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ABSTRACT

It is emphasized that although the total energy consumption of
helicopters {presently, the chief representatives of the VTOL
field} is small in comparison with that of other modes of trans-
portation, energy aspects have been, and will be extremely
important for the development and expansion of rotary-wing
aircraft applications. Energy expenditure per passenger-mife of
presently operational helicopters is compared with that of other
vehicles—first, on a stastical basis and then, through a more
detailed study of a very=short-haul (intraurban) and short-haul
{interurban—up to 200 n.mi.) operations, Possible ways of im-
proving the energy stznding of helicopters are considered in the
presence of economic and environmental constraints. Presenta-
tion of a cursory procedure for minimization of overall penalties
associated with the achievement of desired energy consumption
gain concludes this presentation,
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1. Introduction

VTOL aircraft, presently represented almost exclusively by helicopters, being a part of the larger field of
transport vehicles are subject to various forces and pressures acting on that field as a whole. In this respect, it is
interesting to note that the attitude of the general public, government agencies, and even reputable technical
organizations toward energy problems in general, but especially to those of transport vehicles, seems to run in
cycies which tend to swing from one extreme of strong emotional involvement and bold plans for action to the
other extreme of almost complete apathy and inactivity. Furthermore, those cycles seem to respond-—usually with
some time lag—to the unique “*forcing function'' of current fuel availability.

However, these changing moods and attitudes should not distract an impartial observer’s mind from the fact
that in the long run, there exists 2 very high probability that global supplies of petroleum will be considerably
reduced in the relatively near future, probably within a few decades.

Concentrated efforts in many directions—ranging from sociopolitical and economic to purely technical—will
be required to assure an orderly transition from the recent era of petroleum-based transportation systems to new
forms. In the technical field, the two most important goals appear to be: {1) accomplishment of the same basic
transportation missions by the petroleum-products powered vehicles, but at a lower expenditure of energy, and (2)
studies and eventual development of new propulsion systern concepts which will be in harmony with the trend
toward new sources of energy.

At this point, one may argue that an improvement in energy economy may the “to be” or *not to be”
question for mass transportation systems such as the automotive complex or even commercial air transport; how-
ever, this problem should not be significant for civilian or military helicopters whose energy requirements amount
to a drop in the bucket when compared with those of other modes of transportation. The fuel consumption of
helicopters (both civilian and military) in the USA projected for the 1980s' would amount to about 0.15 percent
of the total consumed by automobiles in 19702, In spite of this, perhaps fortunately for the sake of technical
progress, energy aspects of helicopters cannot be ignored. A pointed reminder of that fact can be fdund from the
events of three years ago when helicopter operators had to struggle for fuel allocations. For instance, New York
Alrways had to prove that in serving the public transportation needs, they were energy-wise, more efficient than
such other means of transport as taxies and full-size private automobiles. Furthermore, the sudden increase in the
price of fuel (Figure 1} strongly jeopardized the trend toward profitable operations of some helicopter transport
organizations.

To those engaged in VTOL activities, the economic pressure to achieve better fuel utilization may be as
strong as elsewhere, regardless of how small the total amount of fuel presently consumed by helicopters in com-
parison with that of other modes of transportation, A headache is equally painful for @ mouse as it is for an efe-
phant,

*Consuitant
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Figure 1. Price of fuel (in terms of U.S. cents)

paid by the international airlines since

1950°

Furthermore, there seems to be a dictum
deeply rooted in the engineer's philosophy which,
independent of temporary economic pressure and
the political climate, seems to drive him toward
finding ways of accomplishing a given task with
the smallest expenditure of energy. This appears
to be especially visible when dealing with moving
objects ranging from high-velocity rockets and gun
projectiles to slow-moving oil tankers.

In spite of the overwhelming importance of
energy consumtion and attempts to minimize the
quantity used, one should not forget that many
constraints may be encountered on the road to
this goal. Some of them may be of an economic
nature which can be related to the simple truth
that after achieving some gains, further progress is
just unaffordable. There may also be other con-
straints involving safety of operation, flying quali-
ties, and finally, those related to environmental re-
guirements such as noise and exhaust pollution,

To assist the reader to form his or her own opinion about the energy sroblems of VTOL and potential
remedies, the following aspects were taken into consideration: {1) an overview of the VTOL field and the accom-
panying energy probiems examined against the background of other transportation systems, (2) more detailed
study of energy aspects of helicopters, and {3) ways of improving energy consumption of helicopters,

2. An Overview of VTOL Energy Aspects

As in the past, the whole field of VTOL aircraft is represented almost exclusively by helicopters. However,
the growing number of Marriers being used by the military, and a few of the experimentai machines, may be cited

as exceptions to this rule.

Also, in the future, the mix of VTOL air-
craft may shift still further toward nonhelicopter
configurations. The tilt-rotor may become an im-
portant representative of the coming rotary-wing
generation, as exemplified by the flight research
aircraft built by Bell which will be flown in the
near future. Mevertheless, at the present time and
through the Eighties, helicopters will probably
dominate the family of VTOLs,

Excluding the USSR and China, itis expected
that in the coming decade, U.S, civilian and
military helicopters will each represent about
one-quarter of the global helicopter population.
The remaining two-quarters would again be al-
most equally split between international civil-
ian and military groups {Figure 2)*.

Present helicopter sales are about evenly
divided between North America and the rest of
the world, However, because of the increasing
demand of helicopters for development of new
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energy sources and agricultural demands*, this ratio may shift 1o 40 percent for North America and 60 percent
for the rest of the world.

In spite of possible shifts in the relative distribution of helicopters between the U.S. and other countries,
and between the civilian and the military, the U.S. civiiian helicopters may be considered as a sufficiently large
group to typically represent the growth trends and problems of the whole global helicopter papulation,

It can be seen from Figure 3 that deliveries of

civilian helicopters on the North American continent CIVILIAN HELICOPTERS [DELIVERIES]
now exceeds 500fyear, and estimates for the total o~ e '
fleet by the end of the next decade range from A= i

approximately 23,000 1o 28,000%. As to the distribu- e ;

tion of that fleet, it can be seen from Figure 4 that son o«

general utility (industry, cranes, forest, agriculture, ;':: ,_,~’ FanEeasT
etc.) along with support of oil rigs represent the high- cuniengs 2O /_-;’

est percentages. Non-military government agencies S T e 7%
(both federal and local) are expected to maintain the ’ 4

highest relative growth ratel® (for instance, in wmi

1974/75 the number of helicopters operated by those - /

agencies rose 32 percent). A high rate of growth is e | ’f DELVEMES 32 1108 S2AT
also expected for the executive category. . Y T IR

As far as energy aspects are concerned, it should imE i oM GR A oe

be noted that U.S. civilian helicopters are expected

1o log 2.5 million hours per year in 1980 and perhaps,

as many as 6 million in 1985". The 1980 flight hours  Figure 3. Defiveries of heficopters and general-aviation
would consume about 350,000 metric tons of -fuel gircraft (N. American Continent)

per year. Although this figure may seem impressive to

an average helicopter engineer, it should be realized

that this represents only one-half of one percent of

the vyearly fuel requirements of 70 million metric 09 s @

tons projected for world airiines in 19802 (excluding 40 . 2 E Z

the USSR and China). In comparison with approxi- Lo g 5 E . E

mately 220 million metric tons of fuel actually con- 2 ag- = gs ¢« w

sumed in the USA in 1970%, the 1980 helicopter =z 3 22 2

fuel consumption would represent a very modest 2 2p- = 0_%_ 5 =

0.16 percent. & ,_% Py h §
Some may tend to combine the above com- 104 |- & i

parisons with the fact that in oil-rig support, ambu- 1—] ]

lance service, police patrol, forestry, and agriculture, 0

helicopters are used because they can do the job

much better than any other availabie means. Begin-

ning with this assumption, they may conclude that  Figure 4, Civilian helicopter distribution in next decade

in the fields where helicopter flight characteristics

make them operationally superior to other modes of

transportation, energy consumption may become of secondary importance. The basic fallacy of this supposition
was indicated in the I[ntroduction. Here, we want 1o emphasize that even in those applications which are especially
suited for helicopter operations, energy problems cannot be ignored, although they may appear in a different form;
for instance, in the case of oil rig support in the U.5,, oil rigs are presently iocated up to 150 miles from the shore
{Figure 5).

*Conventional application of seeds and chemicals requires 10 to 20 times more fuel than performing those tasks
by helicopters®,



With the expansion of existing oil fields and with the GULF OF MEXICO OPERATIONS AREA

establishment of new ones {especially in the North where the
Continental Shelf extends for several hundred miles from the
actual shore), an improvement of the range/payioad relation-
ship becomes a problem. Here, obviously, the guestion of

energy economy assumes the form of minimization of fuel < ewes 7 o
consumption in order to cover these greater distances with -
the present, or even increased, payloads. [t can be seen from

*
LAFAYETIL

SO HILES

Ve
C Y ) R -
JOMILES = -

: + ' -_:s-..,. ompimiuls SA8Y
Figure 6 that for short distances, at present the helicopter is -.2“:::‘.‘.--—-...::; i e
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appear on the horizon in the late 70s}, or the tilt-wing (which " . L o
-

has already been tested). When it comes to longer distances, —=SX8tie—m
however, then contemporary helicopters become inferior
from the point of view of the payload/range relationship to
these, and possibly other, concepts of VTOL aircraft.
Helicopters in Comparison with other Vehicles. The  Figyre 5. Typical support of offshore oil operations
spontaneous growth of the helicopter field has been chiefly .
due to missions involving extended operations in hovering
and near-hovering regimes of flight. This is probably not just
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coincidence, but is actually the result of a cause and effect %
relationship in that of all powered lift-generator concepts, b DESIGH GROSS WEIGHT
. . . LN P OF ALL AIACRAFT ==12,0001b
the heficopter under static conditions shows the lowest energy o

requirements per unit of generated thrust.
In order to provide a comprehensive comparative scale
for this energy consumption, specific impulse (/s) is used:

fs'—"'T/I:VF (1)

where 7 is the thrust (in pounds), and Wr is the rate of fuel
consumption {say in Ibsfsec). Specific impuise, hence, can be
interpreted as the hypothetical time (in seconds) that a given
thrust generator could operate if the weight of the fuel were
equal to the generated thrust. For VTOL configurations, this
thrust can be assumed as equal to the gross weight for which
Wp is determined.

£gq (1) can be rewritten in terms of thrust specific fuel
consumption {1sfc)s as

FAYLOAG/GROSS WEIGHT

1] 200 400 £00 300 1000 1200 1400
RANGE, nsuticel milea

- Figure 6. Comparison of payload/gross-weight
1y = 1/(tsfc)s. {1a) ratios vs range

In Figure 7, specific impulse for air-dependent generators s shown for the static condition, while for rockets,
its value is, of course, independent of the state of motion of the vehicle,

This figure shows that rotary-wing aircraft having a specific impulse of over 70,000 seconds--compared to a
few hundred seconds for chemical rockets—represent the concepts most suitable for operations where long times in
hover and near-hover conditions are required.

In order to provide a yardstick for a quantitative comparison of various modes of transportation regarding
energy consumption in horizontal translation, a concept similar to that of the specific impulse is proposed. It will
be called the specific distance (Ds) representing 2 hypothetical distance (in n.mi) that a vehicle could travel if the
weight of fuel is equal to the gross weight (W) for which the so-called specific range was estzblished (Rs = distance
traveled on one pound of fuel; n.miflb).

Ds = st {2)

4




It is obvious that the specific range and hence, the specific distance, depends on the speed of motion. For
bouyant water vessels as well as airships and wheel-supported ground vehicles, the Rs and Ds increase as motion
speed decreases; while for aircraft (both rotary and fixed-wing), Rs and D¢ maximize at the best range combination

of flight altitude and speed

Specific distances as 2 function of speed for helicopters, tilt-rotors (in the airplane mode of flight}, automo-
tive vehicles, and a dirigible are shown in Figure 8, and for other fixed-wing aircraft, Ds values are indicated at their
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Figure 7. Specific impulse of various thrust generators

optimum cruise speed-flight aititude combinations.

[t can also be seen from this figure that in contrast to hovering, the helicopter in cruise shows much higher
energy consumption levels per unit of gross weight and unit of distance traveled than other means of transporta-

tion. Tilt-rotors in the airplane mode of flight appear much better in this respect.

SPECHFIC DISTANCE, 1000 Na

LEGEND
 RECIR ENGINE &/C 3500 SGW < 10,000 LB
0 ATURBOPROP A/C 9,000 SGW < 12,500L0
JIET A 12000 SGW S 1500018
A\UTD“MOIILE FIET aiC 17000 GOW S 35.000 LB
o O COMMIET TO.GW=  238000LE
sEoN O WIDE-BODY JET 440,000 € T.0. GW & 660,000 LB
\ [}
| * DIRIGINLES d
1 gg¢
\\ ! o
10 WA
\ % TILT HOTORS
GW = 84000 LS vv M2 85T
5 : v
[ Gw = 59.000 LB -4
Gw = 14,000 LB
-
HELICOFTERS: GW » 15,000 LB
1 L Ld 4{ : 1 J

!
a 100 200 g 400 0 1,100
SPEED OF MOTION; KN

Figure 8. Specific distance of various vehicles

1.200



However, this does not prectude the possi-

USEFUL 10k NYA bility that under certain circumstances—more
z HELIGOPTER direct routes or less wasted time in terminal opera-
4 8k tions—even the presently operational helicopters
= AUTO g )
s 6l (DRIVEN (1960 t_echnology) may become competitive with
E‘ TAXI 10 other aircraft and ground vehicles as far as actual
S 4 AIRPORT} ) energy expenditure per passenger mile is concerned.
< Figure 9, based on New York Airway studies®, is
g 2 b shown as an example of the competition of helj-
w copters with full-size automobiles and taxies in
g § ' EXTRA MILES urban traffic.
WASTED 2 ‘ 3. Energy Consumption per Passenger-Mile
al 1 EMPTY MILES
Actual expenditure of energy (say in BTU’s)
8k per passenger-mile was selected for this discussion

as a common yardstick for assessing and comparing
the energy efficiency of helicopters with that of
other transport vehicles. This was done because it
permits one to consider more factors {including
sociological ones} than, say, a study of the energy
aspects of purely cargo operations.

Total Energy Consumpltion. In order to make a meaningful comparison of energy aspects between various
modes of transportation, it is necessary to know the total energy consumption per passenger and unit distance traveled
{say, one n.mi.); TE/PNM. [n that respect, the three most important factors are:

(1) direct energy consumption per available seat-mile, DE/SavNM;

{2) all indirect energy expenditures associated with the operation (2.g., development of the right-of-way and
manufacture of the vehicle itself)—also referred to seat-availabie and nautical mile, /E/SavM; and

(3) load factor {LF} under which the vehicle actually operates:

Figuré 9. 'New York studies of fuel consumption®

TE/PNM = (DE + IE}{SavLF. (3)

Direct Energy Consumption. Direct energy expenditure per seat-mile available is proporticnal to the following
factors:

(1) Specific fuel consumption of the engine(s) at the speed at which the vehicle is operating; (57¢)v.

(2) Equivalent drag-to-gross-weight ratio at the speed of travel: (De/W/, (reverse of the gross-weight-to equiva-
lent-drag ratio: (W/De), = VknW/325 SHP), and

{3) Gross weight per seat-available; #/Sav.

(DE/Sav NM) ~ sfey [1/(W/De)y | (W/Say). (4)
This relationship, when referred to as pounds of fuel per seat-available and nautical mile traveled becomes:
(DEIS,WNM) = sfe, [T/(W[De)y](W/Say)/325; 18/SqyNM. (4a)

Egs (4} and (da) clearly indicate that as far as DE/S,, NM is concerned, the following factors tend to minimize
its value:

(1) the towest sfc for the engine powering the vehicle directly (or for remote powerplants at the source of
energy generation);

{2) maximization of the weight-to-equivalent-drag ratio at the operational speed of the vehicle; and

{3} the lowest possible ratio of gross weight to the number of seats available,

For the vehicle receiving its energy from the outside, maximization of the efficiency of transmitting that
energy also becomes an important factor.



TYPE OF ENGINE sfe; Ib/hp/hr
- Aircratt (Junkers Jumo) 0.353--0.375
[TF}
B8 | Bus 0.42 — 0.55
8 Locomaotive 0.37 —0.38
Specific Fuel Consumption. At the
i 0.42 - 0.48
E Alrcraft . current level of technology, there are still
Automabile 05 — 06 noticeable differences in the sfc values for
. ] _ . various power generators (Table |} where
gg Aircraft 0.45-0.55 diesels represent the lowest levels,
*SEE FIGURE 10

TABLE |. EXAMPLES OF SPECIFIC FUEL CONSUMPTION

1'0 -
LARGE TURBOSKAFT
NGINES (SHP > 2000}
— 0.8 -
g
= Engines operating at the Otto cycle
= have inherently higher fuel consumption
- = 0,67 f : ¥
8 than diesels, while as far as sfc is concerned,
é% ‘ T-701 turposhafts probably exhibit the most spec-
ry] 0 T4 é//[//,;‘"/ tacular progress with the passage of time
] !
(Figure 10).
3 REGENERATIVE'
& ENGIN
@ 0.2+ ES
G rralammarm: L ] I
1945 1955 1965 1975 1985
YEAR

Figure 10. Progress with time in sfc of turboshafts

It can be seen that gas turbines have already reached the same general level of fuel consumption as reciprocating
engines and the progress curve has leveled off; however, considerable gains still appear possible through regeneration.
Unfortunately, this particular approach would carry considerable weight penalties. Consequently, the merits of
regenerative cycles must be evaluated within the broader framework of the total energy economy and economic
constraints,

Gross-weighr to Equivalent-Drag Ratio, Helicopter (W/De), will be discussed later in more detail. At this
time, it should be pointed out that its current maximum value of (¥/0e), = 5.0 is much lower than those of other
air, ground, or water vehicles (Figure 11). Here, values of W/D. in excess of 200 can be found for bouyant ships and
trains. Dirigibles, being bouyant vehicles, aiso exhibit high W/De lavels, However, a rapid decrease of W/D. with
speed of all the bouyant vehicles should be noticed, with the most dramatic drop being exhibited by the bouyant



ships. It should also be emphasized that the De's of trains were determined under no-wind zero-grade conditions.
Due to this factor, their actual operational values may be much higher®., W/De values of surface and ground-effect
ships are generally guite low. Automobiles at fow speeds of about 40 knots show W/De = 30, which also decreases

rapidly with speed.
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Figure 11. Trends of (W/D.} values vs speed of motion

Projected W/De levels of the tilt-rotor type—although
considerably higher than those for helicopters—should still
be somewhat inferior to propeller-type fixed-wing aircraft
of the corresponding gross-weight class because of the
lower propuisive efficiency of the prop-rotor and less favor-
able weight-to-equivalent flat-glate area ratio.

Gross-Weight per Seat-Available. The range of gross-
weight per seat-available (W/Ssv) is very broad. It can be
seen from Table | that for an ocean liner, W/Say may exceed
80,000 pounds, while for a compact car or a ground-effect
machine, it may amount to as fittle as 600 pounds; however,
for luxury automobiles, W/Say = 7200 pounds. Conven-
tional trains—especially those with sleeping cars—show
W/Sav levels as high as 10,000 pounds. By contrast, this
quaniity may be as low as 1700 pounds/seat-available for
modern trains®. In the case of ocean liners, these weight
aspects offset the gains resulting from high W/De ratios and
low sfc levels; thus, energywise, making ships a rather in-
efficient means of passenger transportation. The differences
in the W/Sav values also explains why energy consumption

TYPE OF VEHICLE WiSav; 1b/1

5
= | compacTcaRr 500 — 750
2| LuxuRY car 1100
=]
£| Bus 800
z
-:4: CONVENTIONAL TRAIN 4000 - 10,000
& | MODERN TRAIN 1700 — 2600
]
I | OCEAN LINER 50,000 — 84,000
f= | W/B DOMESTIC JET 1100 ~ 2000
| COMMERCIAL TURBOPROP (DOMESTIC) 850 — 1700
2| GENERAL AVIATION FIXED-WING 700 - 1200
< | HELICOPTER® 700 — 1100

*coe Figure 12

TABLE Il GROSS WEIGHT PER PASSENGER
SEAT—AVAILABLE

per seat-available of luxury and even standard cars is higher than for the compact cars and buses {W/Say = 800 /b/Sav).
The W/Sav values are relatively low for all aircraft; and for helicopters (see Table [l and Figure 12}, they seem

to be within the same range as the fixed-wing aircraft.

An overview of the results of the interplay betwgﬁm the above-discussed parameters determining the fevel
of direct energy consumption per seat-mile available can be seen in Tabie |11 where the DE/Say NM values for various
ground and air vehicles, including a 1960 technology helicopter flying in the NYA operations, are shown as plain

(unhatched) bars.
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Indirect Energy Consumption. It has been mentioned that indirect energy expenditure represents another
impartant factor in the total energy picture. in the case of automobiles, as stated in Referance 2, “Direct consumption
of gasoline is only part of the automotive energy picture. Indirectly—to manufacture, sell, maintain, repair, insure,
refine petroleum, and build highways—the automobile consumes about 3/5 as much energy as it does directly in
gasoline.” [t is obvious that in a2 comparison of the indirect energy consumption of helicopters (as well as other air-
craft) with automotive vehicles, some charges may be common to bath categories. However, the level of energy ex-
penditure for sales, insurance, etc., for helicopters would probably be lower than for automobiles. Furthermore,
energy required for the construction of highways would be much higher than that required for the construction of
helipports.

it appears that at least 15 percent of the indirectly consumed energy can be additionally charged to the DF
of automotive vehicles to account for highway construction and other indirect expenditures not required for heli-
copters.

in order to appreciate the importance of the absolute value of energy used each year on highway construc-
tion, it is sufficient to realize that in 1970, 10'® btu’s were used for that purpose®. This amounts to about 24,5
million metric tons of diesel fuel per year,

Of course, when this quantity is divided by the total number of automotive vehicles operating on highways
and the miles covered by them, it will amount to only 11 percent of the direct energy consumed per available seat-
mile. From the point of view of direct energy expended, however, this may create the difference between a shortage
and sufficiency of energy in the USA,

Load Factor. Another important contribution to energy expenditure per passenger-nautical mile is the load
factor. Where public transportation is concerned, it is usually impossible to adjust the number of seats available to
the fluctuations of the traffic flow between rush hours and slack periods. For this reason, the average load factors
of urban public transportation is relatively low (see Table 1V}, )

In inter-urban transportation, the load factors of
railroads and buses are somewhat higher, but still appear

TYPE OF VEHICLE LOAD FACTOR 1o be 'iow_er than in sbolrt-hauk aviation. The aul:.orno'oi'le
shows quite low statistical load factors, both in urban
AUTOMOBILEZ 28% (1.4 PASS/CAR) and inter-urban transportation (1.2 to 1.4 passengers/
- s .
Z | AuTOMOBILES 24% {12 PASS./CAR) vehicle in the first case ar'1d 2.4 in the seconfi). These low
o 5 load factors of automobiles were strongly influenced by
T4 TAX 24% (1.2 PASS./CAR} . . .
2| 0% psychological attitudes which represented an accepted
PUBLIC TRANSPORT way of [ife in the USA, Because of the extreme opera-
» | AUTOMOBILEZ 48% (2.4 PASS/CAR) tional flexibility of the automoi?tle and, until rec‘entiy,
[ 2 very small out-of-pocket costs {in 1970, amounting to
51 BUS 45%, o e
& 2 about 5 cents per mile in urban and 2 cents per mile in
IE RA'LHOADZ 35% inter-urban travel}, there is 2 natural tendency to use the
= | AIRPLANE (80%) automobile regardless of whether it is a necessity, or

simply a desire to move from one place to another. The
increasing cost of gasoline, parking, road toils, etc., may
change or curtail the indiscriminate use of automobiles
and thus contribute to an increase in the load factor. As
indicated in Reference 2, however, statistics obtained for1970 show a nationwide average factor of 1.9 passengers
per car and 1.4 in urban operations. Surveys conducted in New York in 1973-74 {reported in Reference 5) showed
an even lower figure of 1.2 passengers per vehicle as a level for the urban load factor, When one looks at helicopters,
New York Airways show a load factor of about 50.5 percent.

Additional Mileage. In comparing urban travel by automotive vehicles with that by helicopters, additional
mileage resulting from the street traffic structure must be considered. Reference 5 shows that in New York, street
routes are about 22 percent longer than the air distance between the points of operation of New York Airways.

Furthermore, it was indicated that quite often, the so-cailed empty miles should be added and thus the amount
of energy expended doubled if the traveler is brought to his destination {say, an air terminal) and then the car returns
“empty.” In the case of a taxi, some empty miles traveled before a passenger is picked up would also contribute to
the actual energy expenditure per PNM (see Figure 9).

TABLE IV. TYPICAL LOAD FACTORS IN THE USA
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Finally, in a comparison of autornobiles and helicopters in urban transportation, helicopters may have an addi-
tional advantage. Whenever the passenger load is low, they can fill up the space by carrying some cargo, while such
an operation is almost unthinkable for the taxi or private automaobile.

Total Energy Expenditure. Taking into account all the above-discussed aspects of indirect energy expenditure
and load factors, a summary of total energy consumption per passenger mile of various modes of ground transporta-
tion is also shown in Table |1} as hatched bars. This table provides a broad base for energy comparison of helicop-
ters with other modes of transportation. It can be seen that helicopters would not become competitive with either
buses or railroads in inter-urban transportation; and especially, with a VW Microbus when it is loaded to full capacity.
However, they may become competitive with full-size automobiles in both intra- and inter-urban transportation as
long as automobiles operate at their current low-load factors., OF course, in some special situations as in New York
City, helicopters may show a better energy economy then private automobiles and taxis (Figure 9).

4. Energy Aspects of Currently Operational Helicopters

In order to gain a deeper insight into the energy situation of helicopters, a study was conducted by |. Davis
and myself under NASA-Langley contract’. First, attention was focused on currently operational helicopters; ie.,
representing the technology level of the early Sixties. Cases of very-short-haul {consisting of a total run of approxi-
mately 100 n.mi. with frequent stops), and short-haul (representing inter-city travel up to 200 n.mi.) distances ware
examined under consistent ground rules.

Very-Short-Haul. As an example of very-short-haul transportation, the routes flown by New York Airways
with the S-61L (between John F. Kennedy Airport, LaGuardia, etc.) were examined. it can be seen from Figure
13 that this detailed study confirmed that under the still prevailing modes of operation of automotive vehicles, the

VERY-SHORT-HAUL. MISSION - helicopter is competitive with private full-size
O s automobiles and taxies, The compact automo-
bile shows some advantage over the helicopter,
but if all private automobiles were charged with
empty miles as in the case of taxies, then the
W helicopter would look better in this case aiso,
It appears, hence, that for very short dis-
tances, even helicopters representing early Six-
ties' technology can definitely be competitive
10053 with such means of transportation as private
_ automobiles and taxies which are widely used
'fg:o/ by a special segment of the population repre-
racran senting businessmen or higher-income class
peopie. However, the helicopter is'non-competi-
tive with the mass transportation system and
9 Pty e owee T — would remain in that position; even assuming
T Yo LT LS that buses, trolleys, and subways continue to
operate at the present [ow average load factor
Figure 13 A comparison of energy consumption for values of twenty percent, while for helicopters,
very-short-haul missions the load factor would increase from the present

LF=350%. to LF = 90%,

Short-Haul. As an example of short-haul operation, Figure 14 represents an energy comparison for a short-
naul mission based on a scenario similar to that between New York and Washington. Trying to make the comparison
between helicopters and ground transportation as realistic as possible, it was assumed that automobiles and buses
would travel by the shortest route to a superhighway (195} linking those two cities and proceed on to their destina-
tion. It can be seen from Figure 14 that a helicopter such as the S-61L flying at 60 percent load factor uses much
more energy per passenger than either the bus or train, [t is also worse than the standard automobile with a rypical
inter-urban load of 2.2 passengers per vehicle,
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2.2 PASS, LF = 45% LF = 35% LF=60% LF = 60% LF = 60% LF = 60%

Figure 14. A comparison of energy consumption in short-haul operations {up to 200 n.mi.}

Energy consumption of a helicopter
representing advanced technology is also
shown in Figure 14. This helicopter,
designated the TH-100, was designed to
carry 100 passengers and have a gross
weight of about 67,000 pounds and a
weight empty of about 40,000 pounds
{Figure 15). Furthermore, it was assumed
that it will incorporate a fly-by-wire
control system and that structural weight
is reduced by about 25 percent through
the use of composite structures®, etc. It
can be seen from this figure that although
the TH-100, energy-wise, would still
remain inferior to the bus or train, it
becomes almost competitive with such
aircraft as the Boeing 737-100 or turbo-
props like the Convair 580.

Figure 15, Artist’s concept of the TH—100 helicopter

The comparison with fixed-wing aircraft was made under an assumption that there were no unusual delays,
either enroute or at takeoff and landing, It may be expected, however, that fixed-wing operational delays have
been, and will be, encountered more frequently (especially on heavily traveled routes) than by VTOL aircraft. To
appreciate the impact of the delays on energy consumption in short-haul operations, one has to look at Figure 16.
Here, it can be seen that 30-minute operational delays on the New York—Washington run can considerably increase
consumption per passenger mile for such aircraft as the Boeing 737-100. .
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Figure 16. Incregse in energy consumption due to enroute delays

In support of oil rigs, the heli-
copter appears o have not oniy a time
advantage over other means of trans-
portation, but also has an edge on
energy consumption as well. Even heli-
copters (either tandem or single

_rotors) representing basically the early
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Figure 17 Energy consumption and block time
in oil-rig operations

Sixties technology level, seem to be
superior to ground-effect machines,
as exemplified by the Bell SK-5, or
surface boats such as a five-passenger
maotor launch.

5. Ways of Improving Energy Consumption of Helicopters

Upon examining the position of currently operational helicopters in comparison with other transport vehicles
from an energy point of view, the guestion that comes to one’s mind is to what extent can helicopters be improved
as far as energy consumption is concerned. In order to answer this question and to indicate the potentially best
roads leading to an improved energy position, preliminary studies were performed in Reference 7. This was followed
by a more detailed analysis by Davis and Rosenstein? .

The 100-passenger tandem helicopter developed in Reference 8 and shown previously in Figure 15 was selected
as the starting point. On this foundation, baseline aircraft using 1975 technology in the areas of powerplant, rotor
efficiency, parasite drag, and structure were sized to a very-short-haul mission of 100 n.mi. and a short-haul mission
of 200 n.mi. A systematic parametric analysis was then conducted to assess the impact of technology improvements.
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Projections of obtainable technology levels during the 1985 time frame were made and the resources to achieve
them were estimated®. The best mix of advance technology was selected by evaiuating the development cost vs
energy consumption per passenger mile. Reductions of DE/S,, NM armounting to 36.6% for the very-short and 38.7%
for short-haul missions were predicted. Broad aspects of the direct energy consumption per seat-available will be
outlined here using selected illustrative examples®.

Hovering. Although helicopters represent the most efficient (energy-wise) static thrust generators, further
improvements in this respect are both desirable and possible.

In hovering, direct energy consumption (DEy) can also be computed per seat-available and unit of time (say,
one hour). Thus, the dependence of DL, on the most important rotorcraft characteristics can be expressed by the
following proportionality:

DEy, ~ SHP sfc/Sqy {5)

but SHP can be expressed in terms of the ideal power required which, neglecting download is SHP;y = WA/w/2p)
and the overall figure-of-merit FMg,: SHP = WN/w/2p/FM . In turn, FM,, = FM 7, where FM is the main rotor
figure-of-merit and n, is a coefficient reflecting torque compensation (if present), transmission, and accessory losses.
Eq {3) can now be rewritten as follows:

DEW ~ (W/S,,) sfen/w/2p] FM 1. (5a)

It can be seen that Eq {3a) has two factors in common with Eq (4); namely, W/5,, and sft, while the figure-
of-merit replaces W/D, in Eq {4). However, in Eg (Sa), two additional design parameters appear: disc loading (w)
and ;. Consequently, in the drive to minimize DEy, they cannot be ignored. Unfortunately, freedom of reducing w
is usually limited (at least for constant diameter rotors) by strong constraints of weight, size, and cost. Maximiza-
tion of 7, is routinely attacked through design and testing efforts, but the most challenging task appears to be that
of improving the rotor figure-of-merit.

In order to obtain a better insight into this matter, F4 is expressed in the following terms:

FM = 1/{kina + 3.46/\/0(E3312[24)) (6)

where king is the ratio of actual power (RF) to the ideal induced rotor power(RPig), or & = RP/RPia; %, is the
average rotor-lift coefficient, Gy = 6w/opV,®; Ty is the average profile drag coefficient, g =8 RP,/onR*pV,®; and
o is the rotor solidity.

The rotor solidity is strongly governed by structural weight considerations; consequently, it cannot be con-
sidered as an independent parameter in the process of FM optimization. Assuming in Eq (6) that ¢ = const, it be-
comes clear that Rina should be made as low as possible in order to maximize FM, while T73/2/cy should be as
high as possible. &nq4 is minimized by attacking the induced power level through such means as blade chord and
twist distribution, and then the geometry of the blade arrangement within the rotor and, to some extent, through
such airfeil characteristics as prevention of stall, and the steepness of the lift-curve slope.

With respect to the second term in the square brackets of Eq {6), the task wouid consist of the development of
“fixed"” airfoils showing the highest possible & 3/2/Z4 levels, or trying to improve this ratio in hover through geo-
metric variation of the airfoil shape, and by such means as boundary-layer or circulation controi,

Assuming g = 0.0 as typical of contemporary designs, Figure 18 was prepared in order to give some idea of
the combinations of #ipa's and 223/2/&4's required to make the value of the figure-of-merit higher than FM = 0.7;
although at the present time this value is considered to be good,

In addition, examples of (¢ 33/%/cg) . . which is obtainable with the symmetrical (0012} and cambered
(V23010-1.58) airfoils, are also noted on this figure. The two higher values are based on wind-tunnel tests of smooth
models'®, while the lowest one may be considered as representative of symmetrical airfoils of blades with surfaces
roughened by erosion as encountered in actual operations,
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- It is obvious that ¢g3/2/cy values for the blade as a whole

Do~ EM=08508 075 0,7 should be expected to be lower than the (¢;3/2/ca)max value
} oMy fom: obtained from wind-tunnel tests of 2 smooth mode of a par-
F_-’g_zﬂis;'lgum ticular alf‘foﬂ section.

1001 It is also apparent from this figure that once ¢g 3/%/cq
] becomes higher than 100, the FAM curves become less sensi-
- tive to further improvements in the cg 33/cq levels, but re-
O e g o 106 main sensitive to the £;,4. It appears, hence that from the
eV A Y FM point of view, airfoil development has already reached a
£0- . level where further improvements in their characteristics
TTICAL 0012 BLADE would contribute little to an improvement in the rotor figure-
v /-t of-merit. Consequently, attention should be concentrated
40~ toward minimization of the induced power. It is also clear
] from Figure 18 that achieving FM = (.83 would not be an
easy task for cp3/2/cy = 100 as it would require Rijpg = 1.7
T s 15 . m  only. However, Davis and Rosenstein® came to the conclu-
- sion that £ = (.83 is possible, but the potential gains would
Figure 18. Required fc2?fed) vs Rind be accompanied by corresponding penalties as represented by
for given FM values the development cost which increases sharply when FM -+ 0.80

{Figure 19).

Horizontal Fiight. Energy consumption in horizontal flight is the Achilles heel of helicopters. Consequently,
improvements in this domain should merit special attention. From the designer’s point of view, the most important
task is to reduce the energy consumption per seat-mile available (DE/5,,NM). This is propertional to the product of
three factors: sfc, W/S,y and 1/(W/D.). Hence, the reduction of DE/S,, NM to some new desired level (say, one-half
of the present value} can, in princiole, be obtained by aporopriately reducing any one of the above factors, The same
goal can aiso be achieved by reducing any two, or all three, factors to such an extent that their product becomes
equal to the desired figure.

Intuitively, one would feel that the largest
advances should be made by following the paths
of least resistance. This means that effort should
be concentrated on those factors where the larg-
est relative gains are possible with the least pen-
alty (e.g., cost).

One may imagine that once a departure
is made from the current state-of-the-art, then
the "“cost’’ associated with the desired progress
would increase more rapidly than would be pro- o.7e
portional to the achieved gains. Furthermore,
when goals of improvement are toc ambitious,

one may reach such a stage of diminishing re- ) .
turns that even extremely large expenditures Figure 19, Gains and expenditures for Figure-of-Merit
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of money, time, and effort would produce only
very limited, or no, gains at all. In such a case, the cost = f{gains) curve becomes assymptotic to the ordinate repre-
senting cost.

To obtain some insight into the possibilities of gains and associated costs for the three factors determining the
DE[S,,NM level, each of them is briefly reviewed.

Specific Fuel Consumption. Further improvements in the specific fuel consumption without regeneration
(Figure 10) can be cited as an example of approaching the '‘progress barrier.”” This seems to indicate that'immediate
efforts should be more aggressively directed toward (W/S,,/) reduction and (W/D,) increases than toward lowering
sfc at rated power. [t should be realized, however, that even without further improvement of sfc at rated power,
some practical gains in helicopter specific fuel consumption are possible in cruise, where the powerpiants usuaily
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operate at a fraction of the rated power. Shifting sfcpjn in the direction of partial power settings could represent
a cansiderable contribution to the reduction of DE/S,, NM. Finally, long-range plans should not neglect the possi-
bility of a quantum jump in sfc reduction through regeneration,

Gross-Weight per Seat-Available. The design gross weight W can be expressed as the following sum:

W=w,+wp +Wf+ Wfix (7)

whare W, is the weight empty; W, is the weight of pa\/.load which, for passenger transport, can be expressed as a
product of the number of seats-available times the design passenger weight (W, ,,): Wp = Sav Wpass We is the fuel
weight; and Wy, i3 the fixed weight (crew and trapped liquids). W/Say can now be expressed as

W/Say = Woas/ {1 = [(Wel W) + (We/W) + (Wein/W)] }. (8)

[t can be seen from Eq (8) that the (W/S,,) values are actually influenced by all three of the weight ratios
appearing in the square brackets. However, just to obtain a trend of the W/S,, variation vs the relative weight-empty
ratio (We/W), it will be assumed that the remaining two ratios are fixed at values typical for a helicopter such as
the 100-passenger TH-100 designed using 1975 technology and serving as a compromise between the very-short-haul
and short-haul missions®: W¢/W = 0.097; Wiix/W = 0.023; Wy, = 180 pounds; and W,/W = 0.666. These assump-
tions would result in (W/S,), = 840 pounds. The influence of reducing W,/W below its starting value can be judged
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Figure 20, Influence of We/W on W5,

from Figure 20. The past statistical, as well as future, trends of the weight ratios is reproduced in Figure 21, The
We/W point for 1975 used in the original (W/S,,/ estimate which appears above the corresponding trade line may
be explained by the fact that this figure was based on both military and civilian designs, However, the slope of the
past variation of W,/W is correct. The question is whether the future W,/W trend should follow the predicted line,
or, because of the importance of the W./W ratio for the energy posture of helicopters, concentrated effort should
be'made to lower these ratios. It is more probable that earnest efforts will be made to improve these predicted
trends. This could be done through application of high-strength materials, especially those based on carbon, boran,
and glass fibers.

Weight-to-Equivalent-Drag Ratio. The problem of increasing the (W/D,) ratio of helicopters depends on the
number of design parameters influencing the {W/D,} values, Here, a rather cursory approach will be outlined con-
sidering the influence of two “super parameters.” — the rotor-lift to equivaient-drag ratio (L/De,) = (W/De,); and
weight-to-equivalent parasite-drag ratio (W/Depar), where Deggr = Dpae/Me.

At 2 ziven speed of flight V, the inverse of the W/D, of the helicopter as a whole can be expressed as follows:
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Figures 22 and 23% are shown as
examples of gains and penalties {cost)
associated with increasing W/D,, and
reducing parasite drag, which is synon-
ymous with improving W/Deg,,. In
order to provide z better insight
into the cost associated with various
tevels of refative gains, these figures
were replotted as shown in Figure 24,
1t can be ¢learly seen in this figure that
{1} a sharp upturn in expenditures
{penalties} occurs after reaching some
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level of progress, and (2) a much
greater level of progress can be shown
in parasite drag reduction {increase in
W/Depar} than in the rotor W/D..
jimprovements for the same amount of
money spent,

At this peint, one may question
how technical efforts should be
directed; i.e., how much emphasis
should be placed on rotor azerody-
namics and how much on drag reduc-

* tion, if some desired improvement in
the overall W/De of a helicopter
must be achjeved at 2 minimum cost.

The following simple graphical
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optimization is outlined to give some
idea of how this question may be
answered,

Minimization of the (W/De)
Improvement Cost. Let it be assumed
that at some flight speed, V, the
inverse of the lift-to-drag ratio of the baseline helicopter
is g = 1/{W/De)y, while the corresponding inverses of
{(W/Der)o and (W/Deparl, respectively, are Zro and
Zparo. Eq (9) can now be rewritten as follows:

158y

To = Zro + ZPHI'O (93)

The task consists of reducing Zo by a factor
A < 7.0 by decreasing Zr, to a new value A Zrg, and
Zparo t0 Apar Zparo in such a way that the cost of
this operation {equivalent to an increase of (W/De)y
by a factor 7/A) is minimal, For the new desired value of
the inverse of the W/D. of the helicopter at the same
speed, £q (9a) becomes:

AZo = Ar Zro + AparZparo. (10)



It can be seen from Eq (10) that AZe, in principle, can be obtained—if the goal is not too high—through the
reduction of either Ar of Apar 2lone, whiie the other factor remains equal to 1. It can also be attained by making
both Ar < 7.0 and Apar < J.0. By solving Eq (10} for Ar, a direct relationship between Ar and Apar is obtained:

Ae = (AZo — AparZparo)/Ero. (1

Now, various values of Apar can be assumed, and the corresponding Ac's can be calculated from Eq {11). The
accumulative cost of achieving each pair of the Ar and Apar values can be computed from a graph such as the one -
shown here in Figure 24. From such a graph one could find the combination of ¢ and Apar at which the total cost
becomes a minimum; thus indicating the area of improvement at which efforts should be directed—in this case,
rotor derodynamics vs parasite drag—in order to achieve the desired level of W/De at a particular speed of flight.

As an illustration of this procedure, the following values, which may be considered as typical for the early
1970 technology level and speed of flight V' = 765 knots, are assumed: W/Deo =4.3; ie., Zo =0.23, Z¢ =0.70,
and Zpare = .73, Let it also be assumed that it is desired to reduce Zo by the factor A = 0.7, which is equivalent to
an increase of the helicopter weight-to-equivalent-drag ratio to W/D, = 6.25.

The Ac = ffApar/ relationship {computed fram Eq
{11)}, as well as the cumulative cost corresponding to
various combinations of Ar and Apar required to achieve
the desired goal, is shown in Figure 25,

It can be seen from this figure that the cost is mini-
mized when efforts are chiefly directed toward parasite
S drag reduction to the level of 55 percent of its original
value (Apar = 0.55), while the equivalent drag of the
TOTAL COST i rotor is reduced to about 88 percent of its original value

— {Ar = 0.88); i.e., L/De, increased by about 13.5 percent,
lpar Figures 24 and 25 tend to indicate that the most
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EQUIVALENT PARASITE DRAG REDUCTION the W/De levels of heligopters should be through parasite
drag reduction. Of the many areas where parasite drag
reduction is needed, the hub drag which amounts to
about 40 percent of the total'? represents the mast
important target for improvement, For a fong time, this
looked like an almost impossibie task because of the mechanical complexity of the fully articulated rotors with
hinged blades. Fortunately, the present hingeless and future bearingless rotor configurations open the doar for con-
siderable progress in that domain.

It should be rembered, however, that even complete elimination of the parasite drag would still not make the
W/De of the helicopter higher than the L/D. of the rotor itself. This, of course, means that in spite of the fact that
the road toward improvements in the L/De of the rotor appears difficult and costly, it cannot be neglected if, in the
long run, one wants to make the W/De of helicopters more competitive with other transport. vehicles.

Cost Minimization for DE/S.w NM Gains. Possibilities and problems associated with improvement of each of
the three main factors governing the DE/Sav NM level have just been discussed. Now we will take a look at 2 method
for providing a guide for a distribution of efforts between sfc, W/De, and W/Sav which would result in the minimiza-
tion of the overall penalties (cost) of reducing DE/Sav NM to a new desired level,

Trend curves of gains and costs similar to that shown in Figures 22-24 should be established for sfe, W/De and
W{Sav. This can be done either through engineering studies (e.g., Reference 9}, or simply by gathering and averaging
the educated guesses of the experts, For the sake of simplicity, it will be assumed that the predicted trends can be
approximated by second-degree parabolae of the y = gx? type, where the value of the coefficient ¢ would reflect the
steepness of the cost incraease vs relative progress. The advantages of this parabolic approximation stem from the
fact that in many optimization tasks, this approach greatly simplifies the process of finding the optimum values of
gains, Obviously, other (sometimes more fitting) functions can be used to approximate the predicted cost vs gains
refationship, but finding the optimum would probably require more computational effort,

Figure 25. Example of cost optimization
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Returning to the problem of cost minimization for the DE/Sav NM reduction, it will be assumed that the new
desired value of DE/Sav NM 15 \(DE/Say NM)o, where A < 1.0 is the reduction factor and subscript zero denotes the
baseline level, This total reduction, denoted by A, will be accomplished through the decrement of the particular fac-
tors in the following way: sfc = Agsfog; WfSav = Aw(W/Sav)e; and De/W = Na{De/W)o = Ng[7/{W/De)o ], where
Ns, MAw, and Ag respectively, are the reduction factars for sfe, W/Sav, and De/W. Vaiues of these factors will be such
that

)\=‘A37\w Ad. (12)

The cost or other penalties associated with the progress in sfc, W/Sav, and W/De can be expressed as

ys =as(l = A} _ (13}
Yw =ow(l —Ay)? (14)
ya=agq(l —hg)?: {15)
thus, the total cost would become
Yot =ys tyw tya. {16)

The task consists of selecting Ay, Ay, and Ay in such a way that vy, = min. |n this case, the desired optimum
values of A, Ay, and Ay can be found through elementary procedures of finding an extremum of 2 function of
several variables,

To provide some feeling regarding the optimization process, it will be assumed that it is desired to reduce
DE[S,y NM to 50 percent of its baseline level;
e, A=0.5.

As the first example, let us make the rather
improbable assumption that a given relative
{percentile} reduction of sfc, W/S,y, and Dg/W
each requires exactly the same amount of effort

APPROACH: REDUCE ANY FACTOR Yy 50V
OPT. APPROACH: REDUCE EVERY FACTOR 5Y 20.6% — = —

ASSUMPTION

+
]
|
I

dp m &y = ad i

I

1

|

(cost). This means that a; = @, = a4. Under o
this assumption, the 50 percent reduction of —_
DEJS,, NM at a minimum cost would require | !
that all three factors must be reduced equally I |
through Msopr = Awopr = Adopt = 0.794. By b ogams |

adhering to this policy, the total cost would ': '
~ amount to approximately 51 percent of that pelohg s 0.206—ata—1 ~1p « 0206 —wte—m1 -1, 7 0.205—-l
encountered in z single-factor approach (Figure -« Loty =05 e

26}, From the point of view of technical policy,
the result would imply that efforts should be
equally divided between engine developments,
sfe; structures, W/S,y; and aerodynamics, De/W.

However, a more realistic assumption would stipulate that an equal relative reduction of W/S,, and D/W
would require approximately the same amount of effort (cost}, while the same percentile progress in sfc would be
as much as, say, three times more costly. This would mean that gy, = 94 whileag, = 3a,, = 3a4.

Under these assumptions, the optimum individual reduction factors would be as follows: Awgpt = Ndopt =
0.725;and Asgpe = 0.95.

The magnitude of reduction in penalties {cost) resulting from the above multi-factor approaches versus that
representing a reduction of either W/S,, or De/W alone, can be appreciated from Figure 27,

At this point, it should be stressed that since the gq = 3a,, = 3a4 approximation was considered as being more
realistic, conclusions reached from the solution shown in Figure 27 may be considered as technically sound. It may
be stated, hence, that for a moderate reduction (no more than 50 percent of the present values) of DE/S,, NM,

Figure 26. Example of single-factor vs optimal dpproach
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vigorous efforts should be directed equally toward reduc-

, , . . ASSUMPTIONS

tion of W/S,, and D./W with the aim of decreasing each oy - g — /
to about 72 percent of the present values. By contrast, in Ay ¥ Jay —= - /
the area of sfc, progress should be restricted to a modest 4

percent reduction from its current level. This obviously
means that the main concentration should be focused
toward improved structural and zerodynamic efficiencies of
helicopters.

The above-discussed procedure represents a very
simplistic optimization process, There are, of course, many -~ ; GAINS |
more sophisticated ones. Regardiess of the method used in 1-hg = 28, *'14. o8 ————
the minimization of the total expenditures associated 1~kg=02mm = 1= dw =027
with reduction of energy consumption, one should not lose
sight of possible conflicts with economic, safety, and fly-
ing qualities requirements. Figures 28 and 29° are shown to Figure 27. Another Example of single-factor vs optimal
iflustrate how a set of design parameters optimizing energy approach
consumption of a helicopter may lead to a configuration
less favorable as far as direct operating caost is concerned.,

oSt

1- 1442006

3000 (BHORT-HAUL MIBRICN)

{ T-HAUL )]
A O.I'.‘Bl
Z
+ FOO0
E = WA = 3 PSF
Z =
E 2
.. 5000 -
E :
Fi £
5 W g
!:?‘ Z .05
e £ g
km e, . PRETR— ——
Figure 28. Optimization of energy consumption Figure 29. Optimization of direct operating cost

8. Concluding Remarks

1. Similar to 2|l other modes of transportation, energy consumption of VTOL zircraft in general, and heli-
copters in particular, now become cone of the most important factors for their future numerical growth and acqui-
sition of new fields of application. ' ‘

2. Although the present position of helicopters in regard to energy consumption per passenger-mile is gen-
erally inferior to that of many other types of vehicles, their unique hovering and operational capabilities—in many
applications—make them either almost, or actually competitive energy-wise.

3. Energy consumption per seat-mile available of helicopters can be greatly reduced {to 50 percent, or even
less) through {a) higher aerodynamic cleanness {reduction of D,/W), {b) structural weight reduction {lower W/S,.),
and {¢) improvement in powerplant characteristics (lower sfc and specific engine weights). However, in order to
achieve the greatest progress within limited resources, proper optimization techniques charting the most “profitable”
paths and indicating the optimum level of effort for all factors contributing to the reduction of energy consumption
should be used,

4, Energy aspects of rotary-wing or more generally, of all VTOL zircraft should be considered within a larger
framework of the compiete national transportation system with the aim of reducing the total (direct and indirect)
energy consumption of this system.
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