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ABSTRACT

Toral operadng cost per revenue seat-nautical mile is established as the object of design
oprmizadon, and various facrors conuibudng to its minimization are examined. The
role of cruise speed and total annual dme available for revenue operations are reviewed
first. Next, potendal gains resuldng from improved weight to equivalent drag rados and
compounding are invesdgated. The influence of aircraft purchase price and powerplant
role in helicoprer design opdmizadon is smtdied, alongside the possibility of exchanging
strucrural weight increases For lower cost per revenue seat-mile. Discussion of design
decisions affectdny total maintenance cost concludes this presentadon.
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SOME THOUGHTS ON DESIGN OPTIMIZATION
OF TRANSPORT HELICOPTERS

by

W. Z. Stepniewski and L. H. Sloan
Aeronaurical Consultants

1. INTRODUCTION

1.1 General

Similar to other industrial preducts, optimization of rotary-wing aircraft is accomplisied
through continuous efforts of design organizations whose achievements are often inspired by new
requirements and specifications developed either by procuring agencies or potential operators. In
parallel with these practical, every-day activities, there has been 4 growing bedy of technical lizerarure
discussing various aspects of design and performance oprimization of rotary-wing aircraft. As far as
transport helicopters are concerned, as long as twensy-five years ago, Schnebly and Carlson! had
already’ considered the problem of optimum design of helicopters of that type for maximum net
profit. In more recent publications, a Soviet book by Tishchenko et al® should be mentioned as it is
entirely devoted to 2 selection of transport helicopter and compound design pararneters in order to
optimize those machines with respect ro either weight or economic criteria. This presentation is notra
rigorous paper, but rather an informal talk, attempting to sketch in broad-brush strokes the possi-
biliries and problems of transport helicopter design optimization. The main object of this latter is
usually the best possible satisfaction of the actual or porential purchaser's requirements. Consequendy
often optimization criteriz zre explicitly specified by the customer. If not, the designer himself wies ©o
establish them by asking hvpothetical questions: whart kind of helicoprer with what performance,
flying qualities, and economic characteristics should have the greatest zppeal to the intended marker.

Once these questions are answered, either z single criterion or a set of crizeria can be formulazed
which, in turn, becomes the basis for developing the objzctive function or functional whose extremiza-
tion becomes a goal of the formal optimization process.

{t should be recalled at this point that transport helicoprers are no different from other man-
made objects, or man-controlled processes, in the respect that on the road cowards optimal design
various constraints will be encountered. Some of them may be physical (e.g. currenty realizable
strength of materials, airfoil maximum lift, or minimal drag coefficients), while others may reflect
operational requirements {e.g. maximum disc loading), or requiremensts of 2 legislational nature (2.g.
permissible noise level, or other enviroamental requirements).

1.2 Optimization Criterion

In a recent discussion of economic aspects of helicopters®, operators engaged in commercial-
scheduled, off-shore drilling, and execurive transporration of people, unanimously indicated thar low
total operating cost per revenue seat-mile was the key o their business survival. That statement was
accompanied by a strong plea o the manufacturers that everything peossible be done ro minimize that
quantity. It appears hence that minimization of the overall cost per revenue seat-nautical-mile (C,,..)
can be selected as an objective for design optimization of the people-transport helicopzers.
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Figure 1 Typicai values of toral operading cost per revenue seat-naucical mile

It is interestng to note that the present level of Cp., (bzsed on dara from Ref. 3 plus two
manufacturers’ brochures, and expressed in 1978/79 doilars) is surprisingly uniform, being encompassed
within approximate limits of 30 to 40 cents for a wide range of transport helicopters having from 6 to
over 40 revenue seats. The only exception is the projecred wide-body, HLH-based, helicoprer capable
of carrying over 200 passengers. In this case, a total operating cost per revenue seat-mile aslow as 4
cents is visualized by Cameron’**, although other experts expect that it may be somewhat higher but
still quite low, Cyq, = 10 ctsfrsm.

In this talk, we want to sketch general directions in which design oprimization should move in
order to obtain a significant reduction of the C,,,, as well as to identify at least some obstacles that
may be encountered on that rozd. Furthermore, the sensitivity of C, ., to the application of cost-
saving policies to particular components forming the toral operating cost per revenue seat-nautical-mile

will be roughly indicated.

2. FIRST OVERVIEW OF THE PROBLEM

2.1 Imporrance of Hourly Cost per Revenue-Seat and Work Speed

Theres is lirtle doubr thac the relationships linking the selection of basic design parameszers with
cost (taking into account various available options regarding layout details, component design, mater-
ials and manufacturing processes, etc.) are not always easily presentable in a simple analyrical form.
Nevertheless, they do exist and should be taken into conasideration even if only the general wend
berween the influence of some design decistons on operating costs can be indicated.

For the moment, however, omirting all those details from our considerations, it may be stated
that in the simplest form

r
Crsm :gcfr Vw'qrs (1 )

u

C

rsm

~ (O In )Y, (12)

where C” :oc is the total operating cost per hour (say in $/hr), V,, is the work speed in knots that can
be determined as a quotient of the doubled distance between the takeorf and landing points divided
by the actual flying time plus ground time chargeable to commerdial operations, and 77, is the number
of revenue seats. It should be noted that in all references to work speed and revenue utilization, we are
considering a work cycle (e.g. a round rip, or two consecutive equal legs in a network) where point-
to-point distance is L.
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250 work speed is a significant aircrafe
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coefficient whose value for some
assumed takeoff and landing pro-
cedures, ground time, and type of
flight profile can be expressed as a
funcrion of the flight distancs L
1om and cruise speed k,, = f{L, V). A
— typical %, variation with both of
1 === :’7‘_:— — these parameters is shown at the
0.5 T AL —_ - ) top of Fig. 2.
L =100 N.MIL — e — 15 . A
This relationship was developed
under the following assumptions:
Nominal allowances for the air-
borne portion of any leg weare
assumed at 25 seconds for takeoff,
hover and acceleraton to climb
speed, one minute of climb (gaining
o one n.mi), one minuze of maneuver,
. 30 seconds to descend and decel-
o o GROUNDTIME M erate (gaining one n.mi), and 5
o 4 3 1z 1 2 seconds to set down. All of this
Figure 2. Character of the &,, variation with flight distance zad provides a convenient 3 minuces of
eruise speed plus sensitivity o ground time “non-productive” flight time with
two n.mi. gained. The ground time
used to develop the work rate coefficient, k,,,, was zlso nominal with a loading time of 5 minutes, un-
loading time of 2 minutes, and an increment of 3 minutes for fueling in each cycle. Thus the “base
case” ground time becomes 17 minures for the two-leg cvcle.

The influence of ground-time variation on x,, values for a very short (10 n.mi.) and longer
{100 n.mi) point distances is shown in the lower parr of Fig. 2. The implication of Fig. 2 from the
design optimization viewpoint is quite clear. The %, coefficient can be recognized as some sort of
operational ‘'figure of merit”, and thus should be maximized through design decisions leading to the
reduction of ground time, which is the most significant parameter influencing the &, level, especially
for very short haul operations.

This point is illusrated in Fig. 3. It is evidenr thar 2 3-minute saving in ground time per leg (6
min. per cycle from the baseline time of 17 minuras) is worth about 20 kn of cruise speed for V=
250 kn, and L = 700 n.mi, which drops to about 10 kn for V.p ® 150 kn for the same distance. Very
short haul (L = 70 n.mi)—achieving gains in V|, equivalent to those resulting from the 6-min. ground
time reduction—would require an increase of cruise speed by over 50 kn for V. = 200 kn and over 20
kn for V,_, = 100 kn.

It can also be novted from Fig. 3 that for very short haul operations, V,, would vary little with
cruise speed level. However, for L = 700 n.mi, and cruise spzed 700 < V., <200 kn, V,, appears as
almost proportonal wo V.. with k,, = 0.75.
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Taking invo account Eq {2), Eq (la) can
be rewritzen as follows:

o (C:hr

toe

C (3)

rsm

/”rs )/Kw Vcr

A glance at the above relationship would
lead one to a truism that in the fight for C,
minimization, the arrack should go in two
principal directions: (1) reduction of the houtly
cost per revenue seat, and {2) increase of the
cruise speed, along with the work speed coeffi-
cient; while remembering that C’;’; . and v are
usually interrelared.

As far as current {and projected) levels
of Ch:oc/n” and corresponding cruise speeds
are concerned, the lower part of Fig. 4 is pre-
sented as an illustradon of those aspects, while
in the upper portion of this figure, currear
prices per revenue seat are shown. There
appears to be 2 trend toward 2 decrease of
Ch‘;Ocln,-., values with an increasing number
of revenue seats, while the opposite is true as
far as price per revenue seat is concerned.
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2.2 Principal Components of Total Hourly Operating Cost

The ingredients forming the (" to o/Mrs) quantity can be broken down into the following
principal groups: (1) depreciation (amorrizadon), (2) towal direet maintenance, (3) insurance, (3)
RELATIVE . HOURLY COST fuel and lubricants, and (3) crew. Typi-

100 - BT I TIII S FTTP ST PTF 1 1y 1 czl percentile disaibution of these cost
. : DEPRECIATION items and their variation with average
" ) ) = annual utilization of aircraft (based on
3 _~ £ manufacturers’ data), as well as a wrend
; 1N TOTAL DIRECT MA]NTENA.NCE of relative (C"7 mc;n,,) value variation is
kg 50—\\\ _ R \- snowz mlFlg 3. o : 5 4 i
o 1 — = glance at Fig. 5 would indicate
o . ‘NSURANCE / wo impi:rtant fzu:ts:g (1) exceprt for crew
1 ‘/ s ey FUEL & LUBR!CANTS / / costs, about 90% of the cost items mak-
e — “_EREW ing the (Chmc/n,s) quantiry are affected
0 T r by design decisions, and (2) for a given
1000 1500 2000 2300 a.‘i:rr.'raf'c,g hourly cost per revcnucoscat
. AVERAGE ANNUAL UTILIZATION, HR. 4 increasing annual utilizazion.
INCLUDES: (1) LABOR; (2) ROTOR BLADES, In order to gain a deeper insight
PARTS & REPAIRS; (3) ENGINE OVERHAUL.: into the role of design decisions regard-
(4) OVERMAUL OF MAJOR COMPONENTS. ing all of the above items, the following
Figure 5. Typical percencile distribution of the principal analysis will be made.

hourly cost componencs and ralative cost variation vs.
average apnual utilizadon

3. MAIN ELEMENTS OF DESIGN OPTIMIZATION
3.1 Basic Equartion

Taking into consideration some calendar period long enough (say, one year) 1o encompass
various anticipated (scheduled) and unanticipated {unscheduled) interruptions of the operation, the
cost per revenue seat-mile (C,;, )} can be expressed as follows:

c (rotal yearly expenditure for helicopter operation)

rsm

(annual work time} X {work speed) X (no. of reverue seats)

Remembering Eq (2), the above expression can be exoressed through the following formula:
i=N _
Crsm Z "+ T+ G A CINTY R, Ve )

where C's are various expenditures associated with roto;craf operation during one year, and 70" is
the annual “work-time” {in hours). Iz is obvious that T. ., Vp, represents the tosal distance ﬂowr.
by the aircraft during one year in revenue flights,

The aim of the oprimizaction process is to make Eq (4) a minimum, not only through selectdozn
of basic design paramerters {e.g. main rotor radius, number of blades, rip speed, and blade geomewr
including the afrfoil shape); but also by such aspects as general layour, component design, type of
material, manufacturing process, etc.

However, before starting the minimizarion process of Eq (4), the type of zircraft operation
should be determined since that would influence the importance of the V, parameter.

It also appears advisable to consider the number of revenue seats as invariable. Then, takirg
into account the five main cost items shown in Fig. 5 2nd remembering that both yearly expendirturss
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for depreciation and insurance are proportional to the aircraft purchase price(C,.), Eq (4) can be
rewritten as follows:

Com = AL®,, + R Cacfns] + (€5t + (CF ) + (L In b Ty, Ve,

dpr insu tdm
(3}

In the process of selecting an optimal aireraft for the assumed rask, mirimization of Eq (5)
should be performed separately for each considered configuration (single-rotor, tandem, or side-by-
side helicopters, compounds, etc.) and then the results compared.

However, in the present “broad-brush”™ approach, let us look zt the most significant signposts
pointing toward design optimization. This can be done by examining what can be done to maximize
the denominator and to minimize the numerator of Eq (5). In addidon, one should identify the
inter-relationships existing between quantities appearing in the denominator and numerator of that
equarion.

3.2 Annual Work Time

It is obvious that 7¥_ (in hours) can be 2ssumed arbicrarily a¢ some fixed number (say, 1500
hours). Buz since the influence of operating time on cost per hour is so important (Fig. 5}, it is more
interesting to find our what facrors influence the maximum portendal number of hours thar an air-
craft can be flown per year in revenue service.

Using an approach similar to that given in Ref. 2, 7/ can be expressed as follows:

where Tj, = time aircraft is on the ground for maintenance, Ty 5 = ground time for reasons other
than maintenance, and 7y g = non-revenue flight time (training, aircrait positioning, etc.).

 Taking a deeper look into the times appearing in Eq (6), it may be stated that Ty, = Tgp +
Tys = time for scheduled and unscheduled maintenance, respectively, where Tgyy = scheduled
maintenance time for removal and replacement of removable components plus time for work on
non-removable portions of the zircraft, and time for pre- and postilight inspections, and all other
routine maintenance. /g = unscheduled maintenance time (similar o the scheduled items listed
above, but in conjunction with problems due to unpredicrable events). Next, Tyg =Ty + 7oy ¥
Ty, where Ty = weather groundings, 75, accounts for “‘dead-of-night”; for example, when passen-
ger flights may not be feasible, and Ty accounts for reduced schedules due to holidays and weekends.
Finally, the meaning of Ty g is self-explanacory.

It is obvious that decisions not te operate the aircraft under marginal weather conditions or
during night hours can be taken by the operator on the basis of specific considerations. But provision
of the potential ro perform revenue flights under those conditions rests with the designer, who
should assure the necessary flying qualities, cockpit instrumentation, and navigational equipment.
This in turn would increase the aircraft purchase price and thus infiuence not only the denominartor,
but also the numerator of Eq (5). It may also affect the maintenance cost, while irs influence on the
fuel cost through an increase in gross weight and parasite drag, would probably be negligible.

3.3 Influence of Cruise Speed and Fuel Cost on Cpqppy

As was indicated before, the significance of cruise speed as far zs the work speed value is con-
cerned increases with the operational flight distance. However, it may be stated chat in general, if
cruise speed could be increased with little or no detrimental effect on the cost items,.it would con-
ribute to Cpeqpy reduction. :



It is obvious thar, in
reality, variation in V., may

7 COMPOUNDS significandy affect the cost
E 0 50 items. But in addirion to eco-
200+ / 0.43 nomic aspects one should
‘/ 0.A0 realize that as far as increas-
= 0.35 ing maximum flying speed

‘{{M Fapabilitics of pure helicoprers
. T) e = 0.91 is concerned, the old advancing
100 HEL’COPTERS tip Mach number—advance ra-
7 o constraint is still with us
7 (Fig. 6). As for the Mach part
of that constraine, its upper
limit would probably remain
0550 T g é o T 780 under the strong influence of
. noise abatement requirements.
TIP SPEED: FPS Although through swept blads
tps with thin airfoils, the
noise barrier has recently been
moved closer to M = 7.0, iz will be (perhaps conservatively) assumed that the Mach limitis (My)gqo =
0.97. With respect to operationally acceprable advance rado values, it appears that even for new rotor
concepts with proper torsionally tuned blades, swept tips, ezc., g = 0.45 can be assumed as z limit.
For higher ¢ vaiues, compounding in thrust and probably, lift, would be required. Under these
assumptions, for pure helicopters the speed limit for horzontal flight would be of the order of 190
knots.

The relative cost share of fuel and lubricants (in this texz, simply called “"ucl cost”’) can, of
course, change drzstically with the increasing price of pewoleum products (in Fig. 3, a low, at this
writing, 50.60/gal was assumed for fuel); nevertheless, ths designer’s decisions regardmg overall
rotoreraft serodynamic eifecriveness as measured by the gress weight to the equivalent weight ratio
(WD) = F(V), engine selection with due consideration of cost, sfc, and ¥/, ratio still remains of
prime importa.nc25 .

As far as operational cruise speed is concerned, it is of course appealing from the fuel economy
point of view to have it close to that corresponding to X, = (W/De),,,, (which will be called
Vzmax)» since fuel consumed per revenue seat-mile can be expressed as follows:

FLIGHT SPEED; KN.

" Figure 6. Advancing dp Mach oumber-zdvance ratio constinz

-

W = (Wnps)sfc/325 T, 1, ' (7

where %, 2 WV/3255HP (see Ch 111, Ref. 7).

Variation of I, vs speed at SL, std for presentdy oo "ating transport helicoprers as well zs
those representing the 1980 technology level is shown in Fig. 7. Here, an auxiliary grid of conszan:
(W/SHP) lines is marked as weil as the constraint to the pure mhcoptcr flight speed. For comparison.
the (W/D,) = KV) for 2 compound transport helicopter of the tail-ring type (courtesy of D.N.

Meyers of Plaseckd Afrerait Co.) is also shown.

Eq (7) indicates that if there were ne ocher fuel a‘z:pr:-nditllrcs {i.e. for ground run, hover,
climb, etc.) and if the variation in sfc could be negleczed. then flying the helicoprer at V-
would be synonymous with the minimization of the fus! conmibuting to the total C ., value.
However, there are other components of the hourly costs which are, or may be, assumed in the firse
approximation to be independent of the cruise speed.
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Thus the question may be asked whether it would be beneficial to increase the cruise spesd
beyond Vy ,ayx, and ai the expense of higher fuel consumprtion (i.e. its cost as well), to operate 2t
a more favorable speed from the overall cost-per-revenue seat-mile viewpoint.

To answer this question, Eq (5) is first rewritten as follows:

c _ (he;.fu/”rs) R C’?U(anrs)SfC &)
o kY., 325k,%

where V. is in knots, and the new symbols are C*, ;, = hourly total operating cost of all items
except fuel and lubricanes, and C’b = ¢ost of fuel and lubricants per pound. All the sfc values are

assurned to incorporate hourly consumption of lubricants per hp.
It is readily seen thar the first term of Eq (8) decreases with increasing V., while the second

one increases for Vyr 2 Vu . It may be expected hence that at some V. > Ve max+ Crsm would
i reach its minimal value.
To get some idez about the influence of the fuei cost on the V., values minimizing C, let us
investigate the following relationship:

Crsm/(cfsm)z‘max = HVer) (9)

where (Crem) g max 15 the total cost per revenue seat-naudcal mile ac V.= Vg oo

To simplify the maczer it will be assumed that the magnitude of the installed poweris governed
by other requirements such as hovering and/or service ceiling with one engine inoperative, and thus
flying at speeds Vg, < V.. < V., would not demand any increase in the installed power.
Remembering also that (Crsm)zmax = (C fOC)Emax/n“ Kw V5 maxs BEQ (9)can be expressed zs

Crsm - Che‘:;ju VEmax . C% 5fc Vemax (99)
C...) hr z
Cosmlzmax  Cltoclemax v, 325T,(C%, /W)y,
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The character of the variation
with cruise speed of the ratio ex-
pressed by Eq (9a) as well as the first ‘ Cesrn/Craml 3, FOR B =o28mb

and second term of that equation is o
shown in Fig. 8; assuming Z, = oa =—— T

f(V) as the upper boundary of the . 01876 ~/

early 1970 helicopters, and C"?u = 0ed T T - —

0.2 $/lb. For a lower fuel cost (0.1 RELATIVE Crqy EXCEPT FUEL -~~~ ~~— -
$0b), the (Crom Y(Crom s max fatio e T o

is also shown. It can be seen from wal —R;L:\;V_E-;anF CuEL mzsnu}-—;

this figure how the cost of fuel

influences the optimal cruise speed. 0 i ' : ' '
At low fuel costs V. tendstoshift . ™ 125 cnu;sgassveen " 145 155 185
from Vs, ., toward higher speeds, ‘

while with the increasing cost of the Figure 8. Example of cruise speed influenee on relative cost
combustible (and lubricating) marter- per revenue seat-mile for two levels of fuel costc

ial, it comes closer w0 Vyo,x-

At this point one may say that the selection of cruise speed represents an operator’s decision,
while the price of pewroleum products also lies complreely cuiside of the designer's sphere of author-
ity. Hence where are the inputs that can be made through design decisions during the design oprimi-
zation? There ars many of them, Even the pracricality of selecting high cruise speeds by the operator
for economic reasons depends on the ability of the helicopter to fly at speeds close to the power-
limited V,,,, without encountering excessive cabin vibration and high periodic stuctural loads.

However, the most important aspects of design optimization with respect ro the fuel-cost
share in C,,,, is the assurance of high (W/D,) values at the highest possible flying speeds and when
doing so, to adversely affect as little as possible such other components of the total hourly opera-
tional cost as those reflecting on the aircraft purchase and mainrenance casts.

As to the value of the flying speed corresponding to V5, it can be obtained from such
classical expressions as those in Ch I, Ref. 7, and can be approximately expressed in‘knots as

Vimax = 7'(sqw“/}"md‘,?'.rz"“”""'f/p:"r (10)

where k;_, = the induced power coefficient (it may be assumed as k;,, = 7.7 for single rotors and
Ring = 1.8 for tandems); k&, = the download factor in forward flight, w is the disc loading, wy = W/f
is the equivalent flat plate area (F) loading, and p is the air density.

The maximum value of the gross weight to the equivalenrt drag ratio becomes

Zmax = Tk [kkaindW/Wf + GBfHued + 417#2)(5,1/5;)] (11)

where the new symbols are g =7.69Vy . [V, , V, being rotor tip speed in fps; €,/ is the ratio of
the averzge profile drag coefficient to the average lift coetficient (defined as & = bw/fop l/f); and
Rogp = SHPIRHP.

It can be seen from Eq (10} and Fig. 9 rthart as far as design aspects are concerned, an increase
in both disc and equivalent flar plate area loading pushes V.. higher. From a configurational

viewpoint, tzndems for the same values of the wwy product would exhibit higher Vzmax levels be-
cause of the higher ;. values (but X . will obviously be lower). It appears that compounding

would tend to move Vs .. toward higher cruise speed values (see Fig. 7).

With respect to the X, values, Eq (11) indicates that a fractional reduction of the disc
loading contributes as much to the improvement of £, 25 an equal increase in wy, representing
acrodynemic cleanness of the airframe (including hub).

However, because of detrimenral effects of roo-dow disc loadings {large radius of the lifting
rotor) the main drive in design optimization would probably go towards increasing wy. Furthermore,
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it can be seen from Fig. 9 (top) thst within practical lmits of & < w < 12 psf, che varistion of the
disc lcading would not significandy affect the T, values. It can also be seen that the airfoil char-
scteristics reflected in the Ty/¢; raties are quite important, 2nd reduction in chat ratio should con-
siderably improve the X, values.

34 Influence of L, Vaiues, and L = AV} Charscrer on C

fn order ro ger an iden regarding the influence of the Z,,,, values and characrer of the £ =
f(V} varizton on £, the ratio Ceem! Cramle will be examined; where (o refers to 2 new, and
{Cesrn)y vefers to the previously swdied baseline aircratt (Fig. 8). This ratlo will be examined for
helicopters representing advanced technology (upper boundary of T = f{V) for 1980 technology)
and for the compound whose X = f(V) is shown in Fig. 7.
Using Eq (8) and remembering that the cost per revenue seav-mile of the baseline alroraft can
be expressed a3

{Crerm }g = {Chr;:c}a’,”mgxwa Yoprg:
the desired ratio begomes
Cfsm <C’;§. fu !nf.‘] }Kwa VO{? To iC"?y ‘1 (Chfygc fnrs )G } {}g{'fﬁfs}sfaﬁwc Vﬁ?ﬁ tg (
= 12
Crsma Ky Vcr«:ﬁ%}c/nrs )a 3255{*&' Zv

where Vg5, is the flying speed minimizing £, for the baseline aircraft {eg. V= 740 k7 fox
the higher fuct cost of 08 = 3Q.2//6 (Fig. 10)).
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It can be seen from Fig. 10 that if
the improvements in the = f(V} postula-
ted for the 1980 technology helicopters
can be realized without increasing the
values of (C',, f,/nps) and (W/nps), then
reductions of up to 25% over the current
Crsm levels can be expecred. Even assuming
a 5% increase in the nourly non-fuel cost
per revenue seat, and z2a equal increase in
the gross-weight to the number of revenue
seats ratio, the basic picture remains the
same. One should note, however, that in
order to realize these improvements, the
helicoprer should be capable of being
operationally flow (low cabin vibration
level and periodie strugtural loads) at cruise
speads close to 180 kn. It should also be
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CRUISE SPEED, KN

Figure 10. illusiradon of the influence of higher T values
for advinced helicoprers and compounding on relative
cost per revenue scac-mile

mencioned that in plotting Fig. 10, it was
assumed that Ky = X, in spitc of an increase in V. This assumption obviously becomes more
reliable as the operadion tlight distances increase (Fig. 2).

As far as compounds are concerned, Fig. 10 also indicates that if by some chance, both
(ChL suln,s) and (W/n,,) could be kepe at the same values as for helicopters of a similar technology
level, then gains in C, ., of up to 25% could be realized through compounding. However, taking 2
more realistic viewpoint, the compounding would bring some penalties in both (C”;X_m/n,s) and
(W/n,.), one can see that with a 20% increase in those crandides, compounds may still show a small
operating cost advantage over pure helicoprers. Bur shoulé the penalties go still higher, the advantages
may evaporate.

It should be emphasized at this point that the bove-discussed potential gains in C,,, re-
sulting from either improved aerodynamic effectiveness of pure halicopters or through compounding
are realizable only for longer flight distances, where cruise is the predominant regime of flight. For
very shorr-haul operations, those improvements would cbviousiy be of lictte value.

3.5 Aircraft Purchase Price

As indicated in Fig. 5, the depreciation (amortizzdon) anrd insurance costs represent approxi-
mately 35 to 35% of the hourly operating cost, depeading on annual utilizatdon. Both of these
items are proportional to the aircraft purchase price (C,.), which on a yearly basis (see Eq. 5) are

¥r = RYr 2nd ¥ = Ap¥r .
¢ apr R dprc«?’-‘ ad € insuy R insuy Cac"

where &7, gp ¢ is usually taken as equal to 1/10 or 1/12. With respect t0 87/ ¢, it should be strongly
emphasized that it depends on the safery of operation. This means that such aspects as structural
integrity and flying qualities definirely represent cost kems. Furthermore, as clearly visible from
U.S. experience, the premiums paid for hull and casualty damazges offer the operaror little protecrion
from the possible disascrous loss of public confidence in aircraft that have been exposed to an un-
fortunate series of zccidents.

A glance at Fig. 4 (top) indicartes that the present zverzge (C, /77,,) values obrained from data
in Ref. 5 {given in 1978/79 dollars) are included for medium and very large size helicopters within
limits of $700,000 < C,./n < $200,000, while onc smail machine shows C,./n,, = $57,000.
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of modern turboshafr engines

One should remember that
outside the designer-controlled
inpucs there are many economie
manufacturing and marketing
factors which could influence
the (Cye/ps) level; for instance,
position of the currsndy offered
aircraft along the learning curve,
sharing of development costs
with the militzry or other
government agencies, technical
and organizational level of pro-
ducton facilives, labor cost,
ete. Nevertheless, it is the de-
signer who through his inputs
and decisions creates the tech-
nical basis for the aircrafr pur-
chase cost. In that domain,
there zre so many aspects of the
designers’ conuributions to de-
sign optimizadon {configuration,
tayout, simplicity of design,
matching the design to the
manufacruring process, etc.) that
discussion of only the most
important ones would require a

veolume similar in scope to Ref.
5

The designer most directly
exercises his influence on shap-
ing the concept and cost of such
rajor assemblies as airframe and
dynamic system. However, the
powerplant, navigational equip-
ment, and instrumentcation repre-~
sents a somewhat different case.
For instance, in the power-
plant case, the designer con-
tribuces to the aircrait optimiza-
don by deciding the number of
engines and then selecting the
most suitable engine from those
actually being marketad or
anticipated in the near future.
These decisions affect a rela-
dvely small fraction of the
aircraft purchase cost.

As can be sezn from Fig. 11
(bottom), on the average, the
installed horsepower per revenue
seat amounts w0 (SHP; /n, ) =

150 hpfrs®. Fig. 12 (based on



data provided by R. Semple of Boeing Vertol} indicazes thar in the 15004000 hp rated power range,
the engine cost per horsepower is C,,/ip & $90/hp. This means that the powerplant cost per
revenue seat is approximately C,,0/n, = $13,500/rs, which amounts to about 10% to 12% of the
medium transport helicoprer price.

~ However, one should realize thac the imporrance of engine selection in helicoprer design
optimization goes well beyond the above-indicazed perczarage since, through overhaul and replace-
ment costs it affects other important items of yearly expenditures which are reflecred in the zoral
direct maintenance cost. For this reason, special attendon will be paid to the powerplant aspects.

3.6 Powerplant Role in Helicopter Optimization

With respect to powerplants, the designer is usually faced with the following: (1) eszablish-
ment of the total level of installed power, and (2) disoibudon of that power according to the num-
ber of engines (usually two or three).

In principle, the toral power instalied can be dictated by one of the following requirements
which, in the design optimization process, become conswaints: (1) maximum flying speed, (2)
service ceiling with one engine inoperative, and (3) hovering OGE, or prescribed rate of verrical
climb under given condidons of pressure altitude and temperarture.

For helicoprers with £ = f(V) characteristics andcipated for the 1980s (Fig. 7), the installed
power level would probably be deiermined by either condition (2) or (3). For single-rotor heli-
copeers the SHP;, o value is usually dictated by the hovering requirements, while for tandems, it
is dictated by the service ceiling requirements. The current levels of installed power loading shown in
Fig. 11° (center) indicate a wide scatter in that value with 4 < W/SHP; < 7 /b/Ap. Fig. 13 was
prepared to show the singierotor helicopter W/SHP; values resulting from the hovering require-
ment at 4000 fr. std., and 4000 fr, 95°F {plotred vs dise loading on the left side); and those on the
right as dictated by the service ceiling (R/C = 780 7pm) of 12,000 ft, std. The influence of the Ed/?f‘
ratio is 2lso indicazed by assuming it equal ro 1/40 and 1/60.

A comparison of W/SHF,,; values from Figs. 11 and 13 with those marked on Fig. 7 indi-
cates that for pure helicopters, once the power instalied loading resulting from the OGE hovering
conditions at 4000 feet are satisfied, there should be no problem of achieving flight speeds up to-
about 190 knots (the advancing blade blade tp Mach number — advance ratio conmstrzinz).
Also it appears that even for the two-engine configuradons, the one-<£nginc-out condition does not
dictate the (W/SHP,,.) levels. Consequently, in suiving for power loading, maximization efforss
should center around hovering and/or vertical climb aspacts. Here disc loading (Fig 13, leftside)

POWER LOADING, W/SHRj,; LBAE

HOVERING QGE

DISC LOADING, PSF

& 8 19 12

ONE ENGINE OUT SERAVICE CEILING
12,000 FT, $TD.

"

~ -
-

\\\-.._
R

. —
3 gy ~~

— == By, - 180
1740

DISC LOADING, PSF

)

8 10 iz

Figure 13. Examples of installed power loading {or single-rotor helicopters, resulting from

hovering and service ceiling with the cns-2ngine-out requirement
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appears to be the strongest design parameter, while the influence of the cfc; ratio is somewhat
smaller. It should be remembered, however, thar atcthough a reduction of w leads to higher (W/Sn’Pms)
values it may cause struciural weight increases and thus, higher (:V/nrs) values. This in turn could
lead to higher power installed per revenue seat since (SHP;, /i) = (Win )/(W/SHP,,.). These
consequences of disc loading reduction should be weighed in che opdmization process.

Fig. 13 seems to imply that for single-rotor helicoprers, and typical hovering and servics
ceiling with one-sngine-cut requirements, a decision regarding two vs. three engines will be influ-
enced by factors other than loss of one engine. A glance ar Fig. 12 will indicaze thar both the
specific cost (C,,,/SHP) and specific weight (W, /SHP) of the engine increase with decreasing
rated power. Hence, it appears that from the above points of view, splitting the installed power
required into two rather than three units appears more advantageous. It is obvious thar in very large
helicopters the availabilicy of high-powered engines and limits to power that may be transferred
through a siagle mesh of the wansmission system may force the designer to select more than two
engines.

There are cbviously other aspects both positive (e.g. possibility of hovering IGE with one
engine out) and negative (e.g. maintenance) of the more than two-engine configuration. Assuming
that the appropriate engine-out performance may be realized with two engines, it would seem with
regard 1o maintenance that the logic to limit the installation to two powerplants is compelling.
Admittedly there is greater ease in removing a smaller engine, but the complexities of addirional
engines in terms of duplicated systems (accessories, functional subsystems, and controls) can oniy
increase direct maintenance costs. The chief remaining advaritage with regard to maintainability
of additional powerplants is portability of unserviceable engines, providing thac the aircraft can be
ferried safely with one engine our. In toral, however, maintenance considerations favor minimizing
the number of powerplants.

3.7 Exchange of Structural Weight Increase for Lower Cpep

A quesdon that often comes to one’s mind during design optimizazion is whether it would
be possibie to reduce the cost of various helicopter components by increasing their weight, and what
influence the so-obtained cost saving would have on the C, ... When trying this approach, ons
should be aware of the danger of runaway “weighr infladon” which may occur in the psychological
climate of even slight relaxaton of the strict low-strucrural-weight standards. Many examples can be
quored when such relaxation of weight consciousness later resulted in costy, and not always successful,
crash weight-reduction programs. Assuming, however, that through very strict conmtrols by the
designer, helicoprer weight empty, except engiaes, ¢an be increased to 2nd not beyond the intended

limit of WE,y .pg = (1 + @)WEax eng,» than, at lezst on paper, an exercise can be performed ex-
amining how the associated reduction of the weightempty cost to C”fx ang = (I -~ B)Cwex engy

will influence the C,,, decrease.
' An increase of the helicopter weight empty, except engines, by a frzetion @ would lead o 2

new (W/n ) value, which can be zpproximately expressed as

i =(I_La).wgex.eng + Weng N qu + wcrew W (13)
Tps frs Mps Trs Mrs Foss

where the new symbol W, .- = average passenger weighr. assumed 25 180 Ib. In Eq (13), the engine
weight contzibution can be written as (W, eng nped = [(Wn, HI(WISHP, ) (Weng/SHPms) and fuel
weight per 71, can be compured by assuming it is equal 10 a quantity required; say, for 2.5 hours of
cruise flight: (Wy /n,.) = 25(W/nrs) Sfc/3257 Subsurunnu these guantities into Eq (13) and
solving for (W/r,,) the following is obtamed

W (7 + WE g anglnes) + Werawlrips) + 180 s
n 1= 2.5(fcV, 3255,) — (W, g/SHP JWISHP, '

rs ns mns I
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Dividing both sides of Eq (14) by (W/n,5),_p, the relative increase of (W/n.g) = f(@) can de
obtained. An example of this ratio is shown in Fig. 14 where it was calculared under the following
a,ssumptions- (WEix.englnes)qop = 480 1bfrs; (WISHP;,s) = 6.0 1b{Aip; (WapglSHP;ns) = 0.18 1bhp;

= 140 kn; Z, = 4.5,sfc = 0 5 lb/hp ary and (Weraw/ries} = 20 Ibfrs. Under these assumptions
(W/n,,)a_ = 800 [b/rs, which is '
typical for contemporary transports i Smm,
N (W/rsla  Camg
{Fig. 11, top). 11

Next, the relative variation
of cost per revenue seat-mile with
respect 10 (Cremlg-p Wwis com-
puted, postulating varicus levels of
decrease (8= —, § = — 20, and =
—3a) in the purchase cost of the
helicopeer without engines. The
results shown in Fig. 14 were com-
puted under the following assump-
tions: initial cost of depreciation

(Wl (¥ rthg = = o,

and insurance per .ﬂight hour and Mu i — ppo o
revenue seat of helicoprer without : REL. INCAEASE OF EMPTY WEIGHT, SANS ENGINES
engines = $13.50/Ar.rs, which de-

creases with @ by a facror {7 — @), Figure 14 Possibilities of crading (W5 increases
(1 — 2a), or (] — 3a). Depreciation for Cpgm reduction

and insurance cost due to engines =

$1.85/hr.rs, which increases with o at the rate of the (¥/r7,;) increase. Fuel (and lubricant) cost =
$10.10/Ar.rs, which was calculated for $0.2/1b (sclid lines in E~’1g. 14), and $0.1/1b (broken linss).
It increases with @ proportionally to the (W/n,s} changes. The toral direct maintenance cost was
assumed independent of @;and 2mounts vo 510.40/Ar.r5s = const. The crew cost was also azssumed
invariant and is equal to $4.00/fr.r5. For Vi, =Ky Ve, =0.75 X 740 = 105 kn and the higher fuel
cost, (Crsm)g—p = $0.38/rsm,. which is typical (Fig, 1).

It can also be seen from Fig. 14 that some decrease in the toral operating cost per revenue
seat-mile can be achieved if an increase of the weight empty of & helicopter minus engines can be
exchanged for a cost reduction of the affected components. However, those gains remzin modest,
unless really spectacular price reductions can be linked to structural weight increases. It should also
be noted rthat gverall C _ reductions are obtained at the expense of 4 higher fuel consumption
{for this reason, gains are higher {or the lower fuel cost), which may not be a popular idea in an
energy-conscious environment®.

3.8 Design Decisions Affecting Torzl Hourly Maintenance Cost

As in the case of the helicoprar purchasc price, total maintenance expenditures represent 2
considerable share of the hourly operating cost (Fig. 5). Consequentdy it should be of interest to
review the role of at least some design decisions on the process of €, minimization. The tora
direct maintenance cost is strongly affected by such economic factors beyond the designers con-
trol as labor, pay-scale level, etc., but as in the case of the purchase price the designers through
their decisions regarding such aspects as accessibility, case of removal of components and their
reliability plus maintainabilicy, erc., exert 2 decisive ‘influence on the total direct maintenance
cost level.

It will be recalled that the standard for comparing aircraft maintenance cost is the ATA
formula based on regression of historic data showing the relationship between labor, weight, materials,
and price of the aircrarz. While this method has been useful over the years for in-service aircraft of
the same technical generation, it offers no solution to the questions that the designer must consider,
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particularly if he is willing to depart from the beaten path of design for mzintenance. For example,
he might ask, “If I made this zircraft completely accessivie so as to permirt ‘instant’ inspection,
would the labor saving offset the weight penalty?” The ATA formuia provides no answer orevena
hint as to the wrades, since it simply says “if it weighs morz, it will requize morelabor.” And similarly,
with' regard to marterials cost, if the designer specified the most expensive parts of the ummost relia-
biliry, the formula would indicate unacceprably high matarials cost. Hzving no formufa for innova-
tive design, the designer must resort to gathering data on ¢3¢k definable sizment of the maintenance
systemn, determining its maintainability characteristics: size, weight, reiiabilicy (cyclic and/or hourly)
price, complexity, exposure, etc., and then aggregate tae resulting hourly and/or cyclie cost by
subsystem for the aircraft configuration under considerazion. Ezch candidate design is then rested
against a base (preferably on an existing operational type) where component and total maintenance
characteristics and costs are known. In chis largely judgimental process, wich all che tedicus analysis
of components, care must be taken to detect interactions between subsystems that can modify the
projected maintenance characteristics, and thereby impzct the maintznance cost. Throughour the
design for mainzenance procsdure, the design team must be noting the consequences of those de-
cisions on the ultmate suicability of the aireraft in its operatonal role. Accessibilicy not only influ-
ences weight, but can also affect drag and thereby performance (payload, range, and speed) and
with the additional considerations of manufacturing complexity the accessibility decision, as only
one small example, also impacts price and consequentially dezreciation and insurance.

A deeper insight into the derermination of mainzenance cast can be found in Ref. 2. Qur
recommendation for this complex situadon is a multi-rcutine compurer program which tests the
designs for economic merit in performing its expected tzsk. This, howsver, must be the subject of
another paper.

4. CONCLUDING REMARKS

Design optimizatien of transport helicopters is 3 zame played with severzl conmrol variables
in the presence of overriding constraints and requirements {Table I). The goal of that game is the
development of the most markerable product for potendal customers. The lowest possibie total
operating cost per revenue-seat and nautical mile appeass zs the swongest single optimization eri-
terion for wansport rotary-wing aircraft. However, there is no single favored path leading directly to
that optimization goal. Censequenty, the attack should be camied out simulrzneously on severz!
cost-influencing targets. An example of gains in total operzdng cost resulting from a multi-prong
atzack on the technology front is shown In Fig. 15, reproduced from 2 recent presentation by Ellis
and Walls®,

It should be noted however thar in a complete opdrization cvcle technology advances are
combined with selection of optimal design paramerers, 1 this respect. the designer’s intuition and
experience can be helped through development of functional relarionships linking control variables
with various C,g,, components, and then finding optimum values of hose variables through such
techniques as multivarizble search’; and oshers, so well summarized in Ref. 10.

In order to berter prepare fururs designers for heir professional life, design optimization
reflecting real-world requirements should be more stwongly smphasized than ar present in the zca-
demic engineering curricula. Finally, perhaps, it would be advisable to devote one whole session of
the nexz European Forum to design optimization problems.
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BASIC ASSUMPTIONS CONTROL VARIABLES CONSTRAINTS
AND REQUIREMENTS
3 CONFIGURATION ® AOTOR RADIUS 8 MAX, DISC LOADING
' {DISC LOADING} {(DOWNWASH VELOCITY)
@ NUMBER OF REVENUE
SEATS ® NUMBER OF BLADES ® AVAILABLE ENGINES
® CREW @ COMPLETE BLADE * LIMITS FOR ENGINE RPM
GEOMETRY (AJRFOIL, VARIATIONS
® HOVERING OR PLANFORM, TWIST)
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® TiP SPEED DRQOOP
? ONE~ENGINE-OUT
SEAVICE CEILING ® EQUIV. FLAT PLATE ® NOISE IN HOVER AND
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® RAMGE ® TYPE OF CONSTRUCTION]® STRENGTH OF MATERIALS
AND MATERIALS
® BAD WEATHER AND 1 ® CERTIFICATION REGULA-
NIGHT OPERATION © DESIGN DETAILS TIONS

TableI Principal Elements of a Design Optimization Circle
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Figure 15. Possible gains in total operating cost through advanced technology
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