affecting relative weight-empty levels is beyond the framework of this study. However,



a reader interested in this subject can get some information regarding temporal and gross-
weight related weight-empty trends, and the influence of structural materials on W,

levels from Ref. 2.
As previously mentioned, the most important aspects of time and gross-weight related

fuel consumption in hover will be discussed in Chapter 2. Consequently, only the case of fuel
consumption per pound of gross weight and one nautical mile will be briefly discussed here,
and some of the important parameters influencing (FCy) P will be indicated.

1.3.2 Atmospheric Conditions

Atmospheric environment of flight is the result of an interplay between pressure
altitude and smbient temperature. Both of these factors affect air density values, while
temperature may be considered (with a very high degree of accuracy) as the sole variable
influencing the speed of sound and thus, Mach number levels.

The influence of a combination of ambient temperature with pressure altitude is
especially important for VTOL operations. Performance of most vertical thrust generators
is affected by the air density and, in some cases, Mach number values. Power outputs and,
to some extent, powerplant sfc may also vary with ambient temperature and pressure changes.
Figure 1.4 is shown to illustrate the dependence of the relative air density, p = p/p,, (where
po is the air density at SL, Std), on pressure altitude and air temperature,
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Drag rise on the advancing blade of rotorcraft and of the whole fixed-wing aircraft

when attaining elevated subsonic speeds with respect to air are related, not to the speed

per se, but to the corresponding Mach number levels. In this respect, especially from an

operational point of view, it becomes important to know the air velocities at various altitudes

corresponding to a given Mach number value. Figure 1.5 is shown here to illustrate that point
for the STD atmosphere case. Looking at this figure, one can see that, for instance, M = 0.8
would be reached at 529 knots at SL, 492 knots at 20,000 ft, but already at 459 knots at

40,000 ft.
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Figure 1.5 Mach numbers vs. various standard altitudes

1.3.3 Parameters influencing Fuel Consumption

It was indicated in Section 1.2 (Eq. 1.5)) that in determining (FCw)g values, the
totsl rate of fueél consumption (FF, in Ib/hr) should be- gstablished first. This, obviously,
means that in such rotorcraft types as compounds where forward propulsion may be provided
by various types of powerplants different from those driving the lifting rotors, separate
accounting of the rate of fuel consumption should be made for all of the powerplant units,
and then summed up. Because of the possibility that the resulting total fuel flow could
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vary greatly depending on the distribution of the ‘work’ effort between the various power-
plants, it is difficult to establish some general relationships which would indicate the influ-
ence of various other factors and design parameters on FF and hence, (FC,,)R or (ch),
values. Consequently, fuel efficisncy of aircraft with mixed types of engines (working at the
same time) should be judged individually for each aircraft configuration once an optimal
work distribution between different types of powerplants for a given regime of flight has
been established.

By contrast, for aircraft types where engine(s) of a single species sustain the aircraft
in flight, it is easier to develop relationships which would indicate the role of various factors
and design parameters on (FC,,) levals.

1.3.4 Parameters Influencing OGE Hover Performance

For shaft-driven rotorcraft, the total SHP required in hover OGE can be expressed
as follows:

SHPy = k," "W W/ 20,p/550FMn,, (1.19)

where &, is the vertical download factor {(ratio of thrust required to gross weight), w is the

disc loading in psf, p, = 0.002378 slugs/cu.ft, 7 is the relative air density, FM is the rotor

figure of merit, and L is the ratio of rotor power required to the corresponding shaft power.
The rate of hourly fuel consumption in Ib/hr of the aircraft as a whole will be

FFy = SHPysfc (1.20)

where sfc is the engine specific fuel consumption (Ib/hr,hr) corresponding to the powerplant
rating required in hover under given ambient conditions.

The fuel consumption per pound of rotorcraft gross weight and hour (see Eqs (1.19}
and (1.20)) becomes:

(FCw)y, = 0.0284k,%* w/pstc/FMn,,. (1.21)

Eq. (1.21) clearly indicates that the following parameters {(listed in order of their
usual 'degree of importance) are (1) lifting rotor disc loading, {2) engine sfc, (3) rotor figure
of merit, (4) ratio of rotor power to shaft power, and (5) download factor.

In rotorcraft using blade-driven lifting rotors, there is such a variety of thermody-
namic and mechanical schemes that it becomes difficult to single out some definitive factors
and parameters .that would be common to all encountered design approaches. However,
even in this situation, it is possible to indicate a factor which would be of special importance
to all blade-tip-driven rotorcraft. Such a common factor may be the thrust specific fuel
consumption (tsfc) in Ib/ib,hr of units driving the blades.
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Such a thrust specific fuel consumption in hover can be defined as
tsfc, = FFIT, (1.22)

where FF is, as always, the rate of fusl consumption by the aircraft as a whole, and 7, is
the total tip thrust needed to drive the rotor.

Since, in blade-driven schemes, the lifting rotor is the only source of power, Eq.
(1.19) can be used to express the rotor power required.

Consequently, the total tip thrust required can be obtained by dividing Eq. (1.19),
with the 5560 number omitted, by the tip speed V; (in fps):

T, = &2 Wwi2pap/FMn,, V; (1.23)

and the specific fuel consumption per pound of GW and hr can be obtained by dividing
Eq. {(1.23) by W and multiplying by fsfc,:

(FCwle, = 1488, Wip tste V,FMn,,. (1.24)

The significance of such parameters as disc loading, figure of merit, and download
factors will be the same as in Eq. (1.21). But the 1, value will be closer to 1.0 since, in
tip-driven schemes, there is no power loss for the lifting rotor torque compensation {as
in the single-rotor configuration), and mechanical transmission efficiency does not enter
the picture. The sfc is replaced by tsfc,, and tip speed appears as a new parameter.

Figure 1.6 was prepared to give the reader some idea as to how some of those
factors may influence the (FFw)t,, levels in shaft and tip-driven schemes. This figure shows
(FFW’r,, vs. w. For the shaft-dri\(en configuration, this was done for the two gssu'med'
sfc values of 0.4 and 0.6 Ib/hr;hp, which includes most of the specific fuel consumptions
currently encountered in practice. For tip-driven types the tsfc, values extend from those
typical for the low bypass ratio turbofans (BPR < 2.0) to those of ram-jets. In addition,
the following assumptions were made for all types of helicopters: V; = 700 fps, M, = 0.63,
? = 1.0, k, = 1.0, and FM = 0.72, whilée Noy = 0-87 was assumed for shaft-driven types, and
0.95 for tip-driven types, respectively. For jet-type helicopters, the following values of tsfc,
at M, = 0.63 were taken from Figure 3.3 of Ref. 3: low bypass ratio turbofans, 0.68, and
pure jets 1.0 Ib/hr,Ib. For ducted air with tip burning (10007K) and ram-jets types, tsfc, =
2.4 and 7.1 Ib/hr,Ib, irespectively, were estimated from Ref. 4, p. 107.

When looking at Figure 1.6, one should remember that this is a rough representa-
tion of the trends in fuel consumption per pound of gross weight and one hour of flight
for the shaft-drivéen and various tip-driven helicopter concepts. A more detailed study of
this aspect will be conducted in Chapter 2. Nevertheless, from this figure alone, one would
note that for the same disc-loading levels, there exists a very large difference in (ch’,
values for helicopters representing various concepts of driving the lifting rotor(s).
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Figure 1.6 A comparison of trends in fuel consumption per pound of gross weight
and 1 hr in hover OGE, SL STD, for shaft and tip-driven helicopters

For instance, for subsonic ram-jet helicopters, the fuel consumption per unit of
gross weight and unit of time appears to be about ten times higher than for their shaft-driven
counterparts at the same disc loading. In spite of such odds, serious, nonamateurish attempts
were made to develop operational ram-jet-driven helicopters, showing that the designers
hoped to compensate for the fuel consumption handicaps through such advantages as the
extreme simplicity of the aircraft — leading, in turn, to very low relative weight-empty values
and potentially low unit prices. Thus, this extreme case may be cited as an example of the
previously mentioned importance of the interplay between the relative weight empty and
fuel consumption per unit of gross weight and time in achieving a desired performance in
hover.

As a postscript, it may be added that in the case of ram-jet helicopters, the extreme
noise making these aircraft operationally unacceptable was probably the main reason for
abandoning any further attempts toward improvement.

1.3.5 Parameters Infiuencing Horizontal Flighi Performance

For rotorcraft where shaft-type engines provide all power required in horizontal
flight (SHP,eq). an idea of the gross weight to the equivalent drag ratio {W/D,) was intro-
duced as a common gauge for measuring the aerodynamic efficiency of the aircraft. It may be
recalled that this quantity at any speed of flight in knots (V) is defined as follows:
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W/D, = WV/3255HFP {1.25)

where the gross weight is in pounds. .

Knowing the gross weight to the equivalent drag ratio values as a function of the
speed in horizonta! flight, the total rate of the hourly fuel consumption by the aircraft
becomes:

FF = (W/D,)” ' Wsfc V{1.69/550) (1.26)

and fuel consumption per pound of aircraft gross weight and one nautical mile flown is
obtained by dividing Eq. (1.26) by W and V:

(FCyly = 0.00307(W/Dyf ‘stc. (1.27)

where sfc is the engine specific fuel consumption at the power setting and ambient condi-
tions corresponding to horizontal flight at speed V {in knots).

For propeller-driven fixed-wing aircraft, the SHP required in horizontal flight can be
expressed as

SHP,eq = WD) 'WVi3257, (1.28)

where W/D = L/D is the actual lift-to-drag ratio of the aircraft, and 7, is the propeller pro-
pulsive efficiency.

The (W/D)np, product may be called the gross-weight (lift), to the equivalent drag
ratio:

(LID)n,, = (WiDIny, = W/D,. (1.29)

Equations for the total rate of fuel flow and fuel consumption per pound of gross
weight and one nautical mile flown become identical with Egs. {1.26) and (1.27), respectively.
Now, the weight to the equivalent drag ratio, as defined by Eq. (1.26), becomes an important
tool for direct comparison of the fuel efficiency of various shaft-driven concepts and con-
figurations. This is especially convenient, since sfc may, in principle, be the same for like
rated power class engines, regardiess of the type of aircraft on which they are installed.
Consequently, knowledge of the (W/Dg) = f (V) relationship may be all that is needed to
judge at a glance the effectiveness of energy utilization of a given shaft-driven type of air-
craft as a whole. '

For jet-propelled aircraft, the rate of fuel consumption by an aircraft flying hori-
zontally and assuming that weight-to-drag ratios are identical to the lift-to-drag ratios, will be

FF-= (WD) ‘Wit (1.30)
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where tsfc is the engine thrust specific consumption in Ib/lbhr. Knowing the relationship
between tsfc and speed (Mach number) of flight at given ambient conditions, the fuel con-
sumption per pound of aircraft gross weight and nautical mile flown can be computed from
the following expression derived from Eq. (1.30):

(FCwlp, = (w/D)~1ste/V. (1.31)

Looking at Egs. (1.27), (1.29), and (1.31), one would note that in fixed-wing con-
figurations, the (W/D) levels represent one of the most important factors regarding energy
utilization aspects of aircraft in transport tasks. Consequently, it may be useful to recall
the design parameters and bmbient conditions that play a major role in maximization otf
the W/D or, in other words, minimization of the D/Wvalues.

The total drag of an aircraft deriving its lift (L = W) from the wing in horizontal
flight is

D = qUf +S4uCD Meompr + (CL2IMARLIS,). (1.32)

In this equation, g is the dynamic pressure of flight {for V in knots, g = 0.0034p v?),
f is the equivalent flat plate area {in sq.ft) of the aircraft, less wings, S, is the reference
wing area, Cp o is the profile drag coefficient of the wing, Agomp, is the drag rise factor due
to compressibility effects (assumed for simplicity as being the same as for the parasite and
wing drags), AR, is the effective wing aspect ratio, and C; is the wing lift coefficient.

Remembering that in horizontal flight, C; = w, /g, where w,, is the wing loading,
and dividing Eq. (1.32) by W, the following expression for the drag-to-gross-weight ratio
is obtained:

D/W) = qllliwg) + (Cpp/WwwN Aecompr + Wy/TAR,q). (1.33)

Making 3(D/W)f3 g = 0, the q value at which D/W becomes a minimum; i.e., W/D a
maximum, is obtained:

Gope = VWwlTARG[(1We) + (CD,/WwN Aeompr- (1.34)

Multiplying the numerator and denominator in Eq. (1.34) by the wing loading, Eq. (1.34)
becomes

QOpt = WW/J"AR.[‘WW/wf) + CDol Mompr.‘ R (1.343’

But w,/ws = (WS VWM = /S, = CD”,, where CDpnr is the parasite drag
coefficient of the aircraft less wings. CD,,,, + CD° can, in turn be called the total noninduced
sircraft drag coefficient (Cp,,, ) 8nd Eq. (1.34a) can simply be written as -

Gopt = Ww/V "ARcCDM,,chompr- {1.34b)
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By the same token, the optimal value of the wing loading corresponding to the given
g of flight, wing aspect ratio, and degree of aerodynamic cleanness of the aircraft as expressed
by the Cp,,;, 4 level, can be obtained by solving Eq. (1.34b) for w,,!

Wwopt = qmchn;ndxcompr- (1.36)

Substituting.Eq. {1.34b) intc; Eq. (1.33), ;@ useful expression for the interpretation
of the influence of some important design parameters on the optimal gross weight lift-to-drag
ratio is obtained.

(W/Dmax = % VAR [wy/we) + Cp,) Ncompr (1.36)

or, remembering that (wy,/w¢) + CD, = CDpinge Eq. (1.36) may be rewritten in a coefficient
form:

(W/Dnex = %\/;ARQ/CDnind)\compr- (1.37)

The above developed relationships are illustrated by a few figures which should enable
the reader to see at a glance how various design parameters influence optimal gross-weight
{lift) to drag ratio levels.

Figure 1.7 was prepared to show the interplay between wing aspect ratio, wing load-
ing, and overall aerodynamic cleanness of the aircraft in determining the (W/D)op, levels.

The lower part of the graph shows the influence of wing loading (vertical scale) and
cleanness of the airframe (indicated by the equivalent flat plate area loading values). For
instance, assuming that wing loading is 100 fps and the anticipated wy = 2000 psf, the air-
frame parasite drag coefficient is seen as equal to 0.05. To this, the expected profile drag
coefficient of the wing (0.008 in the example shown in Figure 1.7) is graphically added.
Should it be anticipated that the flight Mach numbers would be high enough to significantly
increase the previously obtained total noninduced drag coefficient level, then a proper
correction (Acomps) should be applied (here, Acompr = 1.0 is assumed). As shown in the
upper part of this figure, the combined influence of the CD,, ind and AR values on the W/D
levels can be examined. It can also be seen that in our example of CDpinad = 0.068, the
optimal weight (lift) to drag ratio would be about 7.4 for AR = 4, but woulid increase to
(W/D)max = 11.8, should the aspect ratio be equal to 10.

One question that could be asked when formulating a basic concept of a VTOL
aircraft which cruises in the fixed-wing configuration is what the wing loading should be in
order 1o ascertain that at the intsnded flight speed and altitude, the aircraft would operate
at or near its W/D (L/D) optimum. Eq. (1.35) answers this question analytically. However,
a graphical interpretation of that squation may be better suited for understanding the role
of various design parameters (Figure 1.8).
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From the upper graph of this figure, the approximate values of dynamic pressure

and Mach number corresponding to the intended speed and altitude of flight can be read.
Knowledge of the flight M level should give a clue whether compressibility corrections shouid
be applied and thus, provide the level of the noninduced drag coefficient of the aircraftasa
whole that can be expected. Having this latter figure, and knowing the anticipated geometric
and effective wing aspect ratio (AR,), the approximate ratio of optimal wing loading to the
flight g corresponding to the intended speed and altitude of flight can readily be read from

the lower graph shown in Figure 1.8,

It should be recalled at this point that the wing loading to the flight dynamic pressure

ratio is equal to the aircraft lift coefficient (Cz): C; = wy/q.

Consequently, looking at the so-obtained optimal w,,/q ratios, one would be able to

judge whether the corresponding ideal C; opt values would still be within the envelope of the
lift-coefficient values possible for the aircraft. it might be necessary, in some cases, to select

a wing loading lower than its theoretically optimal value.

1.3.6 Regions of Fuel Consumption per Lb of GW and N.Mi,

In conclusion of these general considerations of enargy utilization aspects in forward

flight by an aircraft as a whole, Figure 1.9 is presented. Here, regions of the possible optimal

(ch)n values vs. corresponding cruise speeds are outlined for the following aircraft of the
10,000 to 100,000 gross-weight class representing the current state of the art: helicopters,
tilt-rotors, turboprops, and turbofans.
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The (FCylp re'gions'shown in this figure were established by taking, as the abscissas
of the corner points, the lowest and highest cruise speeds encountered for a given type of sir-
craft as shown in Table 1.1. Then, the highest and lowest probable values of the ordinates
for the corner point were computed from Eqs {1.27) and (1.31) by taking the worst and best
combinations of the (L/D,),,,, and sfc for the shaft-driven aircraft, and L/Dp4x and tsfc
for turbofan aircraft.

TABLE 1.1

RANGES OF ASSUMED PARAMETRIC VALUES®.5 8.7

AIRCRAFT TYPE

PARAMETRIC VALUES

HELICOPTERS| TILT-ROTORS | TURBOPROPS TURBOFANS

Highest Ver, Kn 160 280 310 480

Lowest Ver, Kn 120 230 200 400
] 1/D)max O L/Omax” 8.0 11.0 12.0 16.0
Y N
2] stc, ibmp,hr 0.40 ‘ 0.40 0.40 -
[ 4]

wsfc, Ib/lbhr - - - 05°*
. (L/Dg)e ., OF L/Dmax" 4.0 6.0 7.0 120
| stc, Ib/hr he 0.66 065 0.65 -
E

tsfc, Ib/ibhr - - - 08

Notes: *Turhafans
**High BPR

1f one would mark the points on Figure 1.9 corresponding to the (FCy ), values at
specified best cruise speeds for presently operational aircraft, one would note that most
of the points would be located in the lower half of the shown regions. However, some points
may be even above the shaded area.

Of particular interest, are the bottom lines of the (FCy)p, regions, as they would
indicate already existing potentials regarding achieving low (FCy)g levels at cruise speeds
representative of various types of aircraft. Consequently, they may serve as the baseline in
evaluating future concepts and configurations.

As to the particulars of the optimal (FCW)R boundaries, it may be expected that
classical turboprops would have some advantage over the presently configured tilt-rotors,
as tilt-rotors have inherently low aspect ratios.
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With respect to the bottom line of the turbofans, one may object that it may be some-
what unconservative, since it represents a combination of the highest, presently encountered,
(L/D)mox values and lowest current tsfc leveis as represented by the high BPR type engines.
This, of course, would require large nacelles, or fuselage bulges, thus leading, in principle, to
lower (L/D)p,4x levels than those obtainable for aircraft equipped with low, or no, BPR
engines requiring more slender nacelles, or smaller protrusions for housing the powerplants.
However, should unducted fans (UDF) be used, then a combination of maximum L/D values
and a low tsfc (even lower than the 0.5 Ib/Ib,hr assumed in Table 1.1} would become possible.

In summary, Figure 1.9 may be considered as a fair representation of trends in {FCwlg
levels and cruise speeds for various aircraft in the 10,000 < W < 100,000-1b gross-weight
class, while their bottom lines may be taken as optimal boundaries representing the current
state of the art.
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CHAPTER 2

TIP DRIVEN HELICOPTER CONCEPTS

2.1 Introduction (Historic Perspective)

The basic idea of putting a rigid body into rotary motion by discharging a jet of fluid
from nozzles located at the periphery of the body goes back to the first century A.D. At that
time, Hero (also called Herc;n) of Alexandria developed what was probably then considered
8 toy, consisting of a steam-driven rotor {Figure 2.1(a)).

in more modern times, there were many attampts. to:apply the principle of jet propul-
sion to rotors of various rotorcraft by discharging either hot or cold gases, largely from dis-
crete nozzles located at the blade tips. There were also projects aimed at discharging part of
the gas through slots extending along the blade span (but still mostly in the tip region), thus
combining propulsion with some aspects of circulation control.

(a) Hero b lipiln: A B, 3t bellar; C D, sup-
poris; a, revclving globe; H K, noxzles.
Figure 2.1 State of the art design progress from the steam-driven globe of Hero (1st
Century AD) to the jet-driven WN-342 of von Doblhoff {early 1945)

As for ‘reduction to practice’ of the concept of the jet-driven rotor, von Doblhoff’s
helicopters developed during the 1843-45 time period were probably the first rotorcraft of
that type to achieve flight-test status. His fourth model, the WN-342 in early 1945 (Figure
2.1(b}), used rotor jet drive for takeoffs and landings and, in forward flight, worked as a
propeller-driven autogiro. During the post-war period, von Doblhoff continued to further
develop the idea of combining the jet-driven rotor with the autogiro principle by working
on the McDonnell XV-1 compound helicopter.
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As to other pioneering efforts of adapting jet propulsion to helicopters, the develop-
ment of an aircraft by the Jet Helicopters Company in Montreal, Canada should be cited. in
this case, the B-36, a single-seater. of approximately 3000 Ib GW was designed and built
along the concepts and patents of W. Brzozowski during the 1844-46 time period and was
eventually ground tested around the 19505 but, to the best knowledge of these investigators,
it was never flown (Figure 2.2}.

Figure 2.2 B-36 helicopter of Jet helicopter Company, Canada

in both of the above described configurations, air was brought to a higher than atmos-
pheric pressure level by a compressor located in the airframe. However, in Doblhoff’s
approach, compressed air was mixed with gasoline and then ducted to the blade tips where it
was ignited by means of spark plugs. in the B-26 case, compressed air was ducted to the
biade tips, where fuel was supplied to the burners.

Shortly after World War 11, especially in the 1960s and 1960s, many schemes similar
to those of von Doblhoff and Brzozowski, as well as other variants of tip-driven rotors, were
either actually constructed or, at least, seriously studied. All of the so-developed helicopters
can be roughly divided into two basic types:

(1 Rotorcraft with airframe-mounted compressed air or gas generators, where gases are
ducted through the blades for either direct discharge through tip nozzies or, in the case
of compressed air, the flow of gases is further energized by fuel combustion in special
— usually tip-mounted — burners, and

(2) Configurations where complete powerplants are blade mounted; in most cases, at the
tip.

Helicopters belonging to thﬁ first type can, in turn, be divided into the following
sub-types:
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(a) Cold Jets. Here, air is brought to a high pressure by a compressor located

in the airframe and then ducted through the blade and discharged through biade-tip nozzles.

The Sud-Aviation Djinn of the 1860s can be cited as the most successful representative

of that category (Figure 2.3) while, at present, a helicopter design based on this same principle
is being carried out by Voljet of New Jersey under the leadership of Liberatore (Figure 2.4).

Figure 2.4 The Voljet Model 280 compressed-air-driven helicopter
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{b) Tip Burning. Tip-burning types represent variants of von Doblhoff’s and
Brzozowski’s original approaches, wherein energy contained in the compressed air flowing
through the blade ducts is further augmented by fuel burning in the tip region. Two com-
pound helicopters, the McDonnell XV-1 (Figure 2.5) and the Fairey Rotodyne (Figure 2.6)
can be cited as the most prominent representatives of this type of reaction rotor drive.

The most objectional characteristics of this system of rotor propulsion were noise and
high fuel consumption.

(c) Hot or Warm Cycle. In this scheme, a mixture of compressed air and engine
exhaust gases (Figure 2.7) is produced by a generator; again, located in the airframe and then
ducted to blade-tip nozzles, where it is discharged at basically subsonic speeds and tempera-

tures as low as 230°C.
Considerable research and design work on the so-called ‘warm’ system was conducted

by the MBB company (then Bolkow) under the leadership of Heidelberg in the late 50s and
early 60s. These efforts were directed toward development of a heavy-lift transport helicopter,
the BO-X model (Figure 2.8).
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ngure 2.8 Artist’s impression of the BO-X heavy-lift helicopter

The BO-X project was aimed at a machine capable of meeting and exceeding the
U.S. heavy-lift helicopter specification of lifting payloads of approximately 20 tons (actually
26.5 tons for the BO-X) at 6000 ft, 85°F ambient conditions.

In order to establish a solid technical background for design efforts, Bblkow Company,
in the early sixties, constructed a large (31-m dia) rotor using the Heidelberg system. This
rotor was capable of developing thrusts of over 30 tons, and had been extensively tested on
a special rotor test stand powered by a G.E. dual-flow turbine, producing a maximum 18,000
gas hp (Figure 2.9).
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Figure 2.9 Taest facility for the full-scalé, tip-driven rotor using a low-pressure
reaction propulsion system

It should be noted that the key to the feasibility of the final BO-X design based on the
so-called ‘Heidelberg warm, low-pressure gas system’ was the use of dual flow (bypass = 1)
turbofans such as the Pratt Whitney JTBD engines installed on Boeing 727 pianes (Ref. B).

in this country, research on the hot/warm pressure-jet systems and design studies
regarding possible applications of that approach for heavy-lift helicopters were carried out
primarily by Hughes. One scheme of their system, known as the hot pressure-jet system (dis-
cussed in detail by Nichols in Ref. @), is shown in Figure 2.10.

PRISSURE-SET DRIVE SYSTEM

e,
e

SAALL DIRECTIONAL

g CovTR Roion

ROIOR
GAS PRODUCER lmmt CIFICIENCY - 508 3% OF MAIN ROTOR
POGER * 1003 POVER CONSUMED

Figure 2.10 Scheme of Hughes hot pressure-jet system 4
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One can see from this figure that the principle is practically the same as that of Hei-
delberg (Figure 2.7). The difference consisted of a trend toward higher pressures and tempera-

tures in the Hughes designs than those in the Bolkow systems.
It should be noted that similar to studies by Bolkow, studies by Hughes in the 1860s

also indicated that their system can, in principle, be competitive with shaft-driven configura-
tions in the heavy-lift helicopter class. An 0.7-scale model aircraft of the full-scale Hughes
XV-9A machine based on the hot-cycle approach was test flown (Figure 2.11).

Figure 2.11 Hughes XV-9A helicopter based on the hot pressure-jet drive'system

in the late seventies and early sighties, Hughes Company and the David Taylor Naval
Ship Research and Development Center conducted studies of a warm cycle approach similar
to the Bolkow concept, but incluQed an investigation of incorporating circulation control.
A very-heavy-lift helicopter (VHLH) was designed along those lines {Figure 2.12, Ref. 10},

This helicopter, having a gross weight of about 270,000 b powered by four low-
bypass-ratio Pratt & Whitney F-100 or G.E. F-101 engines, was designed to carry the 60-ton
XM-1 Main Battle tank for a distance of 100 nautical miles in a ship-to-shore assault mission.
An interesting feature of the design was incorporation of blade circulation control, thus
permitting one to eliminate root pitch control and opening the possibility for use of higher
harmonic inputs to reduce vibrations associated with the two-bladed rotor configuration.

Helicopters belonging to the tip-mounted powerplant groups can, in turn, be divided

into the following sub-types:

1. Ram jets are probably the simplest conceptual solution for tip-driven rotors, as
ram-jet engines have no moving parts, and thus are capable of sustaining the high
g-fields encountered at the blade tips. The Hiller HJ-1 Hornet (Figure 2.13), and
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Figure 2.12 VHLH General Arrangement

the Dutch Kolibrie (Figure 2.14) may be cited as representatives of this type
which were produced in small quantities. Noise and extremely high fuel con-
sumption were the most objectionable characteristics of these rotorcraft.

Figure 2.13 The Hiller HJ-1 Hornet ram-jet-driven helicopter
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Figure 2.14 Production model of the NH! H-3 Kolibrie ram-jet-powered helicopter

2. Blade tip-mounted turbojets, wherein complete turbojets are mounted at the
blade tips. Originally, studies in Great Britain indicated a potential feasibility
of this approach for heavy and very heavy helicopters {Figure 2.15 (Ref. 11)).
In this country, anticipated promises of tip-mounted turbojets prompted tests
conducted by Hiller in the early 1860s, wherein the feasibility of the concept
was investigated by whirling the Williams jet engine at a centrifugal acceleration .
of about 200+ g's. Extensive design studies were also performed by Hiller and
Piasecki in the mid-sixties (see Appendix).

Main Rotor Diameter 1% e
Length of Fuselage 134 it
Haight to CL Rotor 37 fe.
Depth of Fuselage 22 6. 6 ins.
Width of Fuselage 2 e
Volume of Main Cabin 20,500 cu. ft.
Size of Door Opaenings 12" deap 20" wide
Normal 'hnhé: $,000 galls.
Msax. Seating Cspacity 450 Troops
Normal A.U. Weight 206,000 Ib.

JET TRANSPORT HELICOPTER

3 ARMSTRONG-SIDDELEY * SAPPHIRE *
GAS TURBINES

Figure 2.16 ‘“Giant,” the original early 1860's concept of turbojet-driven rotors
applied to heavy-lift helicopters"

However, no actual helicopter having tip-mounted turbojets was ever built.
Professor H. Velkoff (Ohio State University) indicated to these investigators
that the high cost of deveioping, or even adapting, existing powerplants to high-g
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operational conditions was probably the chief reason for the lack of actual de-
velopment along those lines. Also, high noise levels and somewhat higher fuel
consumption than for shaft-driven types also probably contributed to the lack
of actual development of the blade tip-mounted turbojet concepts.

Blade tip-mounted unducted fans. From the point of view of effective fuel
energy utilization, all of the tip-driven rotor concepts discussed so far have a
common flaw. Because the exit velocity from the thrust-producing blade-tip
nozzles is much higher (sonic, or close to sonic at elevated temperatures) than
the rotor tip speed, the propuisive Froude efficiency is quite low. Furthermore,
in the fuselage mounted gas generator concepts, ducting losses encountered
by gases flowing ‘from the generator to the blade tips additionally contribute to
the reduction of overall fuel efficiency. Consequently, thrusters installed at
the blade tips, or slightly inboard, that would operate at a high propulsive effi-
ciency and suffer no duct losses appears as a desirable step toward more efficient
fuel utilization. In this respect, airscrew-type thrusters appear as an attractive
possibility. The idea of using propellers as a means of driving a lifting rotor is
not new, as witnessed by the Isacco helicopter in 1928 (Figure 2.16). However,
at tip-speed values commonly now in use in helicopter design {V, = 700 fps

Figure 2.16 lIsacco’s 1929 helicopter

and higher), the propulsive efficiency of conventional propellers begins to de-
teriorate. By contrast, the installed efficiency of unducted fans (UDF) is superior
to that of both conventional propellers and jets (Figure 2.17, Ref. 12). Conse-
quently, work currently being performed on the development of unducted fans
(UDF) for high subsonic fixed-wing aircraft should encourage one to take a fresh
look at the general type of tip-mounted complete powerpiants — this time, using
unducted fans. Because of the high propulsive efficiency of the UDF, one may
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expect that specific fuel consumption referred to the rotorcraft gross weight
(ch)" can be brought to shaft-driyen helicopters levels. Specific fuel consump-
tion related to zero-range payload (FCOpl), should be considerably better than
for the shaft-driven counterparts because of anticipated lower relative weight
empty (W,) values resulting from the elimination of the mechanical drive system.
With respect to single-rotor configurations, additional gains in the weight-empty
values and overall efficiency can be expected because of the elimination of the
torque-compensating tail rotors.

in order to get a better feeling, both for potential gains in (FCy), and (FCop e
as well as the general feasibility of the concept, two hypothetical single-rotor
crane helicopters of 400,000 and 200,000 Ib gross weight are studied here in a
somewhat cursory way ‘(see Appendix A). It is believed, however, that in spite
of it; limited scope, this study should provide sufficient data to answer some
basic questions regarding the competitive position of the unducted-fan concept
with respect to shaft-driven types, and to indicate the direction for more de-
tailed studies and research.

In conclusion of this historic perspective review, a brief list of representative tip-
driven helicopters (both past and those under current development), along with some impor-
tant characteristics assembled from Refs. 7, 8, 10, 11, 13, 14, 15and 16 is presented in Table

2.1. »
At this point, it should be recalled that the principal incentive for studying and de-

veloping the tip-rotor-driven helicopter has been, and still is, to eliminate the mechanical
transmission and avoid the necassity for torque compensating devices in single-rotor con-
figurations. Both solutions would hopefully lead to more favorable relative weight-empty and

simpler designs.
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TABLE 2.1A

PRINCIPAL CHARACTERISTICS OF REPRESENTATIVE TIP-DRIVEN-ROTOR
HEUCOPTERS USING AIRFRAME-MOUNTED AIRGAS GENERATORS

COLDCYCLE WARMHOT CYCLE
PRINCIPAL DJINN VOLJET 280 VOLJET 281 BOLKOW HUGHES GEORGIA TECH| HUGHES/DAVID
CHARACTERISTICS (STUDY) B8O-X XV-9A (STUDY) TAYLOR {STUDY)
APPROX. DESIGN YEAR 1953 1987 1982 1960-64 1960 1988 ~1980
233,000 NORM 99,225 N 15300
GROSS WEIGHT, LB 1,763 4,850 201,000 MAX 147,735 M | 25,500 MAX 76,870 268,000
WEIGHT EMPTY, LB 838 2,170 104,752 44,100 8,700 30,788 91,300
RELATIVE WEIGHT a7 45 47.1 NORM 43.8 NORM 57 NORM 40 34
EMPTY % 37.7 MAX 30.0 MAX 34 MAX
ROTOR RADIUS, FT 18.04 19 103 58.56 27.5 48.7 82.5
ROTOR ARTICULATION GIMBAL GIMBAL GIMBAL RAPPING AAPPNG ALAPPING
HINGE
NUMBER OF BLADES 2 3 6 3 3 2
ROTOR SOLIDITY, % 2.7 5.4 0.106 13.9 0.134 6.7
BLADE t'c % 18 18 =20 18
7.0 NORM 9.2 NORM
DISC LOADING PSF. 1.72 4.28 8.73 MAX 13.7 MAX 6.44 10.3 10
10.74
510 HOVER
T SPEED, FPS 661 T.0. 600 550 700
755 JUMP T7.0.
JET VELOCITY, FPS =1150 1180 1180
TURBOMECA | PWL PT6C-60| 8 x ALLISON x 2X GE YT64 4 x P&W F-100
POWER PLANT(S) PALOUST IV 1150 HP T-701 PLUS GAS 32020 OR 4 x GE F401
240 AIR HP 8 LOAD COMPRES GENERAT. POWER REQ).
INSTALLED POWER
LOAD, LBHP 7.34 4.22 [2.33])
108 DB@SOFT
NOISE LEVEL 102D0B @
100 FT
REMARKS
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TABLE 2.1B

PRINCIPAL CHARACTERISTICS OF REPRESENTATIVE TIP-DRIVEN-
ROTOR HELICOPTERS USING TIP-MOUNTED POWER PLANTS

FUSELAGE-MOUNTED COMPRESSORS TIP BURNERS RAMJETS TURBOJETS __ | UNDUCTED FANS
FITZWILLIAMS
PRINCIPAL 6.0 1110 MCDONNELL FAIRY HLLER HYPOTHETICAL| HYPOTHETICAL
CHARACTERISTICS ARIELH XV-1 ROTOUYNE HORNET KOULBRIE *GIANT* 400,000 LB
APPROXIMATE
DESIGN YEAR 1948-49 1951-55 1957 1950 1955 ~ 1850 1989
GROSS WEIGHT, LB 2,376 5,380 38,000 1,080 1.323 | 60000 (MAX)| 400,000
. 53000 (NORM)

4762 (WITH
WEIGHT EMPTY, 1,595 UNKNOWN WT 23,000 231 440 20,700 167.000
B OF INSTRS)
RELATIVE WEIGHT 67.0 {88.5] 59.0 21.0 33.3 34.5 (MAX) 41.8
EMPTY %
ROTOR RADIUS, FT 17.7 15.5 45 1.5 16.5 52 100
ROTOR
ARTICULATION GIMBAL RAPPNG GIMBAL
NUMBER OF BLADES] 3 3 4 2 2 3 3TO6
ROTOR SOLIDITY, % 4 9 6.37 ~10.5 11
BLADE vc, % 24/12
DISC LOADING PSF. 2.4 7.13 6.14 2.6 1.55 7.07 (MAX) 12.5
TIP SPEED, FPS$ 665 720 550 700
JET VELOCITY, FPS ~1500 ~760

R-975-19 NAPIER ELAND SARMSTRONG| TOTAL INST.
POWER PLANT(S) 220 550 HP NE7 TURBOJETS P
2x3250 1000 LB THR 83045
INSTALLED POWER
LOAD, LBHP 10.8 9.80 6 4.82
FUEL CONSUMPTION
PERLBOFGW. 0.32° 0.24/0.25 {0.29] [0.23] {~0.1] [~0.06]
{& HR (HOVER)
NOISE LEVEL 130 DB AT {112 DB AT
30 FT 200 FT)
REMARKS *TESTS, REF
17
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Figure 2.18 Comparison of relative empty weights of tip-driven vs. shaft-driven helicopters

Figure 2.18 was prepared in order to give the reader some insight as to the weight-
empty trends of tip-driven helicopters vs. their shaft-driven counterparts. Looking at this
figure and Table 2.1 will indicate that, indeed, great reductions in relative weight-empty
have been achieved. It can also be stated that tip rotor-driven helicopters may, in principle,
represent a definite potential for simplification of design. This point is well illustrated in
Figure 2.19 where a comparison is shown between the drive system of the BO-X and a single
rotor shaft-driven helicopter {Ref. 8 ). Howaever, there are two characteristics constituting
an Achilles heel in most jet-driven concepts: (1) high FCy, except for the UDF concept
(Figure 2.20), and (2) in many cases, an absolutely unacceptable noise level — especially
in tip-burning and ramjet types.

Because of the importance of specific fuel consumption aspects — both with respect
to GW and zero-range (i.e., zero-time) payload, an investigation on this subject is discussed
in the following segment of this chapter. It is believed that in this way, one of the important
factors determining the competitive position of tip-driven concepts in comparison with
their shaft-driven counterparts will be examined in some detail. Because of budgetary and
time limitations, forward flight aspects, as well as other important factors such as noise
and cost will be touched upon in a purely qualitative way only.
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Figure 2.19 Comparison of drive systems of the BO-X vs. a conventional
single-rotor helicopter (Ref. 8)
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Figure 2.20 Gross weight specific fuel consumption in hover of tip-driven helicopters
vs. shaft-driven helicopters (test data & detail estimates, Refs. 5, 7, 8,11, 13,and 17)
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The (FCy), and (FCOp/), in hover for cold and hot cycles (including a brief discussion
of tip burners) are examined first. Then the same specific fuel consumption is examined for
blade-mounted powerplant types. Special attention is paid to helicopters having tip-mounted
unducted fans as potentially showing the greatest promise with respect to fuel consumption
aspects. This is done by conducting cursory design studies of the very heavy crane-type heli-
copters of the 400,000 and 200,000-1b gross-weight class.

Overall concluding remarks regarding tip-driven helicopters are presented and recom-
mendations given at the end of this chapter.

2.2 Fuel Consumption Aspects in Hover

2.2.1 _General

In determining specific fuel consumption, either by pound of rotorcraft gross weight
(FCw), in 1b/Ib-hr, or by its zero-range or zero-time payload (FCop;), in Ib/lb-hr, the first
step would consist of accounting for total fuel consumed in a unit of time (bhr) in a particular
regime of flight when the aircraft gross weight is W.

For the case of fuselage-installed generators of gases driving the rotor {compressed air, or
a mixture of compressed air and powerplant exhaust), the hourly consumption by all engines
during running time in a particular regime of flight represents the only fuel expenditure to be
considered.

Schemes involving blade-tip burners would require accounting for hourly fuel flow to
the burners in addition to that going to the powerplant(s) driving the compressor(s).

For concepts based on blade-installed rotor-driven powerplants, the fuel delivered
to the powerplants usually constitutes the sole fuel consumption of the aircraft.

The above-described approach should be applicable to almost all hovering operations.
However, in those special cases when, in forward flight, auxiliary thrusters are in operation,
the hourly fuel consumption by the thrusters should also be taken into account.

2.2.2 Ducted Air Schemes

Ducted air schemes — also called cold jets — represent the simplest configuration of jet-
driven rotorcraft with powerplants mounted in the airframe. It can be seen from Figure 21
{reproduced from Ref. 15) that by using engine exhaust gases for yaw control, practically all
of the shaft power delivered by the powerplant (except for a very small amount needed for
driving accessories) goes for generation of compressed air which, when eventually discharged
through the blade-tip nozzles, drives the rotor.

Assuming that the rotor horsepower {RHP) required in hover OGE under assumed
ambient conditions has been determined (computed), the shaft horsepower (SHP) needed
for the RHP value can be expressed as follows:

SHP = RHP/n {2.1)

comp nductnnoz npr
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Figure 2.21 Scheme of the cold-jet compressed-air flow system

where Neomp

countered due to ducting of the compressed air from the compressor exi

Moz is the nozzle etficiency, and np', is the propulsive efficiency of the tip thruster.

It is easy to deduce from Eq. (2.1) that FC,, will be
FCy = (RHP/ W)‘fcmcompnductnno:npr

where sfc represents specific fuel consumption of the powerplant.
FCop, can, in turn, be written as

FC°pI = (RHP[W)stc/ Neomp NguctnozMor w°pl

where W, ol is the relative zero-range and zero-time payload.

.39.-
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Since the sfc of the powerplant is usually determined by the engine manufacturer,
it may be considered as invariant as far as design optimization of the cold-jet rotorcraft is
concerned. Consequently, the designer’s efforts to obtain the lowest possible FC, values
would concentrate on maximization of the n product which, in analogy to the shaft-driven
rotorcraft, may be called the overall efficiency of the cold-jet system,

Move; = TcompTauct™noz"pr (2.4)

This "OVci maximization should be done while keeping the {RHP/W) values as low as
practical. Of the n's appearing in Eq. (2.4), n may be considered as ‘‘semi-invariant’’ —

comp
simply representing the best 6btainable values for the current state of the art (ncom p = 0.88
for axial, and ncomp = 0.86 for centrifugal types). Moz MY also be considered as semi-

invariant, as its value is usually Moz = 0.9. Thus, the largest variations could be expected
in Nguct and Mor

A high Nauet would favor low velocity of the flow through the duct. However, this
trend may run into strong constraints of excessive structural weight and aerodynamically
disadvantageous, excessively thick airfoils, etc., should the duct sections be kept as large as
desired.

Since it is usually impractical to include.a divergent part into the thrusting nozzle,
the exit velocity would be close to the sonic one corresponding to temperature of the ex-
haust gases. The propulsive efficiency of the thruster in hover can be expressed as

n

e = 2V WV, + V), (2.5)

where Vi is the jet exit velocity, and V, is the rotor tip speed.

One can see from Eq. (2.5) that since, usually, V] > 1117.0 fps, the high propulsive
efficiency would favor the tip speed being as high as possible which, in turn, may run into
constraints of excessive profile drag and too low_ rotor solidity (which, on its part, would
adversely affect the desirability of a large duct cross-section in the blades).

It should .also be remembered that n values, selected to minimize FF , may have a
detrimental effect on structural weight and hence, on the Wop, level,

A compromise balance between these potentially conflicting requirements may be
made in light of defined operational requirements. Thus, a further discussion of this subject
would be beyond the limits of the present study. Here, however, it would be of interest to
determine how, in general, the (FC ) ¢ and (FC, " ) ¢ of the cold-jet rotorcraft would compare
with the corresponding figures for shaft-driven conventional helicopters.

Assuming that the (RHP/W) and sfc values of the powsrplants are the same for cold-jet
and corresponding shaft-driven helicopters,

(RHP/W)CI = (RHPIW),, and sfccl = sfc,, (2.6)
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the ratio of (FCw)' and (FCop,)' for both types can be expressed as follows:

(FCWle J(FEWlyy, = Novgn/Move; (2.7)
and
(FCople, /\FCopilyy, = (n,,,‘h/n,,,d)<W.,p,m/Wo,,ci) (2.8)

where Novgp represents the ratio of RHP to SHP for shaft-driven helicopters. It is shown
in Ref. 6 that, in hover, the typical Novey =~ 0.87.

As to the ratios of RHP to the SHP of cold-jet helicopters, calculations for the
Voljet {Ref. 15) indicate that the highest total of Novej = 0.365. This would result in
(ch)tc/(ch)r,h = 2.38. Actual flight test results for the Djinn (Ref. 13 and Table 2.1)
give 0.19 Ib/lbhr, while for shaft driven turbine helicopters of that time frame having
similar disc loadings, the (ch), should not be higher than about 0.07 ib/\b,hr. Thus, the
(ch)rc-/(ch)t,h ratio would amount to about 2.7. A comparison of the above figure
with that for the Voljet seems to indicate that progress in gy, y values was achieved between
the Djinn and Voljet times (late 40s vs early 80s).

Assuming that in future designs, a 1,, as high as "Wc] = 0.47 can be achieved, the
gross-weight related specific fuel consumption of cold-jet helicopters would still be about
1.85 times as high as for their shaft-driven counterparts.

With respect to specific fuel consumption related to zero range {or time) payload,
one should note that the cold-jet type is well suited for small non-transport helicopters,
where the weight of the crew may constitute a large fraction of the usefu_l load and thus,
s_t_rongly affect the Wo,, / levels. Consequently, selection of useful load (W) rather than
We pl 8 8 base of reference appears as more meaningful for assessing this aspect of energy
consumption per unit of load and unit of time.

Since the relative useful load

Wy = 1- W, (2.9)

the specific fuel consumption per pound of useful load in hover (FCy/), can be obtained
by dividing the right side of Eq. (2.2) by Eq. (2.8). Thus, the ratio of (FC“’)'ci for the
cold-jet configuration to that of shaft-driven types becomes

—

(FCuDe JFCutleyy = Moven/ovg} 111 = Wagy /(1 = We ). {2.10)

The relative weight-empty of the Djinn cold-jet helicopter amounted to W, = 47%,
which was about 12% lower than values represented by the optimal boundary for the shaft-
driven helicopters of that time (early 50s; see Figure 2.18, and Figures 1.1 and 1.2 of Ref.- 2.

For contemporary machines as represented by Voljet studies, relative weights empty
as low as W, = 37.7% are anticipated (Ref. 16, also see Table 2.1). Using W, = 36.0% as
probably representing the possiblf_ minimum, and 7oy i = 0.47 as the probable upper limit,
and assuming foy,, = 0.87 and W, , = 0.42 for shaft-driven helicopters, Eq. (2.10) would
give the following: (FCU’)tc,'/(FCu/):,h =~ 1.7.
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The above-performed study of fuel consumption aspects in hover clearly indicates
that as far as gross weight, payload or useful load-related specific fuel consumption is con-
cerned, figures for the cold jets can be expected to be at least B5% higher for (FF,) ¢ and
about 70% higher for (FFuw), than for their shaft-driven counterparts. It should be remem-
bered, however, that under some operational conditions (both civilian and military), the
higher ‘price’ in fuel consumption may be acceptable as compensation for the relative
mechanical simplicity of the configuration and higher zero-range (time) useful and payload

values.

2.2.3 Ducted Hot and Warm Gas Schemes

Ducted hot-gas schemes, also called hot-jet schemes, present a more difficult structural
problem than cold jets because of the ducting of hot gases (temperatures over 1000 °F)
through the biades. in addition, engine exhaust products can not be used for yaw control.
Thus, a small tail rotor would usually be required. However, with respect to the most efficient
use of fuel energy, there should be some advantages.

In order to evaluate these advantages, the (FC"")‘hi/ (FCW),M and ‘FCO"l"h ]/(FC°P”tsh
ratios in hover will be examined as in the preceding case of the cold jets.

The present analysis will follow the approach outlined by Nicols (Ref. 9 ), and the
basic components of the drive system are as shown in Figure 2.22.

PRESSURE-JET DRIVE SYSTEM

aHP _
e

'

&ngl:\ R0:0%
X1 ROTOR

GAS PRODUCIR TURBINE EFFICIENCY < SO0 9% OF MAIN ROIOR
POV.ER * 1003 POVYER CONSUMED

Figure 2.22 Scheme of the hot-pressure jet-drive system

In the approach taken in Ref. 9, the power available at various stations of the drive
system is expressed as a fraction (percentage) of the power generated in the gas producer.

A similar approach is taken for shaft-driven configurations. In both cases, the final
goal consists of determining what fraction or percentage of the power generated by the gas
producer (GP) becomes available as rotor power (RP), Knowing the (RP/GP),,,- ratios for the
hot jet, as well as (RP/GP),,,.vaIues for the shaft-driven configuration, the (FCy),, IJ (FCw),,
ratios can be determined.
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This is done as in the preceding case by assuming that at an equal gross weight and
identical ambient conditions, RP,,; = RP,. It is further assumed that the specific fuel con-
sumption of the gas producer supplying hot gases to the rotor is the same as when the same
gases are used to drive the power turbine of the shaft-type engine. Under this assumption,
the ratio of FC_, for the hot-jet to that of the shaft-driven configuration becomes:

(FCW)p IWFC ),y = (RPIGP)y /(RP/GP)p,j (2.11)

In Ref. 9, the hot-jet-driven rotor is treated as a turbine, just as the free turbine
of the shaft engine. In this reference, it is stated that for typical values of pressure losses and
tip-speed ratios, warm-cycle ‘powerplant turbine efficiencies of 50% maximum are to be ex-
pected in comparison with the 83% maximum obtained by the free turbine of a shaft engine.

Consequently, assuming a 6% RP loss for yaw control and operation of accessories,
the rotor power to the gas generator power ratio for the hot jet may be expected to attain
a value of

(RP/GP),,I- = 05X0.95 = 0475

For shaft-driven concepts, assuming n,, = 0.87 (as in the preceding case) the corre-
sponding ratio will be

(RP/GP),, = 0.83 X 0.87 = 0.722.
Substituting the above (RP/GP) values into Eq. (2.11), one would obtain
(ch’h/(FCw),,, = 152,

Thus, for hot-jet concepts, it can be seen that the gross-weight specific fuel consump-
tion should be about 50% higher than for their shaft-driven counterparts.
With respect to zero-range (time) payload specific fuel consumption, it should be
noted that in a study of a tip-jet-driven heavy-lift helicopter incorporating circulation control
“{Ref. 10), a relative weight-empty as low as W, = (.34 is expected, and for the warm-cycle
Bolkow design, W, = 0.32 (Ref. 8). In a study of design concepts for an advanced cargo
rotorcraft (Ref. 18 ), W, = 0.40 was estimated. Assuming an average of the above three figures;
ie., W, = 0.35, a Wplo = (0.645 for an aircraft of the 150,000-Ib gross-weight class can be
anticipated, while for a shaft-driven helicopter of the same gross-weight class, the relative
zero-range (time) payload of Wplo = 0.575 corresponding to W, = 0.42 may be expected.
This would lead to (FCop/)h//(FCop/),,, = 1.40, which is better than the corresponding
1.7 value for cold jets.
For the so-called warm cycle such as the Bolkow BO-X and Hughes/David Taylor
VHLH, no separate analysis of the FCy,) /(FCy),, and (FCop), /(FCop)), ratios was
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made. Howsver, it is believed that these ratios would not be much different from those
determined for the hot cycle. The figures of (ch)hwc = 0.12 Ib/Ib,hr shown in Table 2.1
tor the BO-X when compared to (FC "’)h:h = 0.076 obtained as an average for the 100,000-1b
gross weight class, gives (FCy), wc/ (FCW),,M= 1.58. Although this figure is somewhat higher
than the 1.52 ratio computed for the hot cycie, one should expect that, in practice, the warm
cycle should be slightly more efficient. This would be due to (1) a slightly better propulsive
efficiency (lower jet exit velocity), and (2) lower ducting losses may be possible since, because
of the lower temperature of the flowing gases and, consequently, no need for special insula-
tion, more of the blade cross-sectional area could be used as a gas duct.

2.2.4 General Remarks re Blade Tip-mounted Powerplants

In blade tip-mounted powerplants, all engine components required for generating
thrust (needed for sustaining rotation of the rotor) form a complete unit, while only fuel
is supplied from the outside. Therefore, knowledge of such engine characteristics as thrust
and tsfc when moving at the rotor tip speed (V) under assumed ambient conditions {pressure
altitude and temperature) represent all the inputs needed for cursory estimates of fuel con-
sumption for rotorcraft using this type of powerplant. For concepts based on the UDF,
such as the hypothetical heavy-lift helicopters, where the shaft turbines and unducted fan
assemblies are mounted near the blade tips, the'necessary information would include engine
sfc and fan propulsive efficiency at a given power setting when moving through air of given
ambient characteristics at a speed equal to the V,. All of these aspects are briefly discussed in
the following sections.

2.2.5 Jet-Type Powerplants

See Figure 2.16 for the overall configuration of tip-mounted-jet helicopters. The
rotor horsepower required (RHP,,Q) in hover (say OGE) by a rotorcraft at a given gross
weight and air density corresponding to the assumed ambient conditions can be computed
using conventional performance prediction methods. Consequently, the total thrust needed
at all blade tips (T} will be

T

- 212
teor = BSORHPIV,. (2.12)

Assuming that & is the number of blade, the tip thrust required per blade would be
Tty = Trpodb: (2.13)
Because of vertical climb and maneuvering requirements, the installed thrust will

usually be somewhat higher than the required hovering be value. This means that, in hover,
the engine will operate at a somewhat lower thrust level than the nominal engine rating.
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Knowing tsfc at the partial thrust setting when the engine is moving through the air (of
given temperature and pressure) at a speed V;, the specific fuel consumption per pound of
the rotorcraft gross weight in Ib/ib/hr, can be expressed as follows:

(FCyly = T,wttsfc/W. (2.14)
Substituting Eq. (2.12) for T,wt , Eq. {2.14) can be rewritten as follows:
(FCw), = 550(RHP[Witsfc/V,. {2.15)

A glance at the above would indicate that in order to minimize the (FCy ), values
at a given level of rotor power required per pound of gross weight, the tsfc should be as low,
and the rotor tip speed as high, as possible.

R>eme'mbe'ring that paylobd for zero ranée can be written as Wop, = WWOP,, an ex-
pression for the specific fuel consumption per pound of zero-range (time} payload can easily
be obtained.

(FCopy, = SSOWRHPIWtstc/V, Wopy- (2.16)

With respect to the above equation, all remarks previously made in conjunction with
Eq. {2.15) are still valid, to which a truism may be added that the relative payload for zero
range (time)(Wop,) should be as high as possible.

Ratios of the gross-weight and payload specific fuel consumption of the tip-mounted
jet types to those of shaft-driven concepts can easily be derived from Egs. (2.16) and (2.16) as

(FC"PI)I',“FCW)"M = 5501sfc oy /sfcen Ve {2.17)
and
(FCq,,) h//(Fcop,),,‘h = B501sfc,, Wy, /Wop)sfcsn Ve, (2.18)

respectively.
" In order to simplify the fuel consumption comparison indicated by Eas. {2.17) and

(2.18), the following assumptions are made.

'Tip speed Vt = 700 fps
{RHP[SHP) g, , Nps = 087
sfc (shaft driven) sfc,, =0.4  Ib/hr &hp

Now, Eq. {2.17) can be rewritten as a sole function of the tsfc of the tip-mounted jet

engines:
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(FCwlp,(FCulpgy = 1.7185fc. (2,19)

A glance at Eq. (2.19) would indicate that for tsfc < 0.58 ib/Ib,hr, the tip-mounted
jet-engine concept would become more fuel efficient {with respect to gross weight) than
shaft-driven helicopters having powerplants capable of sfc as low as 0.40 Ib/1b,hr.

Trends in the tsfc vs M for various types of jet engines having 2.6 < BPR < 9.8 are
shown in Figure 2.23 (Fig. 40 of Ref. 19). This figure indicates that, as may be expected,
tsfc becomes lower as the bypass ratio (BPR) increases. As to the order of magnitude of
tsfc, which may be expected at M = 0.63 — approximately corresponding to V, = 700 fps —
one can see that for DCFF; i.e., directly coupled front fan, jet engines having BPR = 2.7,
tsfc = 0.74 I1b/lb,hr. '

1.0}

A
I oysees /

Spectfic Puel Comsumption - 1b/hr/lb.

) . "] 8 .0 T.2

Mach Number

Figure 2.23 Thrust specific fuel consumption vs. Mach number
(turbine inlet temperature = 2480°R)

For instance this means that a rotorcraft driven by a tip-mounted DCFF turbojet
having BPR = 2.7 would have a (FCW)I about 26% higher than its shaft-driven counterpart
having powerplants exhibiting sfc= 0.4 Ib/lbhr.
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Dividing the right side of Ea. (2.19) by the relative zero-range {time) payloads, an
expression for FCop, ratios is obtained

(FCaps)/FCoplgy = 171 tsfe Wop ),/ (Wop);- (2.20)

From early studies of the blade tip-mounted jet-engine configuration (Ref. 11), a value
of Wo ol = 0.62 is obtained a_s. an average for the 60,000 and 220,000-Ib class helicopters.
Using present technology, a W, plj 2 (.65 can probably be obtained, while for shaft-driven
= 0.52. Using these numbers, Eq. (2.20) can be rewritten as follows:

configurations, W, plsh

(FCopsl;/(FCap/ly, = 137 tsfc. (2.20a)

One can see from the above expression that for tsfc < 0.73 Ib/lb & hr, the tip-jet
helicopters would have lower FCop, levels than their shaft-driven counterparts. Since tsfc =
0.73 Ib/ib,hr approximately corresponds to the tip Mach number of M = 0.63, (Figure 2.15),
it appears that with respect to the zero-range (time) payload specific fuel consumption,
helicopters based on tip-mounted jet engines may prove to be competitive with shaft-driven

types.

2.2.6 Blade Tip-mounted Unducted Fans

The basic concept of blade tip-mounted unducted fans (UDF) is similar to that of the
blade tip-mounted jet engines {Figure 2.24).

PRECONE 2°

. GW = 200,000 b
-\ . WE = 83,000 b
/ BLADE RADIUS = 72 1.
DISC LOADING = 12.5 psf
TIP SPEED = 700 Ips
SOULIDITY RATIO = .11
POWER INSTALLED = 5 x B304 hp.
PROP FAN RADIUS = 3.6 ft.

Figure 2.24 Sketch of a hypothetical helicopter based on a tip-mounted unducted-fan concept
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Assuming that the rotor horsepower required in hover (RHP) has been calculated,
and that the propulsive efficiency (n,,) of the tip-mounted unducted powerplant unit is
known, and neglecting losses associated with yaw control and operation of accessories, the
total shaft horsepower needed in hover becomes SHP ,, =~ RHP/n,,,.

Knowing the SHP,,, and the corresponding sfc values of the turbine, the (FCwlysp
in hover can be written as follows:

(FCwlysp, = (RHP/Wistcyeiny, (2.21)
and

(FCop)) (RHP/W)sfcuf/np,(Wop,)u, (2.22)

ulh
where sfc, ¢ is the specific fuel consumption of the turbine driving the UDF.

Assuming that a comparison is made for the same values of (RHP/W) and sfc,s =
sfcen. the desired ratios of FC,, and FCo,, for the UDF-type powerplants and conventional
shaft-driven concepts can be expressed, similar to preceding cases, as

FCwlutn ! FCWleny = Toy/Mp, (2.23)
and

(Fcopl)ufh /(Fcopl,ufh = (ﬂoy’ﬂpr’ [(Wop,):h/(Wop,)u,] B (224)

With respect to the UDF propulsive efficiency, one can see from Figure 2.17
that for contrarotating fans, pr & 0.87 can be expected at M = 0.63.

IWH
B

instalied 80 ron T -
Propuleive 29 u'&".
Giticlency )

—Prop-Fon

a.rY [ W ] 0.0
Crulse Mach Number

Figure 2.256 NASA, Lewis data re propulsive efficiency of UDF (prop-fan) vs.
Mach number (upper line for contrarotating fans)
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Since, for shaft-driven configurations, n,, =~ 0.87, Eq. (2.23) would indicate that
for helicopters based on the UDF concept, a gross-weight related specific fuel consumption
equal to that of shaft-driven counterparts can be expected.

The UDF zero-range (time) payload specific fuel consumption would definitely be
better than for the shaft-driven configurations because much higher Wop, values — similar

to those of tip-mounted jets — can be expected.

2.2.7 Discussion of Fuel Consumption Aspects in Hover

FC,, and FCo,, in hover was investigated in some detail for the following tip-driven
helicopter types: (a) cold jets, (b) hot jets, {c) tip-mounted jet engines, and (d} tip-mounted
unducted fans. Other types listed in Table 2.1 were excluded, as it appears to these investi-
gators that there is little chance in the foreseeable future that these systems may be in-
corporated into practical operational aircraft. The chief reason for their probable exclusion
would be unacceptable noise levels of the ram-jet, pulse-jet, and tip-burning schemes. Noise
level may also represent one more obstacle on the road toward developing an acceptable
operational helicopter based on tip-mounted jet engines. However, there is a remote possi-
bility that the noise level of jet-engine type helicopters could be reduced to an acceptable level
and, for this reason, this configuration was ret'ained in the comparative study of fuel con-
sumption aspects.

TABLE 2.2

SOME IMPORTANT FUEL-CONSUMPTION CHARACTERISTICS IN HOVER

PROPULSION TYPE m (2) 3) T (4)
CHARACTERISTICS|  (FCw)t/ (FCopl)h/ Wopl 0.066x (1)
(FCw)shh (FCopl)shh = (FCw)h
COLD JET* 1.8 1.7 0.63 0.119
HOT JET 1.52 1.40 0.62 0.100
TIP-MOUNTED
JET ENGINES 1.26 1.1 0.65 0.083
TIP-MOUNTED 1.00 0.97 0.59°" 0.066
UDF
SHAFT-DRIVEN © 1.00 1.00 0.57 0.066
*HEAVY LIFT , *CONSERVATIVE
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Ratios of the FC,, values of the above investigated tip-driven concepts to those of the
shaft-driven type are listed in the first column of Table 2.2. In the second column, relative
zero-range (time) payload values are given.

Some important characteristics relating to fuel consumption in hover of the com-
pared configurations is depicted in this table. However, in order to get a still clearer picture
of these aspects, a graph showing payload vs. time in hover for the five propulsion types
shown in Table 2.2 was prepared, computing Wp/ = f(t) from the following equation (see
Chapter 1, Section 2.2).

= = —(FCylyt
Wor = Wpy, — (1—e " “Wh" )

(2.25)

where FC,,, (assumed constant) is in Ib/Ib,hr, and hover time ¢ is in hours.

Assuming, for shaft-driven helicopters of the 100,000-lb and higher gross-weight
class, that (ch)mh = (0.066 1b/ib,br (optimal value from Table 6.4, Ref. §), the correspond-
ing values of (FC,/), for tip-driven types shown in Column 4, Table 2.2 were computed by
multiplying 0.066 by the ratios listed in Column 1 of this table. Then, using the WP/o values
listed in Column 3, the relationships expressed by Eq. (2.25) were computed and plotted in

Figure 2.26.

» e
ik 1L R 1
H i ';rI i
TR BT R R
U L T A R R T
LR 1] Tip-mOUNTED JETS
T v‘?'?‘ - ‘b- r Ty v
e i i i
R UNDUCTED FANS [itnH it
! !3 MIJ)Ld Eans LILRIRARASENLN L
(> AT ,
tH ;g i SHAFT-DRIVEN
tw i 1
i2
i =
e 5 it
g H h.‘ﬁ%l l 1] I

: -
+
T
.—_.-.-._._:.....I'.._ o g—— e — -
4 Zo=t 2 L. SRS’ o

g:: H * J by VoL 2t
. 1 ' .
l:‘ ~r-! l Tth N!. 3 .
| } : Hh bl A i, .
LSS Ll } Tana ¥ IF%
il i T 1
Hil 16 7 8 10 1
. IS N ot
l i E INVHOVER, HR
' ! H
?.i:i ! ! ’L !

Figure 2.26 Relative payload vs. time in hover
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By examining this figure and Table 2.2, the following observations regarding fuel
consumption of tip-driven helicopters in hover can be made: All of the four considered
tip-driven configurations show that in spite of the higher specific fuel consumption per units
of gross weight and time, they are capable of carrying higher relative payloads for some
period of time than shaft-driven types. The period of potentially higher relative payloads
extends to 1.5 hours for the cold jet, and is slightly higher for the hot jet. However, for tip-
mounted jet engines, this period extends to approximately 8.5 hours. Tip-mounted UDF
configurations are slightly superior to their shaft-driven counterparts with respect to Wp,-
carrying capability throughout the whole time span. It should be noted, however, that the
Wp, = f(t) for the tip-mounted jet engine type may be somewhat optimistic, as the relative
weight-empty data were based solely on the studies of Fitzwilliams made during the
early fifties (Ref. 11), with no further investigation by other sources. In contrast to tip-
mounted jet engines, the relative weight-empty of the UDF type is probably conservative,
since it was established (see Appendix) for 6. and 5-bladed rotors of the 400,000 and
200,000 Ib gross-weight helicopters, respectively, where blade-tip droop requirements
probably increased the load-carrying blade cross-section areas beyond those needed to pro-
vide adequate strength.

Consequently, the payload-carrying ability in hover shown for UDF-type helicopters
is probably conservative, and thus considerably better fuel consumption characteristics
with respect to zero-range (time) payload can be expected for this type than for their shaft-
driven counterparts. However, in order to answer this question with more certainty than
presented here, design studies of the UDF configuration would be required.

23 ‘Load-Carrying Aspects In Porward Hight

Because of the limited scope of this study (budget and time), a comparison of the
load-carrying abilities of tip-driven vs. shaft-driven helicopters in forward flight will consist
of a cursory investigation of relative payload vs. distance-flown aspects only. The required
relationship is expressed by the following formula {(developed in Chapter 1, Section 2 ).
which is similar to Eq. (2.25).

— - —(FCwigR
Wpig = Wi, — (1 — e "™ F

) {2.26)
where (FCw)R is the fuel consumption per pound of rotorcraft GW and one nautical mile
flown, and R is the distance (range) flown, in nautical miles.

In order to compute the W”'ﬂ= f(R) relationship from Eq. (2.26), itis assumed that
the (FCW)R of each type represents the minimal fuel consumption per unit of weight and
unit of distance flown. It is further assumed that for shaft-driven configurations {FC W)"'R =
0.00045 Ib/Ib,n.mi, which corresponds to the optimal boundary for Western helicopters
of the W > 100,000-lb GW class (Figure 7.18, Ref. §). For the compared tip-driven types,
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it is assumed that their (FCy ) values remain in the same ratio to that of the shaft-driven ones
as they were in hover. In other words, they will be computed by multiplying 0.00045 by the
FC,, ratios from Column 1 of Table 2.2. The so-obtained FC values are shown in Table
2.3, where the Wp/(J values are repeated from Column 3 of Table 2.2,

TABLE 2.3

SOME IMPORTANT FUEL-CONSUMPTION CHARACTERISTICS IN FORWARD FLIGHT

- 0.00045%(1), T 2.2
PROPULSION TYRE Wopl 1o/lb, n.mi
COLD JET* 0.63 0.00081
HOT JET 0.62 0.00068
TiP-MOUNTED
JET ENGINES 0.65 0.00057
TIP-MOUNTED 0.59°° 0.00045
UDF
SHAFT-DRIVEN 0.57 0.00045
*HEAVY LIFT **CONSERVATIVE

Using the figures given in Table 2.3, the relative payload vs. range {in n.mi) relation-
ships were computed from Eq. (2.26) and are shown in Figure 2.27.

Looking at this figure, one can see that at short distances (up to approximately 200
n.mi.) the four tip-driven helicopters examined here should have higher load-carrying capa-
bilities than their shaft-driven counterparts. In this respect, the tip-mounted jet-engine con-
figuration appears quite attractive. Howaever, as in the case of hover, a word of caution must
be added, since the high Wp, ° values which contributed to the favorable Wp, vs. range rela-
tionship are based on a single source of information (Ref. 11). It shouid also be emphasized
that, as in the case of hover, the payload vs. range characteristics of the UDF helicopters
would probably be better than shown in in Figure 2.27.

in summary, one can see that as in the case of hover, tip-driven configurations could
have performance characteristics that would make them competitive, under some operational
conditions, with shaft-driven types as far as load-carrying vs. distance abilities are concerned.
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Figure 2.27 Relative payload vs. range

2.4 Concluding Remarks and Recommendations

2.4.1 Concluding Remarks

The main feature of tip-driven rotor concepts is simplification of the design through
elimination of the mechanical drive system and main-rotor torque compensation devices
in single-rotor helicopter configurations. This aspect appears as attractive in the light of
present technology as it did to early designers of jet-driven helicopters. Furthermore this
attractiveness appears, in principle, to be equally as strong for large and very large transport
and crane helicopters as for smaller configurations.

However, in spite of successfully solving the mechanical-drive system problems for
machines of over 100,000-lb gross weight, as examplified by the single-rotor Mil-26 and
the tandem Boeing XCH-62A configurations, one may expect that for very heavy helicopters
having gross weights of over 200,000 Ib, mechanical transmissions would become more and
more complex. In addition, an increase in the relative weight of the mechanical drive would
contribute toward an increase of the relative weight empty.
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Consequently, the tip-drive approach appears to be the more logical approach in the
design of VHL helicopters. At present, two solutions to tip driving VHL helicopter rotors
appear feasible: one, based on fuselage-mounted energy converters where the energized
cold, warm, or even hot, gases are ducted through the blades to the tip nozzles; or two,
having energy converters (pure jets, turbofans, or unducted fans) located at the blade tips.

The first of these approaches has an advantage in that the energy converters are not
located in high “g’’ fields as in the tip-mounted cases. Thus, powerplants may be selected from
available jet engines without incurring considerable redesign and special certifications. How-
ever, at present, unless some practical method of increasing the mass flow at the nozzle
is devised, exhaust velocities of blade-propelling gases must be high. This obviously leads
to a low propulsive efficiency and generates potential noise problems. Overall efficiency is
further lowered because of ducting losses. On the other hand, the possibility of combining
the cold, warm, or hot jet principle with some form of circulation control, as in the David
Taylor—Hughes approach, for actual control of the helicopter, or higher harmonic inputs to
suppress vibrations, represents a definite ‘plus’ for this concept.

As for blade-tip mounted powerplants, the previously mentioned operation in the
high “g" field and other problems such as one-engine inoperative conditions and striking
objects with the blade tips are only some of a long list of problems. However, from the point
of view of energy consumption per pound of gross weight or payload and hour of flight, or
nautical mile flown, all configurations with b]ade-tip mounted powerplants appear more
afficient than those with fuselage-located energy converters. Furthermore, of all blade-tip
mounted powerplant configurations, those based on unducted fans emerge as the most energy
efficient. This, obviously, is the result of the high propuisive efficiency of contrarotation,
which is a must for the blade-mounted UDF.

The high “g"” operational environment unfortunately poses a serious problem for
the UDF’s, as well as for other blade-tip mounted powerplants. However, should it become
possible to transfer large amounts of energy through the blades with small losses, then the
iocation of prime energy converters in the fuselage would alleviate at least some of the
problems. If, for instance, superconductivity at ambient temperatures ever becomes an in-
dustrial reality, then large and very large transport crane helicopters using tip- or near-tip-
mounted unducted contrarotating fans could become very energy efficient configurations —
both with respect to unit of gross weight and even more important, unit of payload.

With respect to cost, it may be assumed that the purchase price of the cold and warm-
cycle tip-driven helicopters of a given operational gross weight should be lower than that of
their shaft-driven counterparts. This would be due to the greater simplicity of design and
better relative weight-empty values of the tip-driven types. By contrast, the fuel cost per
pound of payload and hour of flight as well as nautical mile flown will be higher for the
tip-driven types. Consequently, no clear-cut advantage of one type over another can be
indicated as far as direct operating cost is concerned. This question could be answered on a
case-to-case basis only.

In tip-mounted powaerplant types such as low BPR turbofans and UDF's, fuel costs
per pound of payload and hour of flight as well as nautical mile flown may be equal or lower
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than those for shaft-driven helicopters of the same gross-weight class. However, the purchase
cost of tip-driven helicopters of equal gross weights may be lower, or even much higher,
than that of its shaft-driven counterpart, depending on how the development and/or adapta-
tion cost of powerplants suitable for high ~g" field operations will be absorbed. Any indica-
tions regarding the DOC of the compared helicopters will, obviously, depend on the answer
to the above question.

The present level of knowledge regarding noise aspects of all tip-driven helicopters
appears quite low. There are, of course, some experimental data regarding jet-driven heli-
copters of the past. But the information |s scattered and, to the best knowledge of these
investigators, there is no well organized material related to the noise problems of these types
of rotorcraft and no indications as to design philosophy which would lead to lowering the
external noise level.

2.4.2 Recommendations

Because of its potential for military and civilian applications, the whole field of
hellgopters incorporating tip-driven rotors should not be neglected. However, for budgetary
reasons, probably only a small-scale affort can be afforded at this time. Consequently, present
and near future efforts should be focused on the following areas.

1. Broad review of the external noise aspects of cold, warm, and hot cycle, as well as
various blade-tip mounted powerpiants. Indication of the possibie avenues of reducing
the noise level and estimates of associated performance and weight penalties.

2. Periodic reviews of the requirements for heavy and very heavy transport or crane heli-
copters and design studies including various tip-driven concepts.

3. Conduct broad preliminary design or concept and operational aspects studies of the
heavy and very heavy transport or crane helicopters based on the UDF principle.

4. Designate ‘an individual, or individuals, within the US Army R&TA and NASA organi-
zations who would be responsible for establishing and monitoring research efforts
related to rotor tip-driven helicopters.

Note: Some of the above indicated recommendations can probably be realized through
cooperation with the Centers of Excellence at Georgia Tech, Renssalaer Polytechnic
Inst., and Maryland University.
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CHAPTER 3

COMPOUND HELICOPTERS

3.1 Introduction (Definitions and Historic Perspective)

3.1.1 Definition and Purpose

The definition of ‘compound helicopter,’ or simply compound, is usually applied to
rotorcraft of the basic helicopter type where, in cruise and high-speed flights, propulsive
thrust is provided either entil:ely or, to a large extent (say 75%), by special propelling devices
instead of rotors®. These propslling devices may consist of open or shrouded propellers,
turbofans, pure jets, or even rockats, although the latter appears unlikely at this time. in many
configurations, fixed-wing type surfaces usually provide lift in forward flight, thus unloading
the main rotor(s). However, some lift is always retained on the rotor(s), not only as a source
of control, but also as a contribution to the flapping stability of the blades.

As to the purpose of compounding, the original incentive for aircraft of this type was
chiefly motivated by the desire to shift the retreating blade stall barrier to higher flight-
speed levels through unloading of the rotor by the lift generated by a wing or wings. The
auxiliary horizontal thrust provided by a propeller(s) or other devices would further con-
tribute to improved high-speed capabilities through (a) additional alleviation of the stall
barrier through a lower rotor thrust inclination, and (b) reduction of the rotor profile drag
resulting from a reduction in the angle of attack of the lifting rotor disc.

In addition, compounding would permit the designers to operate the lifting rotor(s)
in forward flight at a higher advance ratio than those normally accepted for helicopters or,
due to the auxiliary thruster, to accomplish this in autorotation which, in turn, could lead to
better lift-to-equivalent-drag ratios.

Finallly. because of the auxiliary thrusters, not only the rotor disc, but also the fuse-
lage during high speeds of flight can be kept at a low-drag attitude with respect to the flight
path. This, in turn may contribute to higher weight-to-equivalent-drag ratios for compounds
than would be possible for pure helicopters at the same flight speeds.

With respect to finding some justification for the compound in the time-frame of the
late eighties and early nineties, discussions and meetings were held with the following indi-
viduals: Or. R. Carlson of the US Army ARTL, Messrs. D. Meyers and F. Piasecki of Piasecki
Aircraft, and l:Jr. H. Velkoff of Ohio State University. Their personal opinions re both civilian
and military aircraft are summarized below.

Civilian. F. Piasecki and D. Meyers believe that in the civilian market, compounds can,
in principle, find a niche in operations where vertical takeoff and ianding requirements—es-
pecially as applied to downwash velocity and external noise level— should be similar to those
of conventional helicopters, while cruise and vibration levels would be better.
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However, it should be noted that in addition to the opinion of the representatives of
Piasecki Aircraft, it is a truism that acceptance of the compound in the civilian market could
happen only under the condition that cost aspects, including the price of the aircraft and
DOC. would be reasonable when compared with that of helicopters and new rotorcraft
concepts such as tilt-rotors.

Military. With respect to military applications, the following points were emphasized
by all of the persons interviewed. In nap-of-the-earth or low-sltitude flights in general, rotor-
craft having lifting rotors In basically horizontal positions during high-speed maneuvers would
have a definite operational advantage over those having vertical rotor discs. This is especially
true for aircraft equipped with large diameter lift generators (for example, conventional tilt-
rotors). Horizontally located rotors would have a better chance of avoiding contact with tree
branches and lower vegetatior'1 such as bushes and tall grass. This operational aspect woulld also
favor application of torque-compensating and propulsive devices of enclosed {e.y., NOTAR
and Fenestron), or shrouded types such as Piasecki’s ring-tail.

Another requirement of nap-of-the-earth and low-altitude flights is quick response
maneuvers; i.e., the capability of pulling high g's in both vertical {g > 3.0} and horizontal
{g > 0.25) directions. This requirement can be satisfied better by compounds than by pure
helicopters. With respect to improving the high vertical g capabilities, the addition of a wing
or wings appear as the simplest solution for mpneuvering at higher flight speeds (above the
power bucket). However, one shuuid note that to some extent, the same goal may be achieved
through ‘overblading’ of the lifting rotor; i.e., by providing a higher rotor solidity than re-
quired for a good figure-of-merit value in hover. However, wings would represent an addi-
tional advantage with respect to agility requirements, as ailerons could contribute to a quicker
initial response and a higher rate of roli than those obtainable through hclicopter-type con-
trols. As to horizontal acceleration and deceleration requirements, installation of a thruster
of sufficiently high capacity would probably represent the most desirable solution. This would
be due to the possibility of executing horizontal acceleration or deceleration without the
necessity of tilting the fuselage, as might be required in the case of the pure helicopter. Tilting
the fuselage may be detrimental to the accdracv of firepower from various weapons.

in addition to the above opinions offered by the experts consulted, it should also be
noted that thrusters based on such concepts as Piasecki’s Ring-Tail and possible future evolu-
tion of the NOTAR would represent devices wherein the main rotor torque compensation and
horizontal propulsion features are combined in a single unit.

In summary, it appears that compounding offers some potential operational and
performance improvements over pure helicopters, which may be of interest to civilian, but
especially to military applications. However, one should kesp in mind that various penalties
in performance (chiefly, hover and vertical climby, structural weight, and overall complexity
may be considered as the ‘cost’ of compounding.

It is believed that the material presented in this chapter will help the readers to
formulate their own opinions regarding the benelits versus penalties of compounding.

3.1.2 Histdrical Perspective

Basic ideas of compounding can be traced to the de la Cierva Autogiics from the
twenties and thirties, since they relied on horizonta! thrusters (propellers) as a source of
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propulision, while some of the machines were equipped with a wing, producing lift in combina-
tion with the rotor. However, the first practical case of incorporating compounding prin-
ciples into a helicopter-type rotorcraft was probably represented by the Fairey Gyrodyne,
developed under the leadership of J.A.J. Bennett in the late forties. (Figure 3.1).

|

Figure 3.1 The Fairey Gyrodyne

As shown in the above figure, this single-rotor machine was characterized by the
absence of a tail rotor. A tracking prop located at the tip of the starboard wing compensated
for main-rotor torque. The aircraft was powered by a 525 hp Alvis Leonides nine-cylinder,
fan-cooled, engine. The tip-path plane of the rotor was maintained nearly level in cruise.
This was achieved by arranging the torque compensating propeller so that it provided the
required thrust for forward flight, while balancing the residual torque from the limited power
applied to the rotor {Ref. 7).

The Gyrbdyne proved to be faster than contemporary pure helicopters by establish-
ing an official speed record of 124.3 mph on June 28, 1948. its relative empty weight
amounted to 0.72, which was only slightly higher than for the helicopters of that time.

Jot Gyrodyne. The original Gyrodyne was modified in 1953 (first flight in January
1964} into the so-called Jet Gyrodyne (Figure 3.2) in order to investigate various design
features to be incorporated into the Fairey Rotodyne.

The original, shaft-driven, three-bladed, 52-ft diameter rotor was replaced by a two-
bladed, tip driven, 60-ft diameter rotor. Compressed air was pumped through blade ducts to
tip burners, where fuel was injected. Instead of a single tractor propeller torque compensator,
two pusher propellers were instalied.
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Figure 3.2 The Fairey Jet Gyrodyne

The powerplant system consisted of an Alvis Leonidas engine (similar to the original
Gyrodyne engine) driving two propellers. Howeyer, it could be set to drive two Rolls-Royce
Merlin air compressors in parallel through a friction clutch. These compressors supplied air
to the blade-tip units.

The compressors were engaged for takeoff, and the rotor was driven by tip jets, while
the propellers were set to give zero thrust. The aircraft was then flown in forward flight as a
helicopter, while the propeller pitch was increased to maintain zero thrust. The compressors
were declutched at cruise altitude, and the engine power was directed to the propellers, while
the rotor was tilted back into autorotation. The above-described transition was first achieved
in March 1955 (Ref. 7).

Fairey Rotodyne. The main features of the Fairey Rotodyne (Figure 3.3) developed
under the leadership of G.S. Hislop are described and discussed in Refs. 21 and 22, and
may be summarized as follows.

Development of the Rotodyne was aimed toward the creation of a rotorcraft capable
of carrying 40+ passengers, or cargo, at cruise speeds higher than those of contemporary heli-
copters. Further goals were: (a) elimination of the tail rotor with its complexity in trans-
mission and control, and (b) simplification of the power drive to the rotor?'. This, hope-
fully, would lead to achieving an operating economy competitive with fixed-wing aircraft
over stage distances of around 200/250 miles.

Two prototypes of the Rotodyne were built, and the first flight took place in Novem-
ber 1957. The aircraft was powered by two Napier Eland turboprop engines of 3150 hp each,
which either supplied air to the rotor-tip combustion units {(Figure 3.4) or each driving a
four-bladed, 13-ft diameter propeller.

For takeoffs and landings as well as during initial forward flight, the aircraft operated
as a tip jet-driven helicopter. In cruise, the aircraft operated as an autogiro with ail forward
thrust provided by the propeliers, while a large portion (unlike the autogyro) of the gross
weight was carried by the wing.
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Figure 3.4 Diagram of air duct and tip-jet system?'
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The Rotodyne was very quiet and smooth in the autogiro stage. However, in the heli-
copter regime of flight when the tip burners were functioning, the noise level was so high
that it excluded the possibility of operating close to populated areas. Attempts were made to
alleviate this situation through application of various silencers {Figure 3.5). However, the
most effective silencers contributed a considerable blade drag in autorotational stages of rotor

operation.

Noise Suppression Test Results
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Figure 3.5 Attenuation with various silencers??

Westland Rotodyne. Further development of the Rotodyne was undertaken by West-
land. The load-carrying capacity of the intended Westland Rotodyne would have been increased
to 70 passengers or 18,000-Ib of cargo. Powerplants were to consist of two Rolls-Royce Tyne
turboprop engines with a maximum rating of 4240 shp. The proposed rotor diameter would
have increased from the 80 ft of the Fairey prototype to 109 ft, while the corresponding gross
weight would increase from 39,000 to 68,500 b, thus retaining almost the same disc loading of
6.14 psf as the original version.

Several dozen provisional orders were received for the enlarged version of the aircraft.
However, the orders were never executed, and an actual aircraft was never built. This turn
of events was caused by a combination of several factors, the most probable being (a) fear
of, and, in some cases, certainty of unacceptable noise levels during takeoffs and landings
making it unlikely that the aircraft would be licensed to operate at heliports located close to
populated areas, and (b} there was some indication that actual performance levels would not be
as good as originally anticipated. But these Investigators were unable to verify this point.

McDonnell XV-1. The XV-1 (Figure 3.6), officially first flown in July 195473, was
developed under the leadership of F. von Doblehoff and K.H. Hohenemser, the latter being
chiefly responsible for aerodynamic and dynamic aspects of the design”.
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Figure 3.6 Two-view drawing of the XV-1 compound

Along with the Jet Gyrodine and Rotodyne, the XV-1 is an example of a compound
where basic elements of compounding (i.e., provision of independent forward thrusters and
rotor unloading) were combined with a rotor that was tip-driven for takeoff and landing maneu-
vers as well as low-speed flight. However, in cruise, the rotor autorotated at about half of its
hover rpm, supplying 16 percent of the total lift, while conventional fixed wings produced
the remaining 85 percent. A Continental R975 B50 hp reciprocating engine powered a pair
of radial compressors during helicopter flight and a fixed-pitch pusher propeller in airplane
flight. Air from the compressors was ducted through hub and blades to supply the pressure
jet units.

The blades were attached to a gimbal-mounted floating hub by use of two bundies
of stainless steel straps per blade arranged in a horizontal plane so that each blade may freely
flap. Pitch was changed by bending these straps collectively or differentially.

Directional control in hover was produced through the use of two hydraulically driven
fixed-pitch fans, which were controlled by rudder pedals. At high speed, directional control
was obtained by conventional rudders.
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Lateral control at slow speed was produced by lateral rotor tilt and, in high-speed flight,
by ailerons. Both ailerons and lateral rotor controls were permanently connected to the stick.

Longitudinal control in low-speed flight was produced by jongitudinal rotor tilt, where-
as a fioating tab-controlled stabilizer was used in high-speed flight.

Sud Ouest 1310 Farfadet. The S.0. 1310 Farfadet (Figure 3.77) was first flown as a
helicopter in May 1953, and achieved first conversion in July 1953. This rotorcraft is still
another example of the combination of the application of tip-driven rotors to compounds.

Figure 3.7 The S.0. 1310 Farfadet with nose-mounted turboprop and jet-driven rotor

As in the preceding cases, this rotorcraft was operated as a jet-driven helicopter during
takeoffs, landings, and low-speed flights. A 360-hp Turbomeca Arius 1l turbo-compressor,
located in the fuselage aft of the cabin, supplied compressed air to the blade tips, where small
combustion chambers were located. During forward flight, the rotor turned in autorotation
producing a small amount of lift, while the fixed wing provided the primary aircraft support.
Forward thrust was generated by a variable-pitch propeller driven by a 360-hp Turbomeca
Artouste |11 turboprop engine. Thus, the power to the Farfadet was provided by two inde-
pendent gas-turbine units: the Aeriel 111 for helicopter regimes of flight and the Artouste H
for cruise. The Farfadet was never put into production.

VFW-Fokker H3 Sprinter. The idea of incorporating a jet-driven rotor into the com-
pound helicopter was still alive in the late sixties and early seventies, as witnessed by the
development of the VFW-Fokker H3 Sprinter (Figure 3.8).

However, in contrast to the preceding cases of this design, no fuel burning at the blade
tips was present. Instead, for vertical takeoff, landing, and hover, a turbo-compressor provided
compressed air to tip-drive the three-bladed rotor. The H3 in these modes functioned as a
conventional helicopter. For transition to forward flight, the power was transferred pro-

‘gressively to shrouded propellers on each side of the fuselage and the rotor began autorotating
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Figure 3.8 Prototype of the VFW-Fokker H3 Sprinter three-seat cabin rotorcraft

once the aircraft was in horizontal flight. The method of propulsion eliminates the need for
conventional transmission and drive-shaft systems, hydraulic systems, clutches, and torque
compensation (i.e., tail rotor). Full rotor autorotation is maintained in the event of engine
failure. ‘

Among the advantages claimed for the design are its simplicity, both to fly and to
maintain; and improvements in safety, cost-effectiveness, and noise reduction compared with
conventional aircraft.

It should aiso be noted that the anticipated relative weight empty of 0.51 was quite
good for a compound. But the cruise speed of 135 knots, basically on the same level as that of
pure helicopters of that time and of the same weight and power class, was not spectacular.

As to the more important details of this design, one would find that the rotor had
three fully articulated, constant-chord blades having NACA 23015 sections. The rotor rpm
range was from 280 to 480. The powerplant consisted of one Allison 250-C20 turboshaft
engine with a maximum constant rating of 346 hp (400 hp for takeoff), which either supplied
compressed air to drive the rotor, or drove (through mechanical transmission) two seven-bladed
shrouded propellers mounted on stub fairings on the sides of the fuselage.

Remarks re Compounds with Jet-Driven Rotors. Of the six compounds reviewed up
to this point, five of them, namely, the Jet Gyrodyne, Rotodyne, XV-1, Farfadet, and Sprinter,
represent the same basic design philosophy of combining a single jet-driven lifting rotor
with an airscrew type forward propulsor. Wings carrying a substantial lift (up to 85 percent
of gross weight) were used on all of the above aircraft, with the exception of the Sprinter.

Also, with the exception of the Sprinter, the rotor jet propuision consisted of blade-tip
burners. The cold-jet principle was applied to the Sprinter. Nevertheless, in all cases, jet
propulsion of the rotors was used for takeoffs, landings, and low-speed flights only, while
in high-speed regimes of flight, the aircraft were flown basically as autogyros; i.e., with rotors
in autorotation.
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The chief justification for the above-outlined design philosophy was the desiie to
eliminate the need for main rotor torque compensating devices as well as the whole mechan-
ical rotor drive system and thus, to simplify the whole configuration. Furthermore, designels
of these compounds believed that a rotor in autorotation wotld generate lower vibratory
inputs in cruise than its mechanically driven counterpart. In addition, a rotor already in auto-
rotation would contribute to safety aspects in case of power failuie.

In spite of the many attractive characteiistics, hone of the jet-rotor compound types
reviewed so far were put into production. For the tip-burning configuration, the operationally
unacceptable noise level was probably chiefly responsible for its failure. For the cold-jet type
{Sprinter), the high noise level was not the problem. However, according to Janes, 1972,
“The method of propulsion intended originally proved unsuitable for aircraft of this size;
thus current flight testing is being concentrated on system development. Flight testing of a
second H3 prototype, which has a more power ful engine and an immproved compessor, began
in early 1972 and was progressing satisfactorily at the time of this wiiting.”” Nevei theless,
neither the H3 nor its larger derivative, the HA, was put into production.

Compounds with Mechanically Diiven Rotors in All Regimes of Flight. The rotorcraft
reviewed below represent a different approach to the compounding concept. All have

mechanically-driven rotors in all regimes of flight {except, of course, in the case of a complete
engine failure). These configurations are chiefly represented by single-rotor types, but some
side-by-side designs are also discussed {one actuél, and one hypothetical).

To facilitate an investigation into possible future trends in compounding, acdvantage
is taken of a Soviet study by Tishchenko et al (Ref. 25) of 52-ton gross-weight compounds
having up to 450 km/br (243 kn) cruise-speed capabilities. These rotorcraft are designated
as ‘hypothetical’.

Piasecki 16H-1 Pathfinder. The Piasecki 16H-1 Pathfinder (Figure 3.9}, first flown

in February 1962, was the second single-rotor compound in the world with a mechanically-

driven rotor. The original Gyrodyne was the first, but its rotor autorotated in high-speed
flight, while in the Piasecki design, some fraction of the engine power was directly transmitted

to the lifting rotor.

Figure 3.8 Piasecki 16H-1 Pathfindem
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Because of the mechanical drive concept, the Pathfinder design team (headed by F.N.
Piasecki, D. Meyers, and Z. Ciolkosz) had to face the problem of providing a main rotor
torque-compensating device in addition to the forward propuisor. The basic idea of dealing
with this problem was somewhat similar to that of the Gyrodyne: one major component
would serve both purposes. Howsver, the practical incorporation of this basic idea was
different in the two cases. instead of an offset propelier as in the Gyrodyne, the Pathfinder
was designed with a so-called ring-tail consisting of a shrouded propeller mounted along the
aircraft’s longitudinal axis, and a set of controllable vanes capable of side-deflecting the
propeller slipstream through almost 90 degrees. This solution provided the necessary main-
rotor torque compensation in hover and slow-speed flight maneuvers. In high-speed flight, the
ring tail served as the main propulsor of the aircraft since the lifting rotor, unloaded by means
of a wing, provided only a fraction of the necessary horizontal thrust.

Powered by a 400-hp, PT6 shaft-turbine engine, the 16H-1 logged a total of 185
flight hours, during which speeds of up to 170 mph were attained.

“The 16H-1 evoked interest throughout the military, but their armament and
armor needs tripled the gross weight. Convinced that this was the best path
for a new attack helicopter, the Army initiated a competition for the ‘Ad-
vanced Aerial Fire Support System’ (AAFSS), and for supporting technology
programs, one of which was the I6H-A.”’ (Ref. 26).

Piasecki 16H-1A Pathfinder. The Piasecki I6H-1A Pathfinder (Figure 3.10) repre-
sented a modification of the original I6H-1 model. The new rotorcraft was developed under
an Army contract which specified a required high-speed capability of over 200 mph. Conse-
quently, a GE T-58 turbine rated at 1060 shp, new drive system, new propelier to absorb
the increased power, and a 44-ft diameter rotor (H-21) were added, and the fuselage was
lengthened to accommodate eight people.

Figure 3.10 Piasecki 16H- 1A Pathfinder
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A three-bladed Hartzell propeller hub was modified so that it would be directly con-
trolled through the 16H servo control system.

The 16H-1A made its initial flight in November 1965, and logged more than 1560 hours
under a joint Army/Navy test program, including flight at forward speeds of up to 225 mph.
It was highly maneuverable in forward flight, flew sideways up to 35 mph, was flown back-
wards at 32 mph, and numerous autorotative tests were made?®.

The 'ring-tail’ antitorque, forward propulsion, and integrated control subassembly
provided many advantages in compounding the helicopter. The 16H-1 was normally flown
in forward flight with the main rotor pitch reduced, the aircraft level, and the cyclic pitch
stick slightly forward. In case of engine failure, this gives the pilot an opportunity to enter
into autorotation while decreasing the rotor pitch. It is not time-critical, as in the case of
a conventional helicopter which requires conversion from power pitch to autorotative pitch
in less than two seconds, In the Pathfinder-type configurations, the propeller absorbs the
energy of the air flowing by and drives it back into the rotor, thereby assisting in maintaining
rotor rpm while the pilot arranges the collective pitch of the rotor and pitch of the propeller,

The success of the compound helicopter flight-test program sparked a large Army com-
petition for a full-scale development and production program for 375 aircraft. The winner
was the ‘Cheyenne’ helicopter, which will be discussed later.

Piasecki 16H-3. The Piasecki 16H-3 (Figure 3.11) represents a project for a commer-
cial or military compound developed along the lines of the Pathfinder.

Figure 3.11 Projected Piasecki 16H-2 compound
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Its maximum gross weight for vertical takeoff was established at 10,400 b, in com-
parison to that of 8000 Ib for the 16H-1A. Although the rotor diameter of the new model was
expected to be the same (44 ft) as that of its predecessor, the number of blades was increased
from 3 to 4. The power installed was also higher, as two PT6-830 turboshaft engines rated
at a maximum continuous power of 750 hp each were installed. The above modifications
should assure a maximum cruise speed of 170 kn at 5000 ft, and a maximum flying speed of
200+ knots.

In concluding this review of the Piasecki compounds, it should be noted that wind-.
tunne! tests of the improved version of the full-scale ring tail are scheduled for 1992,

Lockheed AH-56A Cheyenne. The Lockheed AH-56A Cheyenne (Fig. 3.12) was
developed as a result of a US Army competition for an Advanced Aerial Fire Support System
(AAFSS). The initial order was for 10 prototypes, all of which were delivered by July 1968.
However, prior to their delivery, a production order for 376 AH-66A compounds had been
issued but, because of main-rotor instabilities, the Army cancelled the production order.

Lockheed continued work on the Cheyenne until the early seventies, when all activities in
this area were stopped. '

Figure 3.12 Lockheed AH-56A Cheyenne

The AH-B6A was a two-seated compound helicopter with a small low-set fixed wing
and a retractable whese! landing gear. The powerplant consisted of one 3925 SHP General
Electric 764-GE-16 shaft-turbine, driving a four-bladed rigid main rotor, a four-bladed tail
rotor mounted at the tip of the port horizontal tail surface, and a 10-ft diameter pusher pro-
peller at the extreme tail.

The small low-set cantilever wing contained preset tab deflectors, but no ailerons or
flaps. The wing provided almost complete unloading of the main rotor in high-speed flight.
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It should be noted that the quoted figures regarding speed capabilities at the design takeoff
weight of 16,945 Ib were as follows: at SLS, Vimax = 220 kn, VC'max =210 kn, and at 10,000
ft, Vermax = 205 knots.

Lockheed XH-61A. The design of the Cheyenne was, to a large extent, based on ex-

perience acquired in the development and flight testing of the Lockheed Model 186, military
designated XH-51 research compound (Fig. 3.13).

Figure 3.13 Lockheed Model 186, military XH-51A compound

The compound version shown above was developed from the research helicopter
designated as XH-51A, which used the then so-called rigid rotor. The aircraft was char-
acterized by a low drag, as its equivalent plate area totaled 8.8 sq.ft”. This amounted to an
equivalent flat-plate area loading of 612.5 psf, which shouid be considered good for a heli-
copter having a maximum gross weight of 4100 Ib {for comparison, see Fig. 7.5, Ref.5). A
mechanical stabilizing gyro was located in series between the blades and the pilot’s controls,
The powerplant consisted of one 500 shp Pratt & Whitney(UAC) T74(PT6B} shaft-turbine
engine. '

The compound version (Fig. 3.13) was obtained by modifying the original XH-51
helicopter. This was done by installing a 2600-1b (/180 kg) st Pratt & Whitney J60-P-2 turbo-
jet engine mounted on the port side of the cabin, and a cantilever mid-set wing, spanning
16 ft, 11 in. Its normal takeoff weight was 4500 Ib. The first flight, without using the
turbojet, was made in September 1864. During subsequent flight testing in June 1967,
it attained a speed of 263 kn (302.6 mph, 487 km/hr), the fastest speed recorded for any
rotorcraft at that time”.

Bell Model §33. The original Model 633 was a YUH-1B lroquois helicopter which
Bell modified under U.S. Army contract for service as a high-performance research vehicle

to evaluate various rotor systems and methods of drag reduction.

The jet compound was developed in 1863 by the addition of a small swept wing
and two Continental J69-T-29 turbojets, rated at 1700 |b (771 kg) st, mounted in pods on
each side of the fuselage (Fig. 3.14).
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Figure 3.14 Compound version of Bell Model 5633

in October 1964, the Mode! 533 became the first rotorcraft to exceed a speed of
200 kt, by attaining 236 mph (380 km/hr) during a test flight.

In April 1965, it became the first to reach 2560 mph in level flight. During the same
test flight, it attained 264 mph (409 km/hr} in a slight dive and demonstrated its maneuver-
ability by performing 28 turns and 60-degree banks at speeds of around 200 mph. A Mach
number of 0.986 was achieved at the tips of the advancing blade of the two-blade rotor,
which has special tapered tips. Takeoff weight of the aircraft was 8600 ib.

Early in 1968, the Model 633 was again modified to take more powerful auxiliary
turbojets, this time, two wing-tip-mounted Pratt & Whitney JT12A.3's, each rated at 3300
ib st, for further testing in the 2560-kn speed range. It was announced in May 1969 that the
Model 533 had attained a speed of 274 knots. The two-biade main rotor was then followed
by a four-blade flex-beam rotor system’.

Other Western Compounds. |t should be noted that in addition to the above re-
viewed compounds, practically every major Western helicopter company either built, de-
signed or, at least, studied some form of -the compound concept.

Some of these aircraft simply represented modifications of standard configurations
by the addition of turbojet engines and, in most cases, a wing.

For instance, the UH-2 Kaman compound (Fig. 3.156) was created by installing a
G.E. J85 turbojet engine and a wing. In 1964, the so-modified aircraft achieved a speed of
216 mph?® (188 kn).

-70-



Figure 3.16 Kaman UH-2 compound helicopter —1964

It is indicated in Ref. 20 that a Sikorsky S-61F with two Pratt and Whitney J60
engines in addition to the normal twin T58 powerplant, reached 241 mph (210.2 kn) in

July 1965.

I

Figure 3.16 Sikorsky S-61F compound helicopter — 1965
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Advancing Blade Concept (ABC). Of helicopter configurations that appear especially
suitable for compounding through installation of a horizontal thruster, the Sikorsky ABC
{Advancing Blade Concept) comes to one’s mind. In this configuration, lift in the high-speed
regime of flight is created almost entirely on the advancing biades of the rigid coaxial rotor
system. The retreating blades are unloaded, thus eliminating the blade stall problem. Conse-
quently, there is no need for auxiliary wings to unload the rotor and/or to assure a high degree
of roll control at high speeds and low density altitudes, as the rotors remain highly responsive

even under these conditions.

By contrast, it appears that compounding through instaliation of auxiliary thrusters
would be quite advantageous as, with respect to the flight path, it would permit one to retain
the most desirable inclinatioq of the rotor discs independently of the flight speed.

in this way, an aircraft can be obtained that unlike all other VTOL concepts, would
go from vertical takeoff, through high-speed regimes of flight, and back to vertical landing
with no change in the basic configuration (Figure 3.17).

Figure 3.17 ABC high-speed aircraft does not require reconfiguration from hover
to cruise, back to hover, and landing

It appears that horizontal propuisors based on shaft driven concepts; i.e., propellers
and ducted and unducted fans, should be the most suitable types, as a single powerplant
system would serve as a source of energy in all regimes of flight.

Of all possible shaft-driven horizontal propuisors, ducted fans located either at the
sides of the fuselage or in the tail section, appear to be the most desirable configuration as far
as operational safety requirements are concerned. A two-ducted fan system is shown for
example in Figure 3.18.
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Figure 3.18 Example of ABC dynamic system based on two ducted fans

Development of the ABC concept began in 1872 when Sikorsky announced that the
company was designing and building a research aircraft, designated S-69, to flight test the
Advancing Blade Concept rotor system, under a US Army contract. Subsequently, the value
of the contract was increased to cover detail design changes and the construction of two
demonstrator aircraft under the Army designation XH-58A. The first aircraft made its first
flight on 26 July 1973 (Ref. 7, yr 79-81).

Following completion of flight tests in the pure helicopter configuration in March
1977, two Pratt & Whitney J60 turbojet engines ware added for auxiliary forward thrust in
a high-speed configuration (Figure 3.19).

Figure 3.19 Sikorsky S-69 (XH-58A) prototype for evaluation of the ABC rotor system

On 21 April 1980, the S-69 attained a speed of 238 knots (441 km/hr: 274 mph)
in level flight. Its maximum design speed is 300 knots (555 km/h: 345 mph) at a 2g load
factor’.
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Numerous design studies were performed at Sikorsky regarding the possibilities of
the ABC application to aircraft designed for various missions ranging from light helicopters
(LHX) to civilian transports. Mission requirements influenced, in turn, the design of the ABC
rotor?”?. It appeared, however, that in any case, lift to equivalent drag ratio of the ABC
rotor, although better than for conventional helicopters, would stiil be much lower than
for fixed wings—even of moderate aspect ratio of, say, 6. Figure 3.20*7 based on flight
test results of the XH-59A illustrates this point.
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Figure 3.20 Lift to equivalent drag ratio of the ABC rotor vs. speed of flight

The relative weight of the ABC rotor group would probably be higher than for other
compound helicopters, but one should remember that there will be other weight savings,
because there is no need for auxiliary wings and a main-rotor torque compensating system.
For instance, the relative weight of the XH-50A rotor group amounted to 17.6%. However,
. it should be noted that it was designed using conventional materials and fabrication methods
from the early seventies period. A considerable relative weight reduction of the ABC rotor
system can be expected through the application of lighter weight high-strength structural
materials.

In spite of promising possibilities, technical interest and actual design and experi-
mental efforts devoted to the ABC system appears to be at a low level as of this writing.

Rotor Systems Research Aircraft (RSRA). In conclusion of this glance at the history
of Western compounds, it should be emphasized that in this country there is a very versatile
research tool for investigating various aspects of compounding; namely, the Sikorsky RSRA
{Rotor Systems Research Aircraft) shown in Figure 3.21.
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Figure 3.21 The Sikorsky RSRA in flight

The load-measuring system of this aircraft permits one to measure, in flight, the loads
experienced by all the major components of a compound (Figure 3.22).
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Figure 3.22 Load-measurement systems of RSRA?®

Remarks re Soviet Compounds. To the best of these investigators’ knowledge, no
Soviet compound has ever been put into production. Probably, there were experimental
rotorcraft of this type in the USSR, but no published data can be found in written litera-
ture. However, one Soviet experimental compound; namely, the Kamov Ka-22, became
better known in the West because of establishing a rotorcraft speed record of 221.4 mph
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(192.3 knots) in October 1961. Furthermore, some insight into the approach of the Soviet
designers to helicopter compounding philosophy can be gained from a study by Tishchenko,
ot al?® of that configuration in application to a 52-ton gross-weight transport. Consequently,
the Ka-22 and the Tishchenko compounds {Ref. 25), which will be called hypothetical air-
craft, are briefly reviewed in the following sections.

Kamov Ka-22. The Kamov Ka-22 compound helicopter (Figure 3.23) was conceived
as a Jarge transport, probably capable of accommodating up to 100 passengers’ .

—

Figure 3.23 Kamov Ka-22 compound transport

The Kamov Ka-22 was powered by two turbine engines of 5622 hp each, which
drove four-bladed lifting rotors for takeoffs, landings, and low-speed maneuvers. in cruise,
all of the engine power was probably absorbed by the propellers, while the rotors auto-
rotated as in an autogiro. The chief designer, N. Kamov, indicated in 1966 that interest.
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in that configuration was still active in the USSR. However, it appears that this interest was

never translated into further development of the Ka-22 derivatives.

Hypothetical Soviet Compounds of Tishchenko.

Apparently, a broad study was

performed by the Tishchenko design team before selecting a final configuration for a large
52-ton gross-weight rotorcraft transport. Eventually, the study led to the development of the
Mil Mi-26 helicopter. However, other configurations were investigated, including side-by-side
(Fig. 3.24) and single-rotor {Figure 3.25) compounds“.
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Figure 3.24 Tishchenko's hypothetical 52-ton gross-weight side-by-side compound.

Figure 3.256 Tishchenko's hypothetical 62-ton gross-weight single-rotor compound

These aircraft, which will be called hypothetical compounds, were supposed to have
a gross weight of 62 metric tons, while cruise speeds were postulated as equal to 350, 400, and
450 km/hr; i.e., 189, 216, and 243 knots. Their competitive position with respect to conven-
tional and winged helicopters of various configurations was evaluated. On the basis of data

contained In Ref. 25, a graph showing relative payload (W =

Wy, /W) vs. distance flown

were made (Figure 3.26). This was done for all six of the hypothetical compounds.
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Figure 3.26 Relative payload vs. distance flown for Soviet hypothetical single-rotor
and side-by-side compound configurations

A glance at Figure 3.26 would indicate that the single-rotor compound is definitely
superior to the side-by-side configuration as far as load-carrying capabilities at all three design
cruise speeds are concerned. It can also be seen that for both types, the payload decreases
as the design cruise speed goes up.

In order to see whether the higher cruise speed would compensate for the loss of
payload-carrying capacity, Figure 3.27, showing the absolute ideal productivity, was pre-
pared: Il =Wy X Ve,, where Wy, is in metric tons and V. is in knots.
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Figure 3.27 Absolute ideal productivity vs range of single-rotor hypothetical compounds
designed for various cruise speeds

Figure 3.28 was prepared to give the reader a still better insight regarding the influence

of design cruise speed on productivity. Here, absolute ideal productivity for three selected
ranges (0, 200, and 400 n.mi) is plotted vs design cruise speed.
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An examination of Figures 3.27 and 3.28 would suggest that for single-rotor transport
compounds, the design speed within the 200-230-knot range would probably represent a
sound performance requirement. It can be seen that for operational ranges of up to 200 n.mi,
which would probably be of prime interest for compound applications, the loss in produc-
tivity with increasing design cruise speed is small (up to some 220 knots). On the other
hand, 200-220-knot cruise speeds would give the compound an advantage of about 50 to
70 knots over pure helicopters. This differential could, in principle, contribute to the creation

of a competitive edge over pure helicopters in short-haul transportation.

I .
'g 5000 RANGE: 0 N.MI.
=
O @

4000 °
@ = 3000 -
o 2 200
B X 2000 9
32
g £ 10004 w_400
o =
< - O ) | N 4 bl " L4 Ll L 2 ]
5‘ 180 200 220 240 260 KN
(2] . DESIGN CRUISE SPEED; KN

Figure 3.28 Ideal absolute productivity vs. design cruise speed

3.2 Discussion of Historical Trends

General. All compounds being reviewed in this chapter are divided into two gross-
weight classes; one representing maximum flying gross weights up to 30,000 Ibs, and
another with gross weights higher than 30,000 Ibs. Some of the important characteristics
of the considered compounds are summarized in Tables 3.1A and 3.18B, and trends exhibited
by some of those characteristics are illustrated by the appropriate graphs and discussed in

some detail in the following sections.
Disc Loading. Disc loadings of the compounds listed in Tables 3.1A and 3.1B are

plotted vs. maximum flying gross weight in Fig. 3.28.

A glance at this figure would indicate that disc loadings of the majority of past com-
pounds are within the 5 to 7 psf bracket. However, exceptions are the Fairey Gyrodyne at
2.26 psf, which is well below, and the AH-56A at 11.03 psf, which is above those values. It is
interesting to note that disc loadings of the Soviet hypothetical single-rotor compounds are all
higher than that of the AH-66A and decrease with the increasing design cruise speed levels:
13.9 psf for V¢, = 189 kn, and drops down to 11.8 psf for the 243-kn cruise compound.
Looking at Figures 3.29 and 7.1 of Ref. 6 where disc loadings of typical Western and Soviet
helicopters are also presented vs. gross weight, one would find that disc loadings of com-
pounds are, in general, similar to those of pure helicopters of the same gross weight class.

-t
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Figure 3.29 Disc loading vs. maximum flying gross weights of compounds

Power Loading & Specific Power. Trends in the installed power loading presented
in Fig. 3.30 are based on the shaft power of the powerplants, and do not include power
generated by the tip-burning of fuel in cases of jet-driven rotors. This approach is justified
by the fact that rotor jet propulsion {when present) was used exclusively for takeoff, landing,
and low-speed maneuvers. During high-speed flights, shaft power was the only source of pro-
pulsion. Consequently, the trend represented by Fig. 3.30 should basically reflect power
needs resulting from high-speed requirements.
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Figure 3.30 Trends in installed power loadings
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Figure 3.31 was prepared in order to still better illustrate this relationship. Here,
the installed specific power; i.e., installed power per pound of maximum flying gross weight,
is plotted vs. cruise speed.
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Figure 3.31 Installed shaft horsepower loading vs. cruise speed

Approximate relationships between installed specific power and cruise speed are
depicted in this figure. A number of points showing (SHPns/W) = flV¢,) were added for
contemporary single-rotor pure helicopters to show how they compare with the compounds.
Examining the location of the helicopter points with respect to the compound trend curve,
one would note that the installed power loadings of helicopters are, in general, close to
those of compounds designed for the same cruise speed.

Wing Area & Span vs. Rotor Disc Area and Diameter. With respect to the configura-
tion geometry of the compound, it may be of interest to examine whether any definite trends
exist regarding the ratio of wing to disc areas as well as wing-span to rotor-diameter. Further-
more, both ratios will appear in the simplified expression for estimating relative download in
hover. These latter aspects will be discussed later in this report.

Ratios of the wing areas {both total and exposed) to those of rotor disc(s) are shown
in Fig. 3.32, which indicates that for single-rotor compounds, the total wing area usually
amounts to about 5.5%, and the exposed portion to about 4.5% of the rotor disc area.

The Fairey Gyrodyne with its total wing area to disc area ratio of 3% (exposed area to
rotor disc area of 1.8%), obviously represents an exception to the norm with its lower levels
of these ratios, while the McDonnell XV-1 having the same ratios equal to 13% and 9.7%,
respectively, represents another exception—this time, to the higher levels of the area ratios.
For side-by-side compounds, one may expect that because of the basic geometry of the
configuration, the designer would have less freedom in optimizing the wing geometry, with
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Figure 3.32 Ratios of wing areas (total and exposed) to rotor-disc area(s)

the result that the wing area would probably be larger than its optimal value. While not shown
on the graph, this reasoning seems to be confirmed by the wing to the rotor disc area values
for the Kamov Ka-22, where this area is equal to 21%, and approximately equal to 11.5% for

the hypothetical side-by-side compounds.

WING SPAN/ROTOR DIAMETER: %

Ratios of the wing span to rotor diameters are shown in Figure 3.33.
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Figure 3.33 Wing span to rotor diameter ratios of compounds
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As in the preceding case, one can see from this figure that there is no appreciable
scatter of points for single-rotor configurations from the average value of the wing span/
diameter of approximately 45%. Again, the Fairey Gyrodyne represents an exception of
the lower value level of 34%, and the XV-1 is well above other configurations at the higher
value level of B4%. It is obvious that the ratio for side-by-side configurations is about 100%.

High-Speed Capabilities of Past and Hypothetical Compounds vs. Helicopters. Fig.
3.34 was drawn in order to give the reader some idea regarding a comparison of the high-speed

capabilities of compounds vs. those of helicopters.
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figure 3.34 Speed of flight records for helicopters and compounds

In this figure, official high-speed records and years of their establishment are shown
for helicopters, while for compounds, both official and unofficial speed record points are
marked. It can be seen from this figure that up to the late sixties, not much difference can be
detected as far as the high-speed capabilities of both configurations are concerned. However,
jet-assisted compounds seem to indicate that the compounds could, in principle, but not
necessarily in operational aircraft, have an advantage of about 70 knots with respect to the
high-speed capabilities of pure helicopters.

From a practical operational point of view, it may be interesting to see what advantage
the compound may have as far as cruise-speed capability is concerned. The graph presented
in Figure 3.35 was prepared to answer this question.
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Figure 3.35 Temporal trend in fast cruise speed for helicopters and compounds

A glance at this figure would indicate that judging from the optimal boundary of
helicopters extending up to 1980, the compounds may have an advantage up to about 50
knots as far as cruise speed is concerned. However, should helicopter cruise speeds be close
to 200 knots as predicted for the Boeing helicopter Model 360, then the potential cruise

speed advantage would decrease to some 20 to 30 knots.

Temporal Trends in Relative Weights Empty.
past, as well as hypothetical, compounds of the Soviet Union, a temporal trend in relative

weight empty values in comparison to those of helicopters is presented in Figure 3.36.
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Figure 3.36 Temporal trend in relative empty weights of compounds in comparison with

those of helicopters
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This figure shows that, as might be expected, relative empty weights of compounds
appear, in general, to be higher than empty weights of helicopters of the same time frame.
The reader’s attention should be called to the trend exhibited by the Soviet hypothetical
single-rotor compounds. Here, one can see how the relative weight-empty values increase
with the increasing design cruise speed requirements from 189 to 243 knots.

3.3 Advantages and Penalties of Compounding

3.3.1 Hover

General. With respect to hover, there are probably no advantages when one com-
pares compounds with pure helicopters. As far as penalties resulting from compounding are
concerned, the most significant will probably be as follows: (a) increase in download due to
the wing and, possibly, larger horizonta! contiol surfaces than those for helicopters, (b}
greater loss of power required for main-rotor torque compensation for single-rotor configura-
tions should the torque compensating devices be less efficient than the classic tail rotor, and
{c) increase in relative weight empty of the compound because of the presence of a wing
and the forward propulsion system.

Problems expressed by items (a) and (b) will be discussed in this section, while those
related to weight-empty aspects (item (c)) will be discussed in the Concluding Remarks.

Increase in Download Due to Wing. In order to estimate the penalty resulting from
the dowload OGE associated with the presence of the wing, the following approximate
formula of Vil’dgrube (Ref. 29} will be used:

AT,

n

Dy, /W = 0.3755,b,. (3.1)

Where the relative rotor thrust increase (ATW) required to overcome the wing down-
load (D,w) represents the ratio of this download to the gross weight of the rotorcraft, g’w =
SW/ﬂR2 is the ratio of the total wing area to the lifting rotor disc area, and b'w‘-‘a"- b/R is the
relative wing span. -

The relationship given in Eq. (3.1) is graphically presented in Fig. 3.37. In addition,
the estimated ATw values for various past Western and Tishchenko's hypothetical single-rotor
are also marked. Again looking at this figure, one could come to the conclusion that on the
average, the thrust of the lifting rotor in hover OGE would increase by about 2.5% of the
gross weight, unless special devices such as highly deflected flaps and drooped leading edges
are used.

Specific Power Required in Hover OGE. Specific shaft power (in ft.Ib/sec) required
per pound of gross weight'in hover OGE at air density p for helicopters can be simply ex-

pressed as _
SPhe = N'Whel20/FMou,, (3.2)

and for compounds,
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Figure 3.37 Relative wing download shown as a function of the relative wing area and span

§'Bca = Vwco/ZP/FMovco- (3.3)

It can be seen that Egs. (3.2) and (3.3) differ only in the subscripts identifying the
type of aircraft; otherwise, the symbols have the same meaning: w is the disc loading, and
FM,, is the overall figure of merit—expressing the ratio of the ideal power to the shaft power
required in hover OGE. The so-defined ratio can be written as follows:

FMo, = NWiZp/ (TN Tywi20/FMn,,,; (3.4)

which leads to

Mo, = FMn, /(T2 (3.5)

where To is the ratio of total thrust required to hover OGE to the gross weight (T, = ,,q/W)
FM is the figure of merit of the rotor, and 5, is the power utilization coefficient, which also
can be called the overall transmission efficiency, expressing the ratio of the rotor power to
the shaft power.

Now, assuming that both conventional helicopters and compounds have the same disc
loading and the figures of merit of their lifting rotors are identical and that the air density is
identical, the ratio of 37’;,,/5?,,," can be expressed as follows:

*Because of forward-flight considerations, the assumption that FM., = FMy, may be uncon-
servative since, in compounds, a smaller built-in blade twist may be favored; thus leading to

less favorable figure-of-merit values in hover. However, the influence of FM values on the
SPC,,/SP,,, ratio would probably be less significant that those of 7 and 1,,,.
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5PeolSPhe = (Togo!Tone)  Movpe!Moveo - (3.6)
'T_o can, in turn, be written as
T, = 1+ (ATpy, + ATp,,) + AT, (3.7)

where Aﬁu, is the relative download on the fuselage, Aﬁ,’m is the relative download on the
horizontal empennage, and AT, is the relative download on the wing.

The two terms shown in parentheses in Eq. (3.7) are common to both compounds
and helicopters. Again, making a somewhat nonconservative assumption that A?h,,,, co -
AT/,,,,., he (download due to the horizontal control surfaces of the compound would probably
be higher than for helicopters) and further assuming that (AT,,,, + AT,, ) =~ 0.026 (see Ch.
2, Part Il. of Ref. 30), and ATW ~ 0.026, the ratio of the total download factor of compounds
to those of helicopters would be

Toco!Tons = (1.06/1.025) = 1.024.

For a wing with a large flap {44% chord) deflected 80 degrees, the relative downloed
could be reduced to about A7—’;, = 0.016 (Ch. 4, Part il of Ref. 30}, thus decreasing the total
download coefficient ratio from 1.024 to 7; co! Tone = 1.015.

With respect to the overall power utilization coefficient {n,,). it can be expressed as

Moy = 1 — APy — BP oy — AP, (3.8)

for both single-rotor mechanically-driven conventional helicopters and compounds, where
AP,,, is the relative power lost in the transmission(s) (AP = AP,,,/SHP) AP, is the rela-
tive power expended in cooling (APcoo/ = APooi/SHFP) and AP,, is the relative power re-
quired to balance the main rotor torque (AP, = RHP,/SHP) where RHP,, is the tail-rotor
horsepower needed for torque compensation.

Relative transmission and cooling losses should not be much different from those
for T pure helicopters, and will be assumed as follows: AP,,, o ™ AP,,h ~ 0.045; APcao,ca
APc”,h. 0.015. However, the AP,, values may be higher for compounds than for heli-
copters using the open-airscrew type tail rotors.

For the single-rotor helicopters examined in Ref. 5, the average ratio of tail-rotor to
main-rotor power amounts to RPy/RPy, = 0.108 or, assuming n,, =~ 0.86, the relative
shaft-power based tail-rotor losses become AP,, Toy {RPtr/RPm,) = 0.092, and the second
approximation of overall efficiency would amount to 7oy, = 0.86.

Now, the gy, /Moy, Can be expressed as

Tlovg,/Movpe = (094 — OPy,,1/0.86. (3.9)

Figure 3.38 will give the reader some idea regarding the influence of Ai’;,co values on

the 5, /Moy, rati0.
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Assuming that -fo co/foh P 1.024 for wings without deflecting flaps, and that
To c o/To,, " 1.015 for those with large flaps, the ratio of the specific shaft-power in hover
OGE of compounds to those of helicopters of the same disc loading was computed from Eq.
(3.36) and graphically presented vs. the relative tail-rotor power of compounds in Figure 3.39.
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A glance at this figure will indicate that the dominant factor in achieving specific
shaft powers in hover for compounds comparable to those of single-rotor helicopters of the
same disc loading would be to have the main-rotor torque compensating devices using fractions
of the shaft power required similar to those of helicopters. However, obtaining this equality
of AF,, values with respect to classic helicopters {with open tail rotors) is not very probable,
since an open tail rotor (still widely used in conventional single-rotor helicopters) would proba-
bly be unacceptable because of the operational requirements. |t appears, hence, that designers
of compound configurations must accept the fact that specific shaft power required in hover
OGE of their rotorcraft will be higher than that of conventional helicopters having the same
disc loading.

In hover, the penalty in SP values may not prove to be too important for pure heli-
copter operations, as hover and near-hover flight modes would represent only a small frac-
tion of the whole operation. But, for military applications where ‘hiding’ in hover may be a
tactical necessity, reducing a gap in the SP values in hover between compounds and helicopters
may become quite important.

Figure 3.39 clearly illustrates the significance of the AP'" levels in comparison to those
of the reduction of the wing download. It appears, hence, that if one wants to contribute to
the survival of the compound configuration, one should direct a considerable fraction of the
total research effort devoted to compounds to the development of rotor power torque-
compensating devices requiring main-rotor power fractions not excessively higher than those
for contemporary helicopters, including the Fenestrone and NOTAR.

3.3.2 Horizontal Flight

Power Required. The following considerations are chiefly aimed at an understanding

of the importance of the various components comprising the total power required by the
compound in horizontal flight, and possible methods of reducing these components.

It should be assumed for simplicity that in high-speed horizontal flight all forward
thrust needed to overcome aerodynamic drag is exclusively generated by the propulsor and
also that the weight (W) of the aircraft is jointly supported by the rotor thrust (Tg) and wing
lift (L,,). Consequently, along the vertical axis, the following force equations become valid:

Tp + Ly =W (3.10)
which can be rewritten as
Ta+ly=1 (3.11)

where Tg = Tp/W and Lw=Ly/W.
Along the horizontal axis, the force balance equation is as follows:

Th = Dpsr + Dinag + Dind,, *+ Dprg + Dory- (3.12)
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where Dpg, is the parasite drag of the whole airframe, excluding the blades and the wing,
Djngg is the induced drag of the rotor resulting from developing thrust 75 = WTg while the
influence of the wing is neglected. D;py w is the induced drag resulting from developing a lift
L, = W(1 — Tg) and experiencing an additional drag ADjpg,, due to the influence of the
rotor. Dp,q is the drag resulting from the profile drag of the rotor blades, and D, is the
profile drag of the wing.

The specific shaft horsepower required by a compound in horizontal flight can be
written as follows:

SHP; = [(Dpar + Dinag * indy, + Dprg + Dor,)V/325Wn,n,,) + ASHPR  (3.3)

where the speed of flight V is‘ in knots, n,, is the transmission efficiency (including coolina and
accessory-drive losses), Npr is the propulsive efficiency of the forward thruster, and ASHP is
specific shaftpower going directly to the rotor.

In order to show a practical way toward optimization of Eq. (3.13) all terms appearing
on the right side will be discussed separately. Furthermore, since the importance of the pro-
pulsive and transmission efficiencies will be considered separately, all contributions enclosed
in the parentheses in Eq. (3.13) will be examined, disregarding the influence of the 7., and

Tor coefficients, and represented by the symbols,AHP with suitable subscripts; thus symboliz-
ing various components of the airframe specific horsapower.
Parasite Power. The specific airframe parasite horsepower can be written as follows:

AHP,r = (1.69°/1100)fp, (plpy) V3/W, (3.14)
which can be rewritten as
AHPyq; = 1.04 X 107 oo )V /i, (3.15)

where the speed of flight V is in knots, the equivalent flat-plate area {f) loading w¢ = W/f in psf,
and p/p o is the ambient air density ratio.

Assuming. various values of the equivalent flat-plate area loading, Eq. {(3.15) is plotted
In Fig. 3.40. This figure clearly illustrates the importance of serodynamic cleanness as ex-
pressed through high wy values, espacially at V > 200 knots. Consequently, in order to retain
their competitive position with respect to modern high-speed helicopters where projections
are made for wy 3 1000 psf (Refs. 6 and 31), designers of compounds shouid strive for 1500
psf. Practical possibilities of achieving that level of aerodynamic cleanness represent some of
the most important challenges of the compound design.

Induced Powsr. Expressions for the specific airframe induced power of the compound
as a whole was developed under the following assumptions: {1) thrust carried by the rotor
(Tp = W?n) leads to generation of induced power v’ﬁ’,,,d,,), which can be computed in much
the same way as for an isolated helicopter rotor; ie, neglecting the influence of the wing, (2)
induced power associated with lift carried by the wing (L, =W - 7_'3)) is computed as the
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Figure 3.40 Specified airframe parasite power vs. speed of flight

sum of the induced power corresponding to the isolated wing, and power resulting from the
presence of the rotor induced velocity—assumed to be equal to the ideal induced velocity

of the rotor times the factor k4,
Using common expressions for rotor induced power in forward flight (Ref. 30, Ch. 2},
the specific airframe induced power due to rotor becomes

AHPingq = k(TR W)*/1100p1.69V W TR? (3.16)
which, assuming &7 = 1.1, can be rewritten as follows:
AHPingp = 0.249Tg’w/gV (3.17)

where w Is the nominal disc loading (W/TR?), j is the air density ratio (o = p/p,) and speed
of flight V is in knots.
The average induced velocity (equal to ideal induced velocity times the kfw factor for

the wing) for an isolated wing having span b, can be expressed as
Vind, = 2k, W(1 — Tp)/nb*wp1.69V (3.18)

or, expressing wing span in terms of the rotor radius by = Za_wR, and assuming kfw = 1.1, Eq.
(3.18) can be rewritten as follows:

Vina,, = 547.001 = Taw/p Vb, (3.19)
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The induced velocity of the rotor will be
Vingg = ReTRWI2nR? p1.69V (3.20)
or, assuming k= 1.1,
Vindg = 136.TTpw/BV (3.21)
and specific induced airframe power of the wing becomes
AHPing,, = (1 = Tg)Wina,, *+ Vind g )/550. (3.22)

The total specific induced airframe power of the compound will be obtained by substi-
tuting the right-hand sides of Eq. (3.18) and {3.21) for vnq,, and vjpg, into Eq. (3.22) and
adding the so-modified Eq. (3.22) to Eq. {3.17) Thus, an expression for the total specific
induced sirframe power for the compound is obtained:

AHPipd,, = {_'0.2497',,’ + (1 = To)[(0.994(1 — TR)/b,2) + 0.249T )y w/pV.  (3.23)

Assuming w = 7 psf and Ew =1 as tydical values for the compound (see Tables 3.1A
and 3.1B), the AHP,,,dw values as given by Eq. {3.23) were plotted vs. speed of flight at
SL STD for three Tg levels {Figure 3.41).
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Fig. 3.41 and Ea. {3.23) clearly illustrate that for the practical relative wing span
b < 2.0, the transfer of lift from the rotor to the wing leads to an increase in the total
spec'flc induced power of the compound as a whole. However at say, 250 knots, even at
almost compiete rotor unloading (Tp = 0.2) would result in AHP,,,d = 0.025 hp/lb, while
for a relatively aerodynamically clean rotorcraft having 1000 < w, < 1600 psf, the corre-
sponding specific airframe parasite power would be 0.1156 < AHPP,, < 0.170 hp/ib. Conse-
quently, paying a penalty in a higher specific induced power resulting from low TR values
may be acceptable if this action would permit one to: (1) reduce the aircraft parasite drag,
say, through a more favorable airframe attitude with respect to the flight path than for
pure helicopters, and (2) decrease the specific profile power considerably below the level
characteristic for helicopters.

Profile Power. Aocordmg to Eg. (3.13), the portion of power resulting from the
contribution of the blade profile power drag to the airframe drag (DPFR term in parentheses}
should be considered separately from the portion of the rotor profile power directly affecting
the power transmitted through the rotor shaft {the last term in Eq. {3.13)). However, for the
sake of simplicity, the specific profile of the whole compound will be treated here as a single
unit, as is usually done in the case of pure helicopters®?. Consequently, it will be called
the specific rotor profile horsepower (Wp,) and expressed as follows:

RHP,, = onR*p Blq, Vi + a7u%)/a400W (3.24)

where o Is the rotor solidity, C—do is the average blade profile drag coefficient, Ve is the tip
speed in fps, and u is the advance ratio.

Remembering that the nominal blade loading is wy; = W/onR?, Eq. (3.24) can be re-
written as follows:

RPH,, = 541 X 10755, Vo1 + 470w - (3.25)

In order to get some idea regarding the importance of the contribution of the profile
power to the total specific power required levels of the compound, Eq. (3;25) is plotted in
Fig. 3.42 for SL STD, assuming Cg,, = 0.01, and wp; = 20.0 psf.
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Figure 3.42 Specific rotor profile power vs. speed of flight
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A glance at Fig. 3.42 will indicate that in the flight-speed region of about 250 knots,
contributions of the profile power to total specific power would be of a similar level as those
of the induced power. It can also be seen that a reduction in the tip speed is quite important,
both as a means of reducing the specific power required by the compound and as a provision
for extending the advancing blade compressibility limits to higher speeds of flight.

As to other possibilities of reducing rotor profile power in general, one should note
that reduction of the average blade-lift coefficient (Cy/o) through rotor unloading, and
elimination of the rotor thrust inclination through a separate propulsor should prove bene-
ficial. This point is illustrated in Fig. 3.43 (based on cross-plots from Figs. 4.6 and 4.7 of Ref.
20), where the effects of rotor tilt and average blade-lift coefficient values are quite visible.
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Figure 3.43 Example of the influence of rotor thrust inclination and C7/c values on
specific rotor profile power at 172.7 knots

However, the most effective means of reducing the rotor profile power would be
through the application of the variable diameter rotor concept; for instance, as outlined in

Refs. 32 and 33.°
Assuming a structurally simpler concept wherein the rotor rpm remains constant as

its radius varies, the following expression for the ratio of rotor specific profile power at
reduced radius to that of the fully extended position (R = R,) can be developed from Eq.

(3.25):

RPorlRPory = (RIRG)® 11+ 4.7ug (R/RI'1/(1 +4.7") (3.26)

where u, symbolizes the advance ratio corresponding to the fully extended rotors.
Figure 3.44 was drawn in order to give the reader some idea as to how rapidly the
profile power of the retracting rotor decreases at u, = 0O (at constant rpm) in comparison

to that of the fully extended rotor.
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In spite of some detrimental effect of the 4.7, (Ro/R) term in Eq. (3.16), in for-
ward flight the relative reduction in the profile power is quite dramatic, even when the re-
traction is as small as that corresponding to R/R, = 0.8 {See Figure 3.46).
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Figure 3.45 Relative reduction in specific rotor profile power in forward flight, caused by
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Looking at this figure, one should conclude that as far as reducing the specific rotor
profile power is concerned, it would, in principle, be best to use a variable diameter rotor.
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This, of course, should be combined with unloading of the rotor by the wing. When deter-
mining the amount of rotor unloading, two aspects should be taken into consideration: (1)
gains in the reduced specific profile power vs. losses resulting from higher aircraft induced
power, and (2) dynamic consaquences of decreased blade loading, leading to reduced damping
in flapping (see, for instance, Fig. 1.9, Ref. 30}. However, probably the most important
aspect regarding possible application of the variable diameter rotors would be weighing
potential performance gains vs. additional complexity, airframe weight increase, and cost.

Transmission and Propulsive Efficlencies. Looking at Eq. {3.13), one may note that
transmission efficiency would influence the term appearing in the parentheses as well as the
ASHP term although, in this latter case, Ny, does not appear as explicitly as in the other
specific shaft horsepower components given in this equation. It is obvious that, similar to
the case of pure helicopters, the 7, level of compounds should be as high as possible. The
1., vaiues for the compounds could be expected to be slightly higher than for single-rotor
helicopters of the same gross-welght class. This would be due to the fact that in cruise and
high-speed regimes of flight, only a small fraction (if any) would be channeled to the main

rotor, along the way requiring a considerable reduction in rpm. The main engine power
would go to the forward propulsors through the transmission system, requiriig much smaller
rpm variations.

For the same reason that mn values are much smaller than those appearing in the
square brackets in Eq. (3.13), the main-rotor forque compensating losses, which are often
‘charged’ to transmission efficiency, would also be smaller for a compound than for a heli-
copter of the same gross-welght class.

Propuisive efficiency (n,,) affects the main portion of the total specific shaft horse-
power required in cruise and high-speed flight. Consequently, it is desirabie to use propulsive
devices capable of high 7, values in the 200-275 knot speed range. In this respect, an open
propeller would probably be the most efficient. However, for operational safety and overall
design reasons, there may be a tendency to combine foward propulsion functions with torque
compensation in hover by creating a single device based on the enclosed airscrew concept.

This approach would probably require some compromise between torque compensa-
tion effectiveness in hover and low-speed flight, and high propulsive efficiency in cruise
and at high speeds.

in principle, the direction for this compromise would be dictated by the envisioned
mission of the compound (time in hover vs. time in cruise). However, in practical applica-
tions, cruise and high-speed capabilities of the compound would probably take priority
over hover and low-speed requirements. Consequently, designers of these universal units
should probably lean toward assuring the highest possible Npr values at high-speed forward
flights, even if this would mean some lowering of the main-rotor torque compensating effec-
tiveness in hover and near-hover conditions.
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3.4  Concluding Remarks and Recommendations

3.4.1 Concluding Remarks

General. Helicopter compounding consists of providing a source of horizontai pro-
pulsion, independent of propulsive forces generated by the lifting rotor(s). This approach
brings many operational advantages, which appear especially valuable in military applications
{e.g., retention of a basically horizontal position of the fuselage at all flight speeds, as well
as during forward accelerations or decelerations).

From a performance point of view, the presence of auxiliary horizontal propulsion
also helps to move the rotor high-speed barrier {blade stall and compressibility effects) toward
higher levels. Utilization of a wing(s), unloading the rotor in forward flight, further helps
to improve high-speed capabilities of the compound, making it, in principle, some 40-50
knots higher than for pure helicopters. In addition, the use of wing ailerons could contribute
to an improvement in roll controllability of the aircraft, especially in the case of unloaded
articulated rotors with moderate flapping hinge offsets. Movable horizontal surfaces may
contribute to a sensitive pitch control.

Unfortunately, compounding can not be‘achieved without some penalties.

Hover. in hover, the presence of wings and, usually, large horizontal empennages,
leads to download factors higher than for conventional helicopters. Furthermore, if rotor
geometry favoring high-speed performance is applied, the rotor figure of merit levels for
compounds may be lower than for helicopters. Finally, the fraction of rotor power spent
on torque compensation in single-rotor configurations may be higher than for conventional
helicopters, especially those having open airscrews as tail rotors. This higher power expendi-
ture of compounds would result from the probable use of main-rotor torque compensating
devices (for example, Notar, Fenestrone, Piasecki ring-tail) or propellers requiring more power
per pound of thrust developed in hover than conventional tail rotors.

Hence, in summary, it may be stated that the power required per pound of gross
weight in hover for compounds may be some 10 to 15 percent higher than for conventional
helicopters of the same disc foading.

From the structural weight point of view, compounding, in general, leads to higher
relative weight-empty ratios (up to 10 percent higher) than those of conventional helicopters.
This, obviously, means that the relative zero-time, and hence, zero range payload, of com-
pounds would be some b to 10 percent lower than for conventional helicopters.

As a result of the higher fuel consumption per unit of gross weight and unit of time
for compounds in hover, accompanied by the lower zero-time relative payload values, a
comparative character of the relative payload vs. time relationship in hover would be as
shown in Figure 3.46.
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Figure 3.46 Relative payload vs. time relationship in hover for compounds and conventional
helicopters.

Horizontal Flight. In forward flight, auxiliary propulsion as well as unloading of
the lifting rotors by use of a wing(s) moves the blade tip Mach number/stall barrier of com-
pounds to higher speed leveis than for conventional helicopters.

From the performance point of view, the main design task would be to select the
principal design parameters of the aircraft, including lift distribution between the lifting
rotor(s) and the wing(s) in such a way that the resulting W/D, vs. speed of flight relation-
ship for compounds would be, in comparison to conventional advanced helicopters of the
same gross-weight class, of the character depicted in Fig. 3.47.
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Fig. 3.47 implies that at some high speeds of flight {about 130 kn in the figure), the
SHP required per pound of gross weight should become lower for the compound than for
helicopters of the same nominal disc loading and gross-weight class. This would not be an easy
task for the reasons explained below.

At a given speed of flight, the induced SHP per pound of gross weight for the com-
pound carrying some load on the wing will, in general, be higher than for helicopters of the
same nominal disc loading. Fortunately, at high speeds of flight, the induced portion repre-
sents only a small fraction of the total power required.

At high speeds of flight, the parasite portion obviously constitutes the largest contribu-
tion to the total power required per pound of gross weight. In this respect, the general aerody-
namic cleanness of compounds (as expressed by equivalent flat-plate area loading) can not be
expected to be much better than for conventional helicopters of the same class. Nevertheless,
because of a more favorable attitude of the body of the compound with respect to the air-
stream, some gains in the parasite drag to grdss-weight ratio of compounds over those of
helicopters can be expected. However, these gains will not be very significant.

The brightest hope for the designer to reduce the SHP per pound of gross weight
values of the compounds during high speeds of flight to levels lower than for corresponding
helicopters lies in controlling the profile power. Here, the designers have three factors which
could be applied toward that goal: (1) reduction of the rotor tip speed, (2) lowering Cy/0
levels through unloading of the rotor by the wing, and (3) zero, or close to zero angle of
attack of the rotor disc with respect to the flight path.

Telescoping blades could, in principle, represent a very powerful tool toward reduc-
tion of the profile power, but mechanical complexities and structural weight penalties make
the practicality of that approach somewhat doubtful.

Finally, it should be emphasized that during high speeds of flight all, or at least, a large
fraction of the SHP of the compound is channeled toward forward propelling devices. Conse-
quently, a high propulsive efficiency of such devices becomes an important factor in re-
ducing the SHP required per pound of gross-weight levels.

in closing, looking at the weight aspects, one should note that the higher the design
cruise speed of the compound, the higher its relative weight empty.

This trend is depicted in Fig. 3.48, where W, values for some actual, as well as three
hypothetical compounds of Tishchenko (half-black points), are shown vs. high design cruise
speeds.

Looking at this figure, it can be seen that Il increasing the design cruise speed from
some 210 knots to 240+ knots would be associated with an increase in MT, values from about
0.6 to 0.7. The resuiting losses in the zero-range relative payload may not be compensated by
the higher cruise speed, with the result that relative ideal productivity of the fastest com-
pounds would be considerably inferior to that of their slower, but structurally relatively
lighter, counterparts.
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Figure 3.48 Trend in relative weight empty vs. high cruise speed of compounds

3.4.2 Recommendations

Because of the potential advantages of coﬁ\pounding, especially in military applica-
tions, the following programs appear desirable.

1. Gaining a better than the present understanding of the aerodynamic interaction
between major components of the compound at high speeds of flight through ana-
lytical studies of the total flow field around the aircraft.

2. Indication of the way toward optimization of the W/D, vs. speed of flight for
shaft-driven configurations, or (ch), vs. V as a more general criterion applicable to
all types of propulsion using jet fuel. This would include study of the influence of such
design parameters as (a) ratio of wing area to rotor(s) area, {b) ratio of wing span to
rotor diameter, and (c) distribution of the total lift between the rotor and the wing.

3. In-flight check on the RSRA of analytical prediction re W/D, vs. V or (FCW)' vs.
V for s selected set of {a), {b), and (c) parametric values.

4. Perform design studies of aerodynamically optimal or near-optimal configurations in
order to obtain an insight into structural problems in general, and weight penalties
associated with compounding in particular.

B. Conduct studies and support development of enclosed, or shrouded, forward pro-
pelling devices with good propulsive efficiency in the 200-250-kn speed range, and
still @ capable of serving as acceptable main-rotor torque compensators in hover.
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CHAPTER 4

HIGH SPEED CONFIGURATIONS USING OPEN AIRSCREWS FOR VTOL

4.1  Introduction

The tip-driven helicopters and compounds discussed in the preceding two chapters
exhibited cruise speed capabilities well below those of propeller-driven and jet-propelled
fixed-wing aircraft of similar, gross-weight classes. The same, of course, is true with respect
to shaft-driven helicopters. Consequently, it may be stated that some 180-knot limit may be
seen as a rather optimistic limit set as a practical cruise speed for helicopters (either shaft or
tip-driven), and 220 knots for compounds.

The main source of the high-speed limitations for these configurations in forward
flight stem from the rotating rotor(s) or open airscrews in general with discs making a sharp
angle with respect to the flight path. It becomes clear, hence, that the following options can
be executed in order to overcome the high-speed barrier of aircraft relying on rotors or
propellers for VTOL operations: (a) rotation of the Jifting airscrew to the position where
it can serve as a propelling device, (b) complete elimination of the rotor or propeller from an
active participation in the process of fiight by stopping and stowing it, and {c) converting rotor
blades of the stopped rotor into fixed wings.

There are, of course, many possible design schemes and concepts aimed at reducing
to practice the above outlined approaches {for instance, see Ref. 34). However, because of
limitations placed on this study, only the following configurations will be discussed in some
detail: (a) tilt-rotors, (b) tilt wings, and (c) retractoplanes.

1t should be noted at this point that because of the large research effort already made
in conjunction with the development of the tilt-rotor configuration, discussions here will be
chiefly limited to the accumulation and interpretation of performance data presently avail-
able regarding the most important — actually flight tested — representatives of the tilt-rotor;
namely, the Bell XV-15 and the Bell-Boeing V-22. Furthermore, generalized performance of
these two aircraft will serve as a baseline for gauging transport capabilities of other con-
figurations. There will also be a brief discussion of one possible way toward improvement of
the inherently low wing aspect ratios of tilt-rotors.

In the tilt-wing study, emphasis will be placed on the possibility of extending high-
speed capabilities of these aircraft uptoM = 0.8 regions through the application of propellers
incorporating technological advances resuiting from the development of propfans (PF).
‘Problems associated with this approach will be indicated and areas of required additional
research efforts will be briefly outlined. A more detailed look at stowable rotor concepts
will be limited to two configurations: one, representing stoppable and stowable helicopter
rotors and two, the tilt-rotor with folding blades. These studies will be preceded by a general
discussion of stowable-rotor concepts.
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The above-outlined detail studies will be supplemented by a glance at the concepts
of converting rotor blades into fixed wings. This will be done on the examples of the X-wing
and the Rotafix. A large research and development effort has been devoted to the X-wing
concept. Consequently, without trying to add to the weaith of already existing material, only
the present status of this project will be briefly summarized. The Rotafix concept will be
briefly described, since it appears to these investigators that at least, in principle, it repre-
sents one of the simpler, but still feasible, approaches to the idea of converting rotor blades
into fixed wings.

4.2 Tilt-Rotor
4.2.1 General

The Bell XV-3 convertiplane {(Figure 4.1), developed under the leadership of R.
Lichten, was the first tilt-rotor aircraft that accomplished complete transition from the heli-
copter to airplane regimes of flight and vice versa in December of 1968. Subsequently, during
the flight research program, this aircraft achieved 80 full conversions and, by June 1960,
had attained 125 hours of actual time in flight, a speed of 167 knots, and an altitude of
about 12,000 ft (Ref. 7).

Figure 4.1 The Bell XV-3 convertiplane (450 hp Pratt & Whitney R-985 engine)

The flight-test program conducted on the XV-3 proved the basic feasibility of the
tilt-rotor concept, thus opening the way toward design and development of a more sophisti-
cated flight-research aircraft; namely, the Bell XV-15 (Fig. 4.2).

The XV-15 went through a very successful flight-test and demonstration program
from 1977 to the present. A strong research program, both analytical and experimental,
including full-scale wind tunnel and stand tests of the whole aircraft and its major dynamic
components, compiemented the actual flight testing.
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Figure 4.2 Bell XV-16 filt-rotor research aircraft in low-speed flight

These efforts led to a vast accumulation of technical data and a high confidence level,
which resulted in a multi-billion dollar program for an operational tilt-rotor aircraft, the
Bell-Boeing V-22 (Fig. 4.3).

Figure 4.3 Bell-Boeing V-22 tilt-rotor
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Several prototypes of this aircraft have been built and flight tested, and a full transi-
tion from the helicopter regime of flight to fixed-wing flight and vice versa, was accomplished
in September 1989.

Development of short-haul civilian transport aircraft based on tilt-rotor principles
became feasible, and several studies were made to investigate possibilities of this concept
(Refs. 35, 36, and 37). Some of the studies were based on the concept of an evolutionary
development of civilian versions starting with the XV-15 and V-22 as baseline designs (Fig.
4.4), and others looked at completely new approaches to the civilian transport tiit-rotor
aircraft (Fig. 4.6).

XV-15 Size - 4
CTRB0 (g Passengers) M

* New High-Wing Design

New Tiltrotor
CIR190 (19 Passengers) d
4

)
* New Low-Wing Design

V-22 Min Change
T e b"

« Nonpressurized Fuselage

V-22 Derivative
CTR22C (39 Passengers)
o New Pressurized Fuseiage
New Titrotor
CTR 7500 (75 Passengers)

* New Low-Wing Design

Figure 4.4 Civilian transport tilt-rotor configurations, evolved from the XV-15 and V.22
aorcraft
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Figure 4.5 Example of an independent look at the civilian transport tilt-rotor configuration

European designers and manufacturers also became interested in the tilt-rotor concept
and an international team composed of Aeritalia, Aerospatiale, Agusta, Casa, MBB and West-
land was formed in 1987 in order to design and develop the so-called EUROFAR (Fig. 4.6} —
a civilian commuter aircraft capable of carrying 30 passengers over 600 miles at a cruise
speed of 300 knots and an altitude of 7500 m (Ref. 38).

iin D nooao

Figure 4.6 EUROFAR - 3-view drawing of the baseline configuration
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Present, widely publicized, difficulties encountered by the V-22 program stem more
from national fiscal policy and political interplay than from any technical problems. Conse-
quently, regardless of the future of the V-22 program, one may assume that because of the
amount of effort already spent on the development of this aircraft, many performance items
and weight characteristics could be considered as representing, in general, the true state of the
art of the tilt-rotor configuration. However, it should aiso be remembered that because of the
special operational requirements associated with ship-board operation (folding of rotors, wing
rotation, and rear cargo loading), aerodynamic cleanness and weight-empty values of civilian
transports may be better than for the V-22. For this reason, when establishing a baseiine
figure for generalized performance and relative weights, data from the V-22 and XV-15 will
be supplemented by inputs (where available} from studies of the civilian tilt-rotor.

At the conclusion of these general remarks regarding the tilt-rotor configuration, a few
important characteristics of two existing and some hypothetical aircraft of that type are shown
in Table 4.1. ‘

4.2.2 Hovering

Shaft horsepower required per pound of aircraft gross weight in hover OGE (SHPy)
for the tilt-rotor will be expressed by the same re'lationship as for any other shaft-driven VTOL
aircraft. Consequently, Eq. (1.19) can be rewritten as follows:

SHP, = 0.0264k,2 \JW/BIFMn,,. (4.1)

In discussing the influence of various parameters appearing in the above equation, it
should be noted that the disc loading (w) of the tilt-rotors shown in Table 4.1 range from about
14 to 24 psf. It appears, hence, that a disc loading of about 26 psf represents the upper limit
for conventional tilt-rotor aircraft.

The overall ratio of rotor power to engine shaftpower of the tilt-rotor configuration
will probably be close to that of the V-22 and XV-15 which, including accessory drive, amounts
to 1,, = 0.92.

In the overall examination of hovering capabilities of the tilt-rotor, an investigation of
the figure of merit (FM) and download factor(k,) values is of particular interest.

Figure of merit leveis for isolated rotors appears quite high, as can be seen from Fig.
4.7, which shows the FM vs. average blade-lift coefficient {c;) plots for the XV-16 and V-22
models (see Refs. 40 and 41).

Furthermore, one should take note from Figure 4.7 that the high FM values of about
0.8, or even slightly higher, extend through a considerable range of the average blade-lift
coefficient levels from ¢; = 0.5 to 1.0 and possibly higher. This M vs. c_, characteristic has
definite operational advantages, as it permits one to have the rotor working efficiently through
various combinations of disc loadings, tip speeds, and relative air densities (p).
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TABLE 4-1

PRINCIPAL CHARACTERISTICS AND PERFORMANCE
OF ACTUAL & HYPOTHETICAL TILT-ROTORS

HYPOTHETICAL

ACTUAL
'TEM BELL [BELL-BOEING | NASA NASA | EUROFAR
XV-1b6 V-22 CTR-22C CTR-7500
APPLICATION FLT. RES. MILITARY PASSENGER TRANSPORT
POWERPLANT LlYCOMING GROWTH
LTC1K-4K T406 T406 T406
Number of Engines 2 2 2 2 2
Output Shaft RPM 15,000
Total TO or MIL SHP 3,100 12,300 13,610 25,766 (8046)
Total Max. Con’t. SHP 11,780 6892
ROTOR, RADWS,FT 125 18.0 19.0 23.0 18.37
Direction of Rotation TFF" T¢FF* T(FF" TFF" T,FF**
Number of Blades 3 3 3 3 4
Blade Chord, Ft 1.17,0.7R 2.85 Root
Blade Chord, Ft 1.83 Tip
Articulation Restrained Gimbal Restrained Gimbal
Tip Speed, FPS 779/662 779/662 722/677
Rotor Solidity 0.089 0127 0.0957
WING
Span, Ft 35.0 46.0 45.83 63.0
Area (Total), Sa.Ft. 168.0 382.0 382.0
Area {External), Sq.Ft 127.0 302.0 302.0
Aspect Ratio 6.1 5.5 5.6
EXTERNAL DIMENSIONS
Overall Length, Ft 41.0 57.3 68.8 83.7
" Height to Rotor Disc (12.8) 216 216 18.47

NOTES: *

In hover, tips advance toward fuselage front

** In hover, tips move away from fuselage front

{ ) Estimated

T Geometric Solidity
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TABLE 4-1 (CONT'D)

ACTUAL HYPOTHETICAL
ITEM BELL | BELL-BOEING| NASA NASA EUROFAR
XV-16 V-22 CTR-22C | CTR-7500
WEIGHTS (ABSOLUTE)
Max. GW, Lb 15,000 55,000
Normal GW, VTO 13,000 47,500 46,230 79,821 30,100
Weight Empty, Lb 9,570 31,886 30,242 53,705 19,290
Zero Range Payload, VTO | ( 3,000) (15,155) (16,320) (25,360) (10,140)
RELATIVE WEIGHTS
We/Wmax 0.64 0.58
WeMWnormal 0.74 0.67 0.65 (0.67 0.64
WopWnormal (0.23) (0.32) (0.33) 0.32) (0.34)
DISC LOADING
Normal GW, PSF 13.2 20.95 20.4 24.03 14.20
Max. GW, PSF 15.2 24.24
TOTAL WING LOADING
Normal GW, PSF 76.92 124.34 121.0 (82.7)
Maximum GW, PSF 88.76 144.0
INSTALLED POWER LOADING, VTOL
Maximum GW, Lb/SHP 3.86 3.4 3.1 3.74
PERFORMANCE, KN
Max. Flight Speed, N.E. 364
Fast Cruise @ 17,000 Ft 303 300°** 300
Economic Cr @ 20,000 Ft 200 276" **"* 282 300

NOTES: *** Optimum Altitude

**** Sea Level
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Figure 4.7 Figure of merit values vs. ¢, for V-22 and XV-15 rotors

A closer investigation of Figure 4.7 would indicate that the wing has a beneficial ‘ground’
offact’ on FM values. Howaver, thls beneficial wing effect disappears in the presence of the
image plane, simulating the presence of a second rotor, which would cause some downstream

flow to turn upward.
When one looks at the tilt-rotor configuration, one of the first questions that comes to

mind is: How serious is the download problem or, in other words, what is the k, value? It
is indicated in Ref. 40 that the download (D) to the rotor thrust (7) ratio amounts to D,/T=
0.10 for the V-22 and 0.11 for the XV-16. Consequently, D,/T = 0.105 can be accepted as a

representative value
Since the download factor

k, = VI1— 0,7,

its corresponding representative value can be taken as k, = 1.12.

Having established ranges of the values of parameters appearing in Eq. (4.1), trends in
the SHP;, vs. w for the tilt-rotor configurations in hover OGE at SL, STD and 4000 ft, 90°F
were calculated, assuming the foliowing values: k, =112, FM=0.75,and n,, = 0.92. Calcula-

tion results are shown in Figure 4.8.
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OGE at SLS and 4000 ft, 80 F ‘

Fuel consumption per pound of gross weight and one hour can be computed from
Eq. (1.21), which is rewritten in a simpler form as

(FCw),, = SHPyste. (4.2)

Taking the SHP = fiw) values shown in Fig. 4.8 and assuming two values of engine
specific fuel consumption; namely, sfc = 0.4 and 0.5 Ib/hr,br, the anticipated trends in (FCy) ¢
values vs. w for tilt-rotor configurations in hover OGE at SLS were computed and are shown
in Fig. 4.9. An area representing (FC ) o V5 W for the existing shaft-driven helicopters
examined in Ref. 5 is also marked on this figure.
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Figure 4.9 Trends in fuel consumption per Ib of GW for tilt-rotors in hover OGE at SLS
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One can see from Table 4.1 that relative weight-empty values for existing and hypo-
thetical tilt-rotor aircraft amount to 0.64 < W, < 0.67 for VTOL operations. Consequently,
for tilt-rotors of the 50,000-Ib gross weight class, assuming a crew of 2 (360 Ib) and 80 Ib of
trapped liquids, the relative zero-time payload would amount to 0.32 € -Wop / < 0.36.

Assuming lower relative zero-time payload values close to the lower figure, namely,
Wop, = 0.32 and the higher, somewhat better, W—Opl = 0.38, the relative payload vs. time in
hover OGE at SLS was computed from Eq. (1.11) and is shown in Fig. 4.10. In these calcula-
tions, two values of fuel consumption per pound of gross weight and hour were assumed:
(FCw), = 0.110, corresponding to the upper right corner of the graph shown in Fig. 1.10,
and (FCy ), = 0.064 Ib/Ib,hr shown in the lower left corner.

—_—

,4—.

(FCy) , Ib/ib, hr
0.064
———— 0.110

(]

Relative payload
b

Time In hover (hour)

Figure 4.10 Possible domain of payload vs. time in hover (SLS, OGE) relationship for
conventional tilt-rotors

A glance at this figure would indicate that the domain of the possibie payload vs.
time in hover (SLS, OGE) relationships is quite large. This, of course, stems from the fact
that here, wide probable ranges of such parametric values as disc loading, relative weight
empty and engine sfc were taken into consideration. It appears that, depending on the inter-
play between levels of the above-mentioned parameters, the conventional tilt-rotor can,
in principle, be designed as an effective payload-carrying vehicle in hover and near-hover
operations. A truism is also apparent from this figure: a low relative weight empty; i.e.,
high zero-time relative payload is a very important factor in achieving a high effectiveness
regarding payload-carrying capabilities in hover,

Finally, it may be stated that with the exception of a few missions (such as rescue)
for which applications of conventional tilt-rotors can be visualized, the whole payload vs.
time relationship would probably be less important in determining the utilization appeal
of these aircraft than horizontal flight aspects.
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4.2.3 Horizontal Flight

Important Factors Affecting Aircraft Effectiveness in Horizontal Flight. Of the many
factors affecting the effectiveness of the open airscrew propelier aircraft in horizontal flight,

the foliowing may be singled out as deserving specific consideration.

1. Shaft horsepower per pound of gross weight (S_H7’), which also may be interpreted
as gross weight (lift) to equivalent drag ratio (W/D,) = (L/De) vs. speed of flight at
some representative attitudes. This, obviously, may be considered as a gauge of the
aerodynamic excellence of the aircraft.

2. Fuel consumption pe'r pound of aircraft gross weight and one hour of flight (FCw),
vs. speed of flight. Fuel consumption per pound of GW and one nautical mile flown,
(FCw)g vs. speed of flight at selected aititudes. Both of these relationships should be
interpreted as a measure of the aerothermodynamic excellence of the aircraft.

3. Relative weight empty and thus, relative zero-range payload. These quantities would
reflect the structural effectiveness of the configuration,

4. Trends in relative payload vs. range and typical ideal relative productivity values vs.
range at selected cruise speeds plus Vi, levels would indicate operational caps-
bilities of the aircraft.

The above-listed characteristics will be discussed and then summarized for conven-
tional tilt-rotors—either existing or representing development of existing models. In this way,
baseline information will be established for determining the competitive position of other
VTOL transport concepts and configurations.

General Discussion of Factors Affecting SHP _and L/D, Levels. Conventional tilt-
rotors operate in horizontal flight as any other open-airscrew driven aircraft. Consequently,
their required SHP values can be deduced from Eq. (1.28) as follows:

SHP = 0.00308V/(L/D)n,, 1, (4.3)

where the speed of flight V is in knots, (L/D) is the lift to drag ratio corresponding to that
speed and flight altitude, Tor is the propulsive efficiency of the airscrew, and 7, accounts
for power losses resulting from the operation of the transmission system, including instru-
mentation.

The lift {gross weight) to equivalent drag ratio {£/D,) can be expressed as

(L/D,) = 0.00308V/SHP. (4.4)
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Looking at Eq. (4.3}, one will see that the SHP level corresponding to a given speed
of flight and altitude depends on the value of the product appearing in the denominator.
In order to get a clearer idea about the possibility of achieving favorable SHP and thus,
(L/D,) vs. speed of flight relationships, factors appearing in the (L/D) X oy X 14, Product
are briefly reviewed.

Starting with n,,—the ratio of rotor power to engine power—one may expect that
its value in horizontal flight would, in general, be not much different from that in hover.
This means that n,, ~ 0.92 to 0.94 may be assumed as representative levels for conven-
tional tilt-rotors. With the increasing disc loading, 7,, values could become slightly higher
because of the decreasing rpm ratios and fewer gear meshes between those of the engine
shafts and those of the rotors.

Propuisive efficiency of the rotors acting as propellers in horizontal flight would
depend on the possibility of retaining high levels of the two-dimensional ratios (c,/cg) of
the blade elements, especially in the outboard regions.

Since, in horizontal flight, only a fraction, w/ort = (L/DT", of the hovering thrust
is required, the sectional lift coefficient of the biade elements could become very low; e.g.,
¢; < 0.1. Even if quite low sectional c4 levels could be maintained (e.g., cg = 0.007 1o 0.008},
the resulting ¢,/cy values would be quite small.

Consequently, in order to minimize the drop in the blade element ¢, levels, the rotor-
propeller rpm in forward flight should be reduced with respect to the rpm in hover.

A reduction in the rotor tip speed in forward flight of actually constructed tilt-rotors
{XV-15 and V-22), as well as those presently in the design stage (EUROFARY), is achieved by
lowering the engine rpm within its acceptable limits (86% of the takeoff values). Thus, for the
V-22, the rotor tip speed in hover is BOO fps, while in cruise, it drops to 680 fps. In this way,
the necessity of having a gearshift arrangement was avoided,

The problem of retaining low cg levels at the blade elements, especially in the tip
regions, is usually attained through the following means: (1) Incorporation of thin airfoil
sections, retaining low cy levels at low ¢/s and elevated helical Mach numbers. {2) Adaptation
of swept blade planforms. This could range from those simply having properly shaped blade-
tip regions, while the blade itself remains basically unswept, to radically curved blade shapes
as in propfans. (3) The previously mentioned rotor-propeller rpm reduction which, in addi-
tion to improving the sectional ¢, values, also lowers the helical Mach number at given.. flight
speeds and ambient conditions. )

Depending on the degree of geometric sophistication of the blade, a wide spectrum of
propulsive efficiency becomes possible, as illustrated in Fig. 4.11 (courtesy of J. Wilkerson,
Boeing Helicopters Co.).

Looking at this figure, one will see that conventional rotors, when used as propellers,
experience deterioration of their propulsive efficiencies at M > 0.52. This, of course, would
present a strong constraint against achieving fast cruise and Vp,,, dash capabilities by con-
ventiona! tilt-rotors at M > 0.62; i.e., V > 340 kn at SLS, and 320 knots at, say, 20,000 ft.
In order to penetrate this barrier, properly shaped blades must be used if one relies on open
airscrews for forward propulsion. Otherwide, turbofan or turbojet {unlikely) thrusters must
be used.
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Figure 4.11 Trends in propulsive efficiency of open airscrew-type thrusters

Up to flight Mach numbers where serious deterioration of the propulsive efficiency
is encountered, the L/D values corresponding to various flight speed levels and altitudes,
in other words, dynamic pressure {(g) of flight, remain the most important factor affecting
SHP and thus, L/D, vs. V relationships.

In order to see what L/D levels may be exprected in conventional first generation
tilt-rotors, and how various design parameters should be modified in order to improve the
lift to drag ratios of future tilt-rotor designs, the following expression will be used:

LD = [(Cp,,, *+ Cpoheompr)/CL) + (CLITARN™ (4.5)

where Cp par is the parasite drag coefficient of the nonlifting aircraft components, Cp  is
the profile drag of the wing, and 7\,_.,,,,,,,, is the drag-rise factor due to compressibility effects.
it shouid be noted that in the above equation, it was assumed that the compressibility
correction (Acomp,) Would apply to the wing alone, while other components of the aircraft
are of such aerodynamic shape that their parasite drag coefficients (Cp pe ,) do not measurably
increase up to, say, M = 0.8.
The expression for (L/D)y, 4x Now becomes

(L/D)mex = ANTARICp,,, + Cp,Acompr): (4.6)

For a conventional first-generation tilt-rotor, as represented by the V-22, the equiva-
lent flat plate area of the whole aircraft (including the wing) is f = 24 sq.ft'. Assuming that
Acompr = 1.0 and the reference wing area is 382 sq.ft, the total noninduced drag coefficient
{Coping = Cpp" + Cp, Acompr) Would amount to 0.063. Consequently, Cp ., = 0.055
to 0.065 may be assumed as typical for conventional first-generation tilt-rotors.
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The geometric aspect ratio of existing conventional tilt-rotors (as well as those still
in the design stage) ranges from AR = 5.6 (V-22) to AR ~ 6.4 (EUROFAR). Assuming a span
efficiency factor, e = 0.85, the effective aspect ratio would be AR, = 4.7 to 5.4.

Using the above determined typical Cpm.nd and AR, values, and combining the highest
AR, with the lowest Cp ./ and then the lowest AR, with the highest Cp . . the probable
domain of L/D vs. C, for conventional first-generation tilt-rotors is charted (Fig. 4.12).
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Figure 4.12 Probable domain of L/D and L/Dg vs. Cy relationships for
first generation tilt-rotors and transport turboprops

The outline of the probable domain of L/D, vs. C relationships is obtained by multi-
plying the L/D’s by NovNprs assumed to be equal to 0.93 and 0.82, respectively. The so-obtained
probable domain of the L/D, vs. Cp relationships for first generation tilt-rotors is also shown
in Fig. 4.12.

It would be of interest to see how the so-established L/D and L/D, domains for con-
ventional tilt-rotors would compare with similar relationships for turboprop transports.
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in Ref. 42, Cp ;g = 0.018 to 0.24 is given as typical noninduced drag coefficients
for transport turboprops, while geometric aspect ratios would range from AR =~ 8.0 to 9.2.
Again, assuming AR, = 0.85 AR and, using the above CDm.nd values, the probable domain of
the L/D vs. Cy relationship for ciean turboprop transports was established and added to Fig.
4.12.

The L/D, vs. C; domain for turboprops was established, assuming the same propul-
sive efficiency (0.83) as for tilt-rotors, but upping the 1, values to 0.97 in view of the fact
that, in turboprops, there is usually no transmission associated with the transfer of engine
power to propellers, and only some power losses resulting from instrument usage may be
encountered. )

The so-established L/D, vs. C; domain for turboprops is also shown in Fig. 4.12.

Looking at the completed Fig. 4.12, one would see that as far as the general trend in
L/D and L/D, levels are concerned, the first generation tilt-rotors appear inferior to transport
turboprops. It is also clear that in order to narrow the L/D gap, higher wing aspect ratios
must be used, and a higher degree of aerodynamic cleanness (higher wy; i.e., lower Cp nind
levels) must be achieved. Furthermore, one may expect that along with the requirements
for improvements in the lift to drag ratios, there may appear a demand for high-speed capa-
bilities better than the some 300+ knots of the present tiit-rotor generation. Should the antici-
pated high-speed requirement approach the M =07 to 0.8 range, then designers of future

tilt-rotors would face an ad litional challenge of the drag rise of the unswept, relatively thick
(T > 14%) airfoils (see Figure 4.13).
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Figure 4.13 Compressibility drag increments
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It appears, hence, that in order for the tilt-rotors in horizonta! flight to have the lift
to drag ratios and high-speed capabilities of their fixed-wing counterparts (turboprops, prop-
fans, and turbofan types), the following design features should be incorporated.

(1) Higher aspect ratio (AR > 6.5), relatively thinner (¢t < 14%) and either forward or
back-swept wings.

(2) Degree of aerodynamic cleanness, as measured by an equivalent flat-plate area loading
considerably higher than the present wy %.2000 psf.

(3) Means of assuring that the lifting airscrews become efficient pulsors in horizontal
flight, or incorporatian of non-open airscrew devices (e.g., turbofan section of the con-
vertible engines) as horizontal thrusters at high subsonic speeds.

Finally, as discussed in Chapter 1, in order to minimize fuel consumption per unit of
gross weight and unit of distance flown, wing loading of the aircraft should be such that at
the intended cruise speed and altitude; i.e, g of flight, the aircraft will be flown at, or close
to, its (L/Dg),,,- Thus, taking data from Fig. 4.12, Fig. 4.14 was prepared to show what
wing loadings of conventional tilt-rotors (aerodynamically similar to the so-called first genera-
tion) would be necessary to assure L/D, levels enclosed between their maximum and about

10% lower values.
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Figure 4.14 Indications of wing loadings desirable for tilt-rotors, geometrically similar
to the V-22 for cruise speeds at SLS, or 20,000 ft

Looking at this figure, one will see that for an intended cruise speed of 300 kn at

20,000 ft, a wing loading of about 166 psf should lead to flight at (L/D4) 4 8N about
100 psf at L/D, levels some 10% lower than its maximum value.
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Wing loadings of the V-22, X-16, and EUROFAR are marked for reference in Fig.
4.14,

it should be emphasized that the relationships presented in Fig. 4.14 are applicable
to aircraft having their noninduced drag coefficients within 0.056 to 0.065 and the effective
aspect ratio within 4.7 to 5.4 ranges.

Factual Data re SHP and L/D, for First Generation Tilt-Rotors. From flight-test
established ralationships between the rotor horsepower and speed of flight at SLS for the
XV-15 aircraft (courtesy of McVain, Boeing Helicopters Co), a graph was prepared giving the
power required per pound of gross weight vs. speed of flight at SLS (Fig. 4.15).

(W/D,) = (UD,)
3

CTR-22C

3l
XV-15 v-22
XV-15

0 100 .‘ 200 300 400
Spded of flight {knots)

ot

.1

SHP per pound of GW (hp/ib)
b

Figure 4.15 SHP required per pound of gross weight vs. speed of flight at SLS
for XV-15, V-22, and CTR-22C tilt-rotor aircraft

For the V-22 aircraft, only the estimated SHP required was available (obtained from
Boeing Helicopters, courtesy of H. Rosenstein). SHP values for SLS conditions were added
to Fig. 4.16.

Estimated SHP required curves for the civilian transport version of an aircraft based
on the V-22 dynamic system and wing (CTR-22C) were also obtained from Boeing Helicopters
{courtesy of J. Wilkerson). SHP values for the SLS conditions for this aircraft are also plotted
in Fig. 4.16. Typical values for the shaft-driven helicopters studied in Ref. 5 are shown (shaded
area) for comparison.

The gross weight {lift) to equivalent drag ratios for the two above-mentioned actual
and one hypothetical aircraft were computec using Eq. {4.4).

The resuits vs. speed of flight are shown in Figure 4.16.
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Figure 4.16 Lift to equivalent drag ratios vs. speed of flight for tilt-rotor aircraft

One can see from this figure that the lift to equivalent drag ratio of the two existing,
as well as projected, conventional commercial transport tiit-rotor aircraft (CTR-22C).of the up
to 50,000-Ib gross weight class are quite low, although somewhat higher than for conventional
shaft-driven helicopters.

It should be noted, however, that studies reported in Ref. 43 express some hope of
improving L/D, values for aircraft basically similar to the first-generation types, to the levels
indicated in Fig. 4.16 by the curve marked ‘Advanced Conventional Tilt-Rotors.’ This curve
(TR) represents the aircraft in Fig. 4.17, and its L/D vs. speed-of-flight relationship is shown in
Fig. 4.18. '

Future Tilt-Rotor Configurations. L/D values as high as 14 are projected in Ref. 43
for the canard-configured transport tilt-rotor aircraft (CTR) shown in Fig. 4.17.

One should note that in the CTR aircraft, several features previously indicated as
possible methods of Improving L/D and L/D, levels are incorporated. A higher aspect ratio
and improved aerodynamic cleanness contribute to generally higher L/D’s. Considerably
forward swept wings and properly configured rotor blade tips would delay aircraft drag di-
vergence and somewhat improve the propulsive efficiency at higher subsonic speeds. But
without adaptation of the propfan blade planforms, & low propulsive efficiency would still
create an obstacle to flying speeds at about Mach 0.68 and higher (Fig. 4.11).

-121 -



CONVENTIONAL

CANARD
TILTROTOR TILTROTOR
TR CTR

Figure 4.17 3-View drawing of advanced tilt-rotor configurations (Ref. 43)
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Figure 4.18 L/D values for configurations (TR) and {CTR) shown in Fig. 4.17
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Tiltable Winglets—A Possible Method of Improving L/D Ratios of Conventional Tilt-
Rotor Aircraft. It is evident that aerodynamically cleaner designs, as demonstrated by the
(TR) configurations shown in Fig. 4.17, would be required in order to bring L/D and thus,
L/D,, values of conventional tilt-rotors closer to those of advanced turboprops.

However, in some tilt rotors, for example, the V.22, the relatively high parasite drag
would stem from special military and, possibly, other operational requirements. The question
hence, arises whether an increase in the geometric wing aspect ratio alone would be a practical
means of improving the L/D levels of tilt-rotors basically similar to the first generation of
these aircraft. Incorporation of winglets—tilting with the nacelles and, thus, contributing little
to the download in hover—appears as a possible approach.

To get an initial, although very rough, answer to the question of possible gains from
the above approach, tiltable winglets as shown in Fig. 4.19 were assumed, with no attempt

to optimize their size.

CRUISE

Figure 4.19 The V-22 configuration with assumed tiltable winglets
In order to create a gauge for measuring potential improvements resulting from the
application of winglets, L/D’s for the baseline aircraft and another, modified with winglets,

were computed from the following relationship {see Chapter 1, Sect. 1.3.5):

LID = UCp,, wwla) + @/mARqwa)". (4.7)
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Data required for computations for the above equation are listed in Table 4.2

TABLE 4.2
LIFT-TO-DRAG ESTIMATES
CHARACTERISTICS
AIRCRAFT | GROSSWT| WING AREA| WING AR | WING fRe | WING LOADING |  fnind COping
Lb Sq.Ft PSF Sq.Ft.
BASELINE | 45,000 382 5.6 a7 117.8 24.0 0.063
MODIFIED | 45,000 489 10.7 9.1 92.0 24.86. 0.051

Using inputs from Table 4.2, the L/D values were computed from Eq. (4.7) and plotted
vs. ¢ of flight as shown in Fig. 4.20, where speed of flight scales are also marked for SLS and

20,000-ft altitude.
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Figure 4.20 Estimated lift-to-drag ratios vs. g of flight for a tilt-rotor similar to
the V-22 and the same aircraft with tiltable winglets

A glance at this figure will indicate that, indeed, there should be a potential for im-
proving the L/D levels of conventional tilt-rotor aircraft (similar to the V-22 and XV-15)}
throughout the anticipated speed of flight range by the application of tiltable winglets. How-
ever, various penalties associated with this approach should be expected,
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For example, separate progfamming of the angular movement of the winglets, when
tilting with the engine nacelles, may be necessary in order to avoid airflow separation and
reduction of the effectiveness of yaw control. This will create some mechanical complications.
Furthermore, an increase in structural weight will be unavoidable. In this respect, very rough
preliminary estimates indicated that in the case of a tilt-rotor similar to the V-22, the weight
penalty would amount to some 370 Ib; i.e., about 0.8% of the gross weight. However, it appears
that in view of the potential gains in L/D levels, the whole idea of tiltable winglets deserves a
more detailed investigation.

Posslbllitles of High Disc-Loading Tilt Open- Airscrew Aircraft. Schneider and Wilkerson
mdlcated in Ref. 43 that for twin-rotor configurations, disc foading in hover should not be
higher than 40 psf, when the presence of people may be required in the vicinity of hovering
aircraft. However, one can imagine tasks where the presence of people close to the hovering
aircraft would not be needed and, in addition, vertical takeoffs and landings would be per-
formed from prepared areas. Commercial VTOL transport operations may be cited as an
example of possible applications where limitation of the disc loading to some 40- 50 psf may

not be required.

Should this happen, then a possibility presents itself of developing configurations
which, in the two-airscrew, side-by-side types, would be basically similar to the tilt-rotors. But
instead of rotors, they would use highly loaded airscrews, basically similar to the propfans,
as vertical lifters and forward thrusters.

Propfan-based configurations appear attractive as a design philosophy, since the same
thrust generators can be used from VTOL maneuvers to high subsonic speeds up to M =~ 0.8.

Another advantage of this approach over conventional tilt-rotors would be more free-
dom in developing various configurations of aircraft—from monoplanes with variously shaped
wings (sweep, taper, and thickness distribution) to tandems somewhat similar to those shown
in Figs. 6 and 7, Ref. 43.

A rough sketch of the highly loaded tiltable airscrew, side-by-side configuration of a
commercial transport aircraft of the 46,000-b gross-weight class, where hovering disc loading
is 100 psf, and wing loading is 127 psf, is shown in Fig. 4.21.

Figure 4.21 Rough sketch of a commercial high-disc-loading tiltable airscrew aircraft
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An aircraft such as that shown in Fig. 4.21 can, in principle, be developed as an aero-
dynamically clean configuration where, in addition, a greater freedom of optimizing wing
loading can be exercised. Consequently, various aspects of its forward flight performance
might be quite good.

Unfortunately, the above-described type would also have many drawbacks—some
immediately noticeable, and some that could probably be discovered during a more detailed
study of the concept.

The so-called obvious objectionable characteristics can be listed as follows:

(1) Except for roll control, which can be achieved by differential thrust changes, pitch and
yaw controllability in hover and transition poses a problem. in principle, pitch control
may be achieved by the introduction of cyclic controls in propfan units, but this solution
would complicate its design and increase its weight.

(2) A radical decrease in the diameter of the thrust unit (38 ft for the V-22 vs. 17.1 ft for a
hypothetical aircraft with propfans) would also create problems in the case of CG
travel, where possible limits are usually expressed as some fixed fraction of the air-
screw radius.

(3) Cyclic control of the propfans may not solve the yaw problem. In this case, differential
angular tilt of the nacelles could be provided but, obviously, at the price of increased
complexity and weight.

(4) Pitch and yaw control of the tilt propfan aircraft could be achieved by installing tail or
nose control thrusters of the open airscrew or shrouded type, but this solution carries
its own drawbacks due to a more complex drive system, added structural weight, and
generally negative effects on aircraft performance. A four-rotor tandem wing configura-
tion (somewhat similar to the Curtiss-Wright X-14A) could be helpful in solving some
of these problems.

{(5) Download on the wing also appears, at first sight, as a potentially serious drawback.

Using a simplistic approach of determining download as vertical drag (D) experienced
by the part of the wing immersed in the fully developed slipstream (radius equal to 0.707 of
the rotor radius), one would write

D, = %p(2v/Wi20)’ Sy, Co, (4.8)

where w, as always, is the airscrew disc loading, p is the air density, Sde is the wing area
immersed in the downwash of both rotors, and Cp v is the vertica! drag coefficient of the wing.

Swg,, May be expressed as follows:

d

Swgy = W/Wwlowy,Co, (4.9)

where W is the aircraft gross weight, w,, is the wing loading, and o, is the fraction of the
total wing area submerged in the fully developed slipstream.
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Substituting Eq. (4.9) into Eq. {4.8), and simplifying, one obtains
o,/w) = (W/Ww)awdwCD.,~ (4.10)

For example, for the aircraft shown in Fig. 421, w = 100 psf, w,, = 127 psf, and
Owgw = 0.153. Assuming CDV = 1.3, the vertical drag to gross weight ratio of approximately
0.16 would be obtained. This, obviously, would lead to a higher download factor than the 1.12
for conventional tilt-rotors.

However, in reality, the whole phenomenon will be more complicated than that corre-
sponding to the simple physico-mathematical model used in download estimates. First of all,
the presence of the wing could generate a beneficial ‘ground effect,” whose magnitude would
depend on the relative elevation {height to airscrew radius ratio) of the disc plane above the
wing.

Spanwise flow of the slipstream air along the wing toward the fuselage could also
generate some lift on the wing. This benefit may be decreased should the flow from the left
and right wings go upward at the fuselage. Some retractable vanes directing the flow hori-
zontally or, still better, with some downward components, could prove beneficial.

It is obvious, hence, that a better understanding of all aspects of the interaction of
both airscrews with the whole airframe is required before a final judgement regarding the
download factor can be made.

This need of a better understanding applies equally well to the whole concept of the
tilt propfan aircraft before one can decide whether application of highly ioaded open air-
screws would have any practical merit.

Fuel Consumption Aspects. It may be assumed that fuel consumption per pound of
gross weight and hour of flight as well as fuel consumption per pound of gross weight and one
nautical mile for the V-22 represent the present state of the art. Consequently, these character-

istics vs. speed of flight can be considered as representative for the so-called first generation
tilt-rotors basically similar to the V-22.

Taking a glance into the future, it becomes interesting to establish optimal boundaries,
which would indicate possible improvements in fuel consumption aspects that may be made
in coming generations of tilt-rotors, still using open airscrews as vertical thrust generators in
VTOL maneuvers and forward thrusters in cruise.

It may be recalled that in horizontal flight, fuel consumption per pound of gross weight
and one hour is

(FCwle, = 0.00307 Vsfc/(L/D)ny, My - 4.11)

Omitting, for simplicity, the subscript f and assuming that n,, values for coming generations
of tilt-rotors will be practically the same as for contemporary ones, fuel consumption per
pound of gross weight and hour for the new generation aircraft (subscript n) with respect to
those of the baseline (ie., V-22, subscript &) will be

(FCwhe, = (ch),b(sfc,,/sfc,,unp,b/np,n)((L/D)b/(L/D),,l. (4.12)
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Looking at Eq. (4.12), one would see that in order to establish the optimal boundary
of the (FCW)‘ vs. speed of flight for future tilt-rotor generations, ratios appearing in parentheses
and brackets should be determined.

The sfc vs. speed of flight at SLS for the V-22 was computed on the basis of total
fuel flow and SHP data obtained from Boeing Helicopters. The results are shown in Fig. 4.22.
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Figure 4.22 Possible optimal boundary, and sfc vs. speed of flight for the V-22

One can see from this figure that due to the engine partial-power setting—associated
with lower power requirements at reduced flight speeds—the sfc goes up from about 0.43 to
0.68 1b/hp,hr. It is assumed, however, that in future designs, it would be possible, in principle,
to achieve sfc = 0.4 Ib/hr,hr throughout flight speeds from 160 to 320 knots. This assumption
establishes the possible boundary for engine specific fuel consumption.

Variation of the propulsive efficiency vs. speed of flight and thus, Mach number, for the
V-22 is assumed to be represented by the line marked ‘tilt-rotor goal’ in Fig. 4.11. it is also
assumed that the line marked ‘conventional’ in the same figure would be representative for
rotor-props of improved aerodynamics at Mach numbers higher than 0.5, but still not incorpo-
rating radical blade planforms as in the propfans. The required propulsive efficiency ratios
needed in Eq. (4.12) will be obtained from these two trends.

L/D’s will be established, assuming that the line marked ‘Original V-22' in Fig. 4.20
represents the L/D vs. ¢ of flight reiationship, while the line marked ‘CTR’ in Fig. 4.18 is the
bast that can be expected in the coming generations of tilt-rotors.
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Figure 4.23 Possible domain of fuel consumption per Ib of GW and hour for tilt-rotors
in horizontal flight at SLS
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Using the above-described approaches for determining various ratios in Eq. (4.12),
the optimal boundary for (FCw) vs. speed of flight at SLS was established for (near) future
tilt-rotors. Data from the predicted fuel flow vs. speed of flight at SLS for the V-22 (courtesy,
Boeing Helicopters) were used to obtain the upper limit of the (FCW)‘ vs. speed domain (Fig.

4.23).
Fuel consumption per pound of gross weight and nautical mile flown was computed (see

Eq. (1.13)) from the relationship presented in Fig. 4.23 and shown in Fig. 4.24.
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Figure 4.24 Possible domain of (FCy)p vs. V value for tilt-rotors at SLS and
optimal boundary at 15,000 ft

Here, again, the upper limit for the SLS case is represented by the line based on
V-22 predictions, and the optimal boundary corresponds to the (FCW)R vs. V relationship
possible to achieve for a tilt-rotor having aerodynamic characteristics similar to those of the
CTR aircraft depicted in Fig. 4.17, while sfc = 0.4 Ib/hp,hr.

In Fig. 4.24, an additional optimal boundary for the 15,000-ft flight altitude is also
indicated.

Looking at Figs. 4.23 and 4.24, one would realize that great improvements in fuel
consumption aspects per pound of aircraft gross weight over those represented by the present
state of the art (V-22) are potentially possible.

A degree of success in moving toward and, perhaps, reaching or even exceeding, the
optimal boundaries of Figs. 4.23 and 4.24 would largely depend on the ability to achieve
L/D vs. V levels as high as those shown in Fig. 4.18 for the CTR aircraft of Schneider and
Wilkerson.

It should also be recalled that the optimal boundaries reflect assumptions that engine
sfc = 0.4 Ib/hp,hr can be maintained throughout the whole range of flight speeds shown in
Figs. 4.23 and 4.24. Fuifilling, or approaching, this requirement does not appear impossible

in future generations of turboshaft engines.
Finally, one should be reminded that in order to achieve the fuel consumption levels

represented by the optimal boundaries, propulsive efficiencies should not be lower than some
82 percent. This looks like an achievable goal for the flying speeds up to 360 kn at 16,000 ft
(M = 0.58) shown as the abscissa limit in Fig. 4.24.
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Relative Weight Empty and Zero-Range Payload. Relative weight empty of the V-22
for VTOL operations is 0.67. It can be seen from Fig. 4.26 that similar W, levels are fore-
casted, not only for the civilian version of the first generation tilt-rotors (CTR-22C) in Ref.
35, but also for future generations (CTR and TR, Ref. 43).
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Figure 4.25 Trend in relative weight empty of tilt-rotors

It is hoped, however, that in future generations of tilt-rotors, further reductions in
structural weight (say, about 6%) will be possible. Thus, W, = 0.61 is assumed as the optimal
boundary for relative weight-empty trends.

The relative zero-range payload for current and next generation tilt-rotors will be
0.32, and the optimal vaiue as foreseen for future generations could be 0.38.

Relative Payload vs. Range Trends. It would be of interest to have some idea of the
progress in relative payload vs. range relationships that can be expected for future tilt-rotor
generations in comparison with thuse representing the current state of the art (V-22). To
achieve this goal, the relative payload vs. range relationship is computed from the following
formula (see Sect. 1.2.3):

Wpi = Wo, — 1 + exp[—(FCyIR] {4.13)

where, for curr_e_pt tilt-rotors, Wop, = 0.32 and (FC,.,)R = 0,00026 Ib/Ib,n.mi, while for the
optimal trend; Wop, = 0.38 and (FCy )5 = 0.0001 ib/Ib,n.mi are assumed.

The Wy, vs. R relationships computed under the above-outlined assumptions (Fig.
4.26) would represent the best payload-carrying characteristics, as the aircraft are assumed
to be flown at cruise speeds corresponding to the lowest fuel consumption per pound of gross
weight and one nautical mile.
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Figure 4.26 Relative payload vs. range trends for tilt-rotor aircraft

A glance at this figure will clearly indicate that dramatic improvements with respect
to the current state of the art in payload-carrying capabilities are potentially possible to
achieve for future generations of tilt-rotor aircraft. However, it is also clear that in order to
attain, or at least approach, the payload-carrying characteristics indicated by the optimal
boundary, substantial improvements should be made in the (FCW) g levels, and relative weight
empty reduced; i.e., relative zero-range payload increased.

Relative Ideal Productivity. [t may be recalled that the relative ideal productivity

associated with range (Section 1.25) can be expressed as follows:
PRig = WpigVIW, (4.14)

where W:,,R is the relative payload that can be carried over range R, V is the cruise speed,
usually in knots, and W, is, as always, relative weight empty.

In order to determine the improvements that may be expected regarding the ideal
relative productivity for future tilt-rotors when compared to the first generation aircraft as
represented by the V-22 and similar configurations, the following computations were per-
formed.

Assuming the (FC,,,)R vs. V relationships as given for SLS in Fig. 4.24, relative payloads
that can be carried over 200, 400, and 800 n.mi. were computed and, then taking Wo = 0.67
for the first generation, and 0.61 for future tilt-rotors, the relative productivities were de-
termined from Eq. (4.14). The results were plotted vs. cruise speed for the three above-selected
ranges (Fig. 4.27).
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Figure 4.27 Relative ideal productivity

In order to give the reader some idea of how the PR;y vs. V character varies, R = 0
was added, although, per se, it obviously has no physical meaning.

Looking at Figure 4.27, one will note that for short ranges (e.g., 200 n.mi), the differ-
ence between the ideal relative productivity of the present generation of tilt-rotors and their
optimal projections is not too great. Furthermore, it stems more from the assumed higher
zero-range relative payload levels (0.38 vs. 0.32) than from the better values of (FC, ) at
the same speed. However, as the operational ranges become longer, the ideal relative produc-
tivity foreseen for future generations of tilt-rotors becomes much better than for the V-22
(for example, at R = 800 n.ml.}). o

it also appears from Figure 4.27 that over short ranges, the cruise speed value is one
of the most important factors influencing the ideal relative productivity level. In real life,
however, an a priori conclusion that faster aircraft will obviously be more productive may not
be correct. It was shown in Ref. 1, for instance, that actual transport productivity depends
on the block speed based on the time elapsed between consecutive transport operations.
Consequently, a slower aircraft, as far as cruise speed is concerned, but using less time for
ground operations, takeoff, and landing maneuvers, might show a higher block speed than

the faster one.
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4.2.4 Concluding Remarks

At present, the tilt-rotor, as represented by the Bell-Boeing V-22 configuration, is the
only nonhelicopter open-airscrew type VTOL aircraft that has been developed to the stage
of readiness for quantity production and incorporation into the Armed Forces. In addition,
studies conducted jointly by Boeing Commercial Airplane Company, Bell Textron, Boeing
Vertol, and NASA (Ref. 36) indicate that tilt-rotors having wings and dynamic systems
basically the same, or generally similar, to those of the V-22 may find an application in the
civilian transportation field. Efforts in Europe, as exemplified by the EUROFAR project—
configurationally similar to the V- 22—also indicate that even the so-called first generation
of the tilt-rotor may represent aircraft which could find practical applications in the con-
temporary short-haul transportation system. Furthermore, smaller tilt-rotors similar to the
V-15 can probably be applied as executive and commuter aircraft, as well as play a practical
vole in various specialized fields of applications {for example, medical evacuation and forestry).

However, one should realize that tilt-rotors representing the so-called first operational
generation of these aircraft are characterizad by relatively low lift to effective drag ratios—
although better than for compound and conventional shaft-driven helicopters, but worse than
for fixed-wing turboprops of the same gross-weight class. As a result of this, the fuel consump-
tion per pound of gross weight vs. speed of flight is, in general, inferior to that of fixed-wing
transports of the same gross-weight class. This obviously means that fuel consumption per
pound of gross weight and one nautical mile for tilt-rotors will be worse than for their con-
ventional fixed-wing counterparts. This gap in the energy consumption aspect would widen still
more, once unit of payload, instead of gross weight, is selected as a basis.

Finally, high-speed (dash capabilities) of the first-generation tilt-rotors are limited to
some 320-340 knots, chiefly because of the deterioration of propulsive efficiency at M > 0.65
of rotors working as propellers.

It appears from very cursory studies that the lift to effective drag ratio of tilt-rotors
representing first-generation configurations can be considerably improved through incorpora-
tion of winglets basically tilting in unison with the nacelles. But more study is required to
evaluate the practical advantages of this concept.

For missions where high-velocity downwash in hover may be acceptable (for example,
in urban transportation), application of the propfan or such similar type airscrews as lifting and
propelling devices appears to open the possibility of pushing the high-speed barrier to M = 0.8.
However, as in the case of winglets, more analytical and experimental studies are required
before passing final judgement on the practical value of this concept.

In future generations of tilt-rotors using relatively lightly loaded (w < 25psf) rotors
(which become propellers in the airplane mode of flight}, considerable improvements in their
lift to equivalent drag ratios can be achieved, as indicated by recent design studies. But poten-
tial improvements in high-speed capability would be minor. It appears that in order to achieve
high-speed capabilities in tilt-rotors, it is necessary to abandon the idea of using geometrically
unchanged, lightly loaded (w < 25 psf) rotors, which convert to propellers in the airplane mode
of flight. Application of the variable diameter rotor (Ref. 44) appears as a half-measure toward
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achieving this goal. But stopping and stowing the rotor, while forward propulsion is provided
by the turbofan section of the convertible engine, seems to provide a more efficient solution
to the high subsonic capability problem of tilt-rotors. This approach will be discussed in
Section 4.4.

4.3 TUt-Wing

4.3.1 Historic Perspective

It is difficult to establish the exact time when the idea was first proposed for a VTOL

aircraft based on an open airscrew wing assembly tilting from the vertical prop axis posi- -

tion for vertical takeoff and. landing operations, to the horizontal prop axis position for
forward flight regimes. However, as far back as 1962, during the Convertible Aircraft Congress
at Franklin Institute in Philadeiphia, a rubber band powered model was demonstrated that
performed transitions from hover to forward flight.

The first flight article of the tilt-wing type (U.S. Army VZ-2) was designed and built
in the 19556-57 time period by Vertol (now Boeing Helicopters) under the direction of the
author of this report who remained in charge of the program until the termination of the
contract in 1964. P. Dancik served as chief design engineer from the beginning of the project
through 1962. In that year, he was succeeded by J. Cline, who remained with the project
until its completion. The coauthor of this report was also a member of the design team,
responsible for the design of propellers and tail fans.

The VZ-2 (Boeing Vertol 76). This machine was conceived as an inexpensive flight-
research aircraft with the single purpose of demonstrating the basic feasibility of the tilt-wing
concept. This was intended to be done by proving that the aircraft could be flown with ade-
quate control in hover, demonstrate transition to forward flight in the aircraft mode, and
then go back through reversed transition, ending with a vertical landing.

Consequently, the original version of the VZ-2 incorporated a simple wing without

flaps or any other lift increasing devices (Fig. 4.28). Pitch control in hover and transition
consisted of a horizontal fan submerged in the horizontal stabilizer, while a vertical fan en-
closed in a lift-augmenting ring provided yaw control. Rolling motions of the aircraft were
generated through differential collective pitch controi of the propellers. The powerplant
consisted of a Lycoming T-53 turbine limited to 700 hp.

Continuous flight testing of the VZ-2 began in September 1957, and complete con-
version was demonstrated on 15 July 1968.

Extensive modifications were performed to improve partial-power descent and to
check the feasibility of eliminating vertical fan as a means of yaw control in hover and
low-speed flight. A low-altitude ejection seat was also installed, and full-span flaps were
incorporated (Fig. 4.28). The aircraft underwent an extensive flight-test program, chiefly
at NASA Langley, that continued until 1964,

in addition to the flight-test program, full-scale wind-tunnel testing was performed
at NASA Langley in 1961 to investigate the influence of various leading edge lift-increasing
devices on potential improvements of partial-power descent characteristics.
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Figure 4.29 Final version of the VZ-2

A brief summary of the VZ-2 development and testing program can be found in Ref. 45,
where a list of publications related to this program is also included.

The whole program of the development and testing of the VZ-2 was, in general, quite
successful; thus encouraging the design and construction of tilt-wing aircraft in the U.S. and
Canada, as well as design studies in England and other countries.

Chance Vought-Hiller-Ryan VHR-447 (Military Designation, the XC-142A). The design
of the XC-142A aircraft won a competition in September 1961 for a VTOL transport for the
U.S. Armed Forces, and five prototypes were ordered.

The XC-142A was a large four-engine, four-propeller military transport aircraft with
a maximum STOL takeoff weight of 44,500 Ib (Fig. 4.30).
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Figure 4.30 XC-142A large military transport VTOL aircraft

The four T64 turboprop engines propelled conventional airscrews and a horizontally-
mounted three-blade variable-pitch tail rotor through a system of cross-shafting and gear
trains, making it possible to maintain flight on any two engines in an emergency. The wing
was able to rotate through an angle of 100 degrees, giving the XC-142A the ability to hover
in a tail wind.

During VTOL flight, roll control was achieved by means of differential collective
propeller pitch, yaw control by means of ailerons working in the propeller slipstream, and
pitch control by means of the variable-pitch tail rotor. During transition, a mechanical mixing
linkage integrated the VTOL control system with conventional ailerons and tail contro! sur-
faces in correct proportions as a function of the wing tilt angle. in normal cruising flight, con-
trol was achieved by conventional control surfaces, with the tail rotor focked.

A dual four-function stabilizer system ensured stability during IFR flight, hovering,
and transition.

The flight of the XC-142A was successfully completed on 29 September 1964 and,
after the ensuing flight test program, it appeared that production orders would follow, but due
to changes in requirements, and political and fiscal aspects, the program never materialized7.
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Canadalr CL84 After preliminary studies, which began in 1956, Canadair and the
Canadian Government announced in February 1963 that a decision had been made to go ahead
with further engineering work, sat development and construction of the Canadair CL-84
prototype. Construction was started in November 1863, and the prototype was rolled out in
December 1964. The first flight on 7 May 1965 was in the hover mode. In December 1965, a
series of flights in the conventional mode were made, showing that there were no significant
problems at either end of the transition regime. On 17 January 1966, the first complete transi-
tion was accomplished’ .

The aircraft can be defined as a medium size (VTOL, 12,200 lb GW, and STOL, 14,700
Ib GW) tilt wing (Fig. 4.31) capable of performing the following tasks: reconnaissance and
surveillance, tactical-support. transport, helicopter escort, attack, casualty evacuation, search
and rescue, antisubmarine warfare, liaison and communications, and city-center to city-center

transport.

Figure 4.31 CL-84 tilt-wing aircraft

In conventional flight, the CL-B4 achieved a speed of 266 kn in level flight at BOOO ft
{2440 m) and carried out acrobatic 360-degree rolls in less than five seconds.

During 1966, the CL-84 performed three live demonstrations of various hoisting in
simulated air rescue from land and water.

In spite of quite successful flight demonstrations for the U.S. Navy, the aircraft was
never ordered into serial production, although attempts to regenerate the government’s interest
have been undertaken; some quite recently.

Hiller X-18 (Fig. 4.32). The Hiller X-18 had two contrarotating propellers of 16.08-
ft diameter, and was powered by two Allison YT40-A-14 turboprop engines rated at 5850 shp
each. Exhaust from a single Westinghouse J34WE-36 turbojet engine was used for pitch control
it was first flown in November 1959. On its 20th flight, propeller control malfunctions re-
sulted in an unintentional roll and spin. The pilot managed to recover the aircraft and land it
safely, but the contract was terminated. Nevertheless, experience gained from the development
of the X-18 contributed to the award of the CX-142A contract to the Chance Vought-Hiller-
Ryan Team.
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Figure 4.32 The Hilter X-18

At Boeing Vertol, serious design efforts were made to create tilt-wing aircraft in
response to Armed Forces competitions for a large military transport*® (eventually won by
The Chance Vought-Hiller-Ryan team with the (;X-MZA design) and for the AAFSS mission.
An artist’s sketch of the aircraft proposed for the AAFSS mission is shown in Fig. 4.33%7.

Figure 4.33 Artist's Concept of Boeing Vertol entry into AAFSS competition

Ishida/DMAC TW-6B. According to Ref. 48, the Ishida Group of Nagoya, Japan,
plans to build a new tilt-wing transport aircraft in the U.S. if development work, now under

way, is completed successfully.
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The aircraft, undergoing extensive design and wind-tunnel studies (Figs. 4.34 and
4.35), will be a 14-passenger transport powered by two 2200 shp turboprop engines capable
of 300-350-kn cruise speed and a range of about 600 n.mi.

ey

Figure 4.34 Three-view drawing of Ishida DMAC TW-68 tilt-wing transport

Figure 4.35 Artist’s concept of the TW-68 with wings in a partially tilted position

The basic design philosophy of the DMAC TW-68 was summarized as follows*®:

“Tiltrotor aircraft are essentially helicopters, with all of the advantages and disad-
vantages of a helicopter. They have helicopter rotors, helicopter controls, and helicopter
vibrations.”

"The TW-68 is a turboprop aircraft with beta controls on the propellers and a wing-
tilt system. It can hover like a helicopter, although it is not as efficient in hover as a helicopter,
and it can fly like a turboprop, and in that regime it is much more efficient than a tiltrotor

in forward flight.”
Tip speed in hover will be about 750 fps and in cruise, will come down to 650 fps.
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Suminary of Data. The most important char acteristics of actual tilt.wing shroinit are
sutmatized in Table 4.3, which also contains dala 1elatad to hypothetical till-wings which

will be discussed later.

TABLE 4-3

PRINCIPAL CHARACTERISTICS AND PERTORMANCE O ACTUAL AND
HYPOTHETICAL TILT-WING AIRCNAT |

ACTUAL HYPOTHETICAL
EM BOEING VZ-2 | HILLERX-18 | LTV XC 142A |cANADAIR CL-84 CTW-22C-100
APPLICATION FUGHT TRANSPORT MILITARY MILITARY PASSENGER
FESEARCH | TESTBED TRANSPORT TRANSPORT | TRANSPORT
POWERPLANT  |LYCOMING T-63 ALLISON* GE T-64 | LYCOMING T-63
(zooHP LiMIT) | YT-40-A-14
NO. OF ENGINES 1 2 4 2 4
TOTAL T.0O. SHP 700 11,700 11,400 2.800 20,000
FROPELLER
RADIUS, FT 4.75 8.04 7.75 7.00 6.05
NO. OF BLADES 3 2X4t 4 4 8
ARTICULATION FLAPPING RGD AGD AGD RGD
TIP SPEED, FPS 700 800/680
PROPELLER RPM 410 1263/1074
DISC LOADING, PSF 23.84 81.2 52.69 100
IND. VELOCITY, FT/SEC 70.77 130.6 105.21 85.06 149.9
WING
SPAN, FT 24.88 48 67.5 33.33 58
AREA (TOTAL) SQ. FT 118.18 528 524.8 233.3 389
ASPECT RATIO 5.24 4.36 8.68 4.16 8.6
EXTERNAL DIMENS, :
OVERALL LENGTH, FT 26.12 6.3 58.33 45.54 72
OVERALL. HEIGHT, FT 9 24.6 26.1 14.58 215
WEIGHTS
MAX. GW, LB 3,723 33,000 37,474 12,200 46,000
WEIGHT EMPTY, LB 3,320 27,082 22,545 7,300 30,210
RELATIVE WEIGHT 0.89 0.85 0.60 0.60 0.656
WING LOADING, PSF 29.6 62.2 71.4 52.3 118
INST. POWER LOADING
LB/SHP 5.32 2.82 3.29 4.36 2.3
PERFORMANCE
FLT. SPEED AT S.L..KN 220 355 287 470
FLT. SPEED AT 20,000 FT| 488

*PLUS SINGLE WESTINGHOUSE J-34-WE-36 TURBOJET FOR PITCH CONTROL

{CONTRAROTATING
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Fig. 4.36 is shown in order to get a better idea regarding trends in the disc and wing
loadings of tilt-wings.
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Figure 4.36 Trends in disc and wing loadings of actually built tilt-wing aircraft

4.3.2 Remarks re Basic Design Philosophy of Tilt-Wings.

New Opportunities. Relatively recent efforts directed toward development of prop-

fans (PF) and open airscrews in general, capable of efficiently operating at elevated subsonic
Mach numbers, have opened new opportunities for tilt-wing configurations. There appears a
possibility of using the same thrust generators for vertical takeoffs and landings to cruise
speeds up to M = 0.8, or even slightly higher.

However, in order to take advantage of this new situation, designers and concept
formulators of tilt-wing aircraft should free themselves from ‘‘the helicopter complex,”” and
not try to visualize the tilt-wing performing tasks that can be much better accomplished by
helicopters or tilt-rotors. Instead, they should direct their efforts toward the creation of the
most efficient transport machine with true vertical takeoff and landing capabilities. In other
words, the aircraft should have flight characteristics enabling them to safely perform opera-
tionally required spproaches, initial climb (up to conversion in the airplane configuration)
under all weather conditions, and execute actual VTOL maneuvers under specified surface
wind conditions.

Controls in Hover. The last requirement translates into the need of effective aircraft
controls in hover and near hover. It appears that differential collective pitch control of the

airscrews should provide, as in the past, the most effective means of roll control.

As demonstrated on the VZ-2 and then later used on all actually built tilt-wing air-
craft, the differential deflection of ailerons submerged in the airscrew slipstream should
provide adequate yaw control.
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Finding a relatively simple and, at the same time, effective pitch and c.g. travel control
appears to be the most challenging task in the whole domain of hovering and near hovering
controls of the tilt-wing. Three methods of pitch control of tilt-wing aircraft in hover and
transition may be taken into consideration: {1) the use of tail propellers or fans, (2} intro-
duction of cyclic pitch change in propellers or propfans, (3) Churchill geared-flap concept.

The first method of pitch control was used in VZ-2, XC-142, and CL-84 tilt-wing air-

craft, and is also anticipated for the TW-68. The second, under the name of monocyclic pitch
control was proposed by Boeing Vertol Corporation in competition for the Advanced Aerial
Fire Support System (AAFSS), and triservice VTOL transports*® (Fig. 4.37). Nevertheless,
this concept was not brought to the hardware stage. In addition, the level of moment available
for pitching motions and/or c.g. travel control is usually related to the airscrew radius. Conse-
quently, this type of pitch and/or c.g. travel control will be less effective for the high disc
loading configuration than for helicopters and conventional tilt-rotors.

Therefore, the most conservative method of a tail propeller unit driven either by an
interconnecting shaft system or by hydraulic motor, appears at present as the only prac-
tical approach for single-wing tilt-wings. in the aircraft mode, the tail unit will be covered
by folding doors.

The problem of pitch and c.g. travel control for the tandem-wing configuration can
easily be solved through differential collective gitch variation of the front and rear airscrews.
However, this solution will entail the even more difficult problem of mechanical interconnec-
tion of airscrews on both wings.

Since the basic justification for the development of a tilt-wing aircraft would be its
potential capability of high-speed cruise, the whole configuration shouild be oriented toward
this goal. Wings should be adapted to high-speed regimes of flight. Consequently, in external
appearance, modern tilt-wings should, in principle, be similar to modern subsonic turbofans
and propfans as far as their fuselage and wings (planform and airfoils) are concerned. Unfor-
tunately, it appears that direct adaptation of the swept-back, moderately tapered, wings of
contemporary subsonic transport configurations to four-propelier, tilt-wings having a disc
loading of about 50 psf or lower is impractical, as can be seen from the following considera-
tions.

In order to submerge the whole wing in the propeller slipstream (which is essential
in tilt-wing concepts) and, at the same time, assure a wing aspect ratio suitable for aircraft
performance, the installation of multiple propfan units per half-span is preferable. A single
propfan unit (i.e., two per aircraft) seems to be impractical, considering the fact that the
diameter of the propfan is, at the present time, limited to the already tested or, at least,
designed high-speed props.

To gain a further insight into the sweep-wing probiem and, later, performance aspects,
a commercial version of the Bell/Boeing tilt-rotor V22, designated the CTR-22C, was used
as the aircraft with which the tilt-wing configuration will be compared.

Whereas the disc loading of the CTR-22C is 20.3 psf, the tilt-wing baseline configura-
tion, designated as CTW-22-50 will feature a disc loading of 50 psf. This figure is the maxi-
mum disc loading which, as per wording of the contract, is to be used in this study. However,

-142 -



H
| J
-W "r
_ J

The pitching moment on the aircraft due to cyclic pitch in a flapping

propeller is made up of two components:
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Figure 4.37 Artist’s sketch of Boeing Vertol Model 137 tilt-wing aircraft and

explanation of the monocyclic control principle
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for the sake of an evaluation of the effect of disc loading on performance of tilt-rotor air-
craft, higher disc loadings (75 psf and 100 psf) were used, leading to three versions of hypo-

thetical tilt-wing aircraft differing in propfan size and wing geometry (see Table 4.4).

TABLE 4.4

TILT-WING CTW-22 CHARACTERISTICS
(Disc Loading 50, 76, and 100 psf, and GW = 46,000 Lb)

WING | WING | WING | WING P.F. DISC DISC |ESTIMATED | TOTAL WET
AIRCRAFT | AREA | sPAN | R ' | LOADING | DIA. | AREA | LOADING| WE TREND AREA®
FT? FT PSF FT FT? PSF LB FT?
cTw-2250 | 697 76 83 66 17.1 920 50 33,000 5300
CTW-22-75 494 | 645 | B84 93 | 140 613 | 78 31,500 4900
CTW-22-100 | 389 | 680 | 86 118 121 480 100 30,000 4700

*Approximate

All three aircraft will be of the same gross weight (46,000 Ib), and will use the same
fuselage as the CTR-22C (except for modifications in the tail portion). However, they will

differ in the disc loading of lift/propulsion units as well as in the wing loading.

Assuming a LE sweepback of 17°, the location of the tilt axis at 33 percent, and a wing
taper ratio of 2.6 for the 50 psf disc-loading version, we arrived at the configuration shown
in Fig. 4.38 which, for the same landing-gear height and width as in the CTR-22C, becomes
impractical since, in the wing-up position, the wing tips will dig into the ground under condi-

tions of ground rocking or slope landings.

Attempts to solve the wing-tip clearance problem by making the landing gear taller

would require an unacceptable lengthening of the landing gear (Fig. 4.39).

With a sweepback as shown in Fig. 4.38 ruled out in tilt-wing aircraft featuring the
above-described geometry and disc loading of 50 psf, the forward swept-wing configuration
was investigated with negative results. Looking at the wing planform shown in Fig. 4.40, one
will note that the wing tilt axis would be moved well outside of the wing pianform, rendering

this approach impractical.

Kuchemann, In Ref. 49, Ch. 6 indicated that good high subsonic performance can be
obtained with backward-forward swept wings. Consequently, cursory attempts were made to

adopt this approach for tilt-wing aircraft (Fig. 4.41).

Once the idea of a forward-backward swept wing plan is accepted, there appear many

possibilities for developing shapes best suited for the tilt-wing configuration (Fig. 4.42).
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LCTW-22-50
Hypothetical tiit wing A/C with four props and tall prop
control. Counterpart of tiit rotor CTR-22C
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VTO GW = 46,000 Ib

Power Installed = 16,000 hp
Prop diameter = 17.1 it
Disc loading & 50 Ib/1t2
Wing AR = 8.3 La
Wing span =76 ft
Fuselage length = 72 #t
Wing loading = 66 Ib/ft2
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Figure 4.38 Hypothetical tilt-wing aircraft with 50 psf disc loading
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Figure 4.39 Proximity of wing tips to the ground when wing is in the vertical position
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Hypothetical tiit wing A/C Prop diameter = 17.1 1t
CTW-22-50 with "W™ wing Disc loading = 50 /M2
with four UDF units and Wing area = 697 112
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Counterpart of tiitrotor CTR-22C  Wing loading = 66 Ib/i2
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Figure 4.41 Four-prop, multiple-sweep, tilt-wing configuration
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Figure 4.42 Possible wing planform for tilt-wing aircraft with high subsonic speed capabilities

it should be realized, however, that at present there is little, if any, experimental mate-
rial on such shapes, especially on the problems of propeller slipstream/wing interaction in
situations reflecting transitions between hover and horizontal flight and vice versa, as well
as partial-power descent. In conjunction with this latter point, special studies would be needed
regarding the behavior of the leading and trailing edge lift-increasing devices on multi-sweep
wings. Structural aspects of such wings should also be examined.

One may note that the previously-discussed wing-tip clearance problems pertain to
tilt-wing aircraft with a disc loading of BO pst. Once high disc loadings of, say, 100 psf is
featured as in the CTR-22-100 tilt-wing shown in Fig. 4.43, the wing sweepback becomes
practical and even attractive, considerably simplifying the wing structure and interconnecting
shaft systems.

Keeping the same LE sweep (i.e., 17°), it became possible to obtain a reasonable wing
tip to ground clearance of 16°, while still conserving the LG feature of the CTR-22C. A slight
increase (measured in inches) of height and width of the LG would considerably increase the
tilt angle.

Thus, the smaller wing span of this aircraft provides acceptable lateral tilt angles with
the wing in the up position. Furthermore, the weight empty of the aircraft is considerably
smaller {about 3000 Ib less than for the BO psf disc-loading version). This weight difference
results from a substantial wing weight saving (wing area of 389 sq.ft vs. 684 sq.ft) and lighter
propfan units (diameter, 12.1 vs. 17.1 1), in spite of a higher weight of the powerplant (20,000
hp vs. 16,000 hp).

A guestion may be asked concerning the practical use of tilt-wing aircraft having such
a high disc loading. One possibility which Is open is intercity high-speed transport. A hard
surface heliport landing pad would not be affected by high downwash velocity (149.9 ft/sec
for the 100 psf disc loading vs. 102,56 ft/sec for BO psf), while the lower weight-empty of
100 psf disc-loading aircraft will contribute to a higher payload or range.

As a result, it was decided to examine only the 100 psf disc-loading version in some
detail.
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HYPOTHETICAL TILT WING A/C
-CTW-22-100

—

V.7.0. GROSS WEIGHT

= 46,000 Ib
POWER INSTALLED = 20,000 hp
PROP DIAMETER = 12111
DISC LOADING = 100 psf
WING AREA = 389 #i*
WING AR = 8.6
WING LOADING = 118 psf

- .—. WING SPAN = 38 ft
FUSELAGE LENGTH =721

Various performance aspects of tilt-wing aircraft will be discussed in the following
sections.

4.3.3 Hover

As for all other open-airscrew VTOL concepts, the shaft horsepower required per
pound of aircraft gross weight in hover OGE will be

SHP, = 0.0264k,>” \/w[p/FMn,,. (4.15)

It would be of interest to examine the values of k,. FM, and 1., that can be expected
for tilt-wing configurations.

Download Factor, k,. Assuming that the whole exposed wing area (Swu p) is sub-
merged in the fully developed airscrew slipstream, the resulting vertical drag can be expressed
as follows.

Dy = WSw4a,CD, (4.16)

where w is the airscrew disc loading, and Cp  is the wing drag coefficient at C; # 0.
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Dividing both sides of Eq. (4.16) by the gross weight W, one obtains
D,/W = (w/ww"p )CD0 (4.17)

where Wwexp is the exposed wing area loading.

The old ‘rule of thumb’ resulting from conversion and partial power descent require-
ments in the tilt-wing design was that the wing chord should be approximately equal to the
propeller radius. Although with more effective lift-increasing devices, this ratio could probably
be reduced to lower values. It will be conservatively assumed here that the wing chord ¢y, =
R. Further assuming that the wing is rectangular, its exposed area can be expressed in terms

of the propeller radius as follaws:
) = 2nR?%, (4.18)

where 77 is the number of propellers.
The corresponding total disc area will be

Sgisc = nuR*. (4.19)

In Eq. (4.17), one can see that
W/Wexp = chxp/Sdi,c = 2/n (4.20)

and thus, Eq. (4.17) becomes
{D,/W) = 0.64Cp . {4.21)

Since CDo would probably be <0.01, one can see from Eq. (4.21) that the relative
download value in the tilt-wing will probably not exceed 0.6 percent. Consequently, it may
be assumed that the download factor 4, < 1.006 and, thus, the download problem is negli-
gible. '

Figure of Merit. It should be emphasized that the following discussion of figure-of-
merit aspects should be considered as only a rough guide regarding the possibiiities of adapting
current propfan technology to tilt-wing configurations. More anslytical and experimental
studies would be required to obtain a better insight into the possibilities and problems of
designing a propfan that would be efficient in hover, and exhibit high propulsive efficiency
in forward flight.

As far as future tilt-wings are concerned, the most attractive feature of the propfan
concept is its high propulsive efficiency up to a flight speed of M =~ 0.8. Thus, the necessity
of maintaining high Mor values would shape the design philosophy of tilt-wing airscrews.

However, for the new generation of tilt-wings, as well as for conventional tilt-rotors,
the problem is to design an open airscrew which would work efficiently both in hover (high
figure of merit) when the total thrust of the airscrews is about equal to the aircraft gross
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weight, and in the airplane mode of flight (high propulsive efficiencies) when the total re-
quired airscrew thrust represents only a small fraction of the gross weight (Fig. 4.44).
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Figure 4.44 Example of total airscrew thrust to GW ratio vs speed of flight for tilt-wing

This, obviously, means that sectional lift coefficients along the blades would con-
siderably vary between the vertical and airplane regimes of flight. Reduction in the sirscrew
tip speed could partially alleviate that problem. But, if one wants to avoid the complexity
and weight of a gearshift arrangement, the possible tip-speed reductions would not go much
above the 15 percent variation presently available in the V-22,

With this in mind, tilt-wing airscrews must be designed with the constraint of limited
operational tip-speed variation.

Achieving high propulsive efficiency at elevated subsonic flight Mach numbers favors
rather low (c; % 0.2) sectional lift coefficients in order to avoid drag rise due to compressibility
effects. However, the sectional lift coefficients cannot be too low, as the c,/cd ratio becomes
very low, even in the absence of compressibility.

Should the blade sectional lift coefficients be about 0.2 when the thrust of the air-
screws is equal to, say, one-tenth of the gross weight, and tip speed amounts to 85 percent
of that in hover, then they would have to grow toc, =~ 0.2 X 10 X 0. 86° =1.44 or even
higher in hover and vertical flight maneuvers. The ¢, =>1.44 coefficient is, unfortunately,
impossible for the thin airfoil sections required for propfans capable of operating efficiently
in the high Mach number environment.
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Figure 4.46 Examples of Figure of Merit and SLS disc-loading levels vs. thrust
coefficient values for propfans

Because, unlike tilt-rotors, for tilt-wings there is little influence of the wing on the
airscrew, data for the isolated propfans can be considered as being directly applicable to the
aircraft installation. Thus, looking at Fig. 4.46, one may ex<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>