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ABSTRACT

One Soviet and two U.S. weight-prediction methods are compared regarding their suitability in determin-
ing values of design parameters (disc loading, tip speed, and number of blades) which would minimize
the summary weight of the following major helicopter components: hlades, hubs and hinges, fuselage,
drive system, and flight controls. This is done by examining the influence of varying the design-parameter
values on ratios refating first, individual component weights and then, their. summary weights, to the
corresponding weights of a baseline helicopter. Considerable differences were found in all three methods;
especially, in Soviet vs. U.S., regarding the “design-parameter-variation — weight-ratio’* relationships
for blades and hubs plus hinges. However, agreement was much closer in the case of fuselage and flight
controls, and almost perfect for drive systems. As to the summary weight, both of the U.5. methods
point toward a sharp, constrained minimum at a disc-loading of 12 psf, tip speed of 720 fps, and €
blades; while the Soviet approach shows a shallow, unconstrained optimum at a disc-loading of about
9.5 psf; however, as in the U.S, case, tip speed and number of biades remain at their maximum per-
missible vaiues of 720 fps and 6 biades, respectively.

LIST OF SYMBOLS

AR  aspect ratio W weight;!bor kg
a adjustment factor; also design cosfficient w disc loading; psf
CF  cantrifugal force; m.ton z number of stages in main-rotor drive
¢ blade chord; ft or m @,  blade-type coefficient
D diameter; ft aq nonuniform torque coefficient
F factor ACG center-of-gravity range; ft
FF  fuel flow Y blade aspect ratio
k  direct weight coefficient X A=NI8
k*  indirect weight coefficient L 20/R (steel) or A, = 12.4/R {aluminum)
k,; air-duct spacific weight; psf v,  first natural biade frequency in flap bending;
L distance between rotors; ftor m per rev.
L, cabin length from nose to end of cabin a rotor solidity
floor, ft
Ly, horizontal distance between main-rotor Subscripts
hubs (main-to-taill; ft
L,, ramp-well length; ft 5 baseline
M moment or torque; ft-lb or kg-m 5/  blade
n pumber ds  driva system
Py ultimate load factor p fusetage
R rotor radius; ftor m fc  flight contrais
R R=R{16m h hubs and hinges
r radius of blade attachment fittings; ft
S area; ft* orm?
SHP shaft horsepower; hp or cv Superseripts
sw  specific weight; psf
T power-to-rpm ratio - ratio to corresponding item in baseline
t  blade thickness at 25%R; ft helicopter
v flight velocity: kn ~  ratio to design gross weight of baseline
V,  tip speed; fps or m/s helicopter
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1. INTRODUCTION

In the concept formulation and preliminary design phases of rotary-wing aircraft, two important
contributions provided by the weight discipline are: {1} close estimation of the weights of major com-
ponents even though only sketchy information regarding technical details may be available at the time,
and {2) selection of design parameter values which would minimize the structural weight of the aircraft
or, at least, astablish a general trend as to the influence of the design parameter variations on changes in
the weights of various major components.

The first of these aspects was considered by the authors in a paper presented at the AHS 39th Annual
Forum in May 1883, and a more elaborate comparative study® where weight-prediction methods (one
Soviet, as repressnted by Tishchenko et ai®, and two U.S., one by Boeing Vertol* and another by the U.S.
Army Research and Technoiogy Labs®} were examined by comparing estimated component weights with
actual weights of both Soviet and Western helicopters.

As a follow-up to the abaove-mentioned works, the second aspect of the weight discipline contribution
to the concept formulation and preliminary design phases of helicopters is examined here. This is accom-
plished in the following way:

Using ona Soviet and the two U.S. weight-prediction methods discussed in Refs. T and 2, the trends
indicated by each method will be established regarding the influence of three design parameter variations
{disc [cading, tip speed and number of blades) on the weights of the following major components: main-
rotor blades, hubs and hinges, fuselage group, drive system, and flight-control group. Following this, a
combination of design parameter values which would minimize the summmary weight of the five major
helicopter components will be sought.

The procedure used in both these tasks is basad on relating parameter and component weight values
to the corresponding values of a baseline helicopter. This approach may he quite attractive in design-
optimization practice, as weights of the baseline machine may be determined either by detailed calculations
or simply, pre-established, as would be the case should the baseline machine be an already existing aircraft.
Consequently, if a reliable method showing how relative weights change as design parameters deviate from
their baseline values could be established, then a confidence-inspiring procedure for finding a combination
of design-parameter values leading to the minimal weight could be developed. To test this approach, the
30,000-pound gross-weight transport helicopter discussed in the AHS/HAI Commercial Users Design
Conference® was selected as a refarence or focal point, Next, the influence of parametric variations on the
weights of the major components of modified helicopters was determined, and the new modified weights
were compared to those of the baseline machine.

In the studies reported in Ref. §, the design gross waight of the helicopter was assumed constant,
while the instailed power varied as a result of meeting various performance and operational requirements.



But in this paper, both design gross weight and installed powar will be assumed constant in order to simpli-
fy the problem. It should also be emphasized that the /o value remains constant throughout ail changes
in the values of the design parameters. This obviously, would force variation in the blade chord length as
the selected design parameters vary.

With respect ta the major compenents considered here, it should be noted that their number is
limited to five. The four additional components which were discussed in Refs. 1 and 2 {tail-rotor group,
landing gear, fuel system, and propulsion subsystem)} are excluded since, under the assumptions of constant
design gross weight and constant power installed, the last three would not be affected by variations of the
selected design parameters. Although the weight of the tail-rotor group may experience some changes with
variation of the tip speed and disc loading, the influence of those changes on the overail weight-minimization
process would be negligible since the tail-rotor group usually contributes less than one percent to the design
gross weight of a helicopter (see Table 3.4%).

Using formulas presented in Soviet and U.S. weight-prediction methods {Egs. (1} through (5b}], a
camputer program was written to caicuiate the weights of the five major components as the values of design
parameters vary from their basetine levei.

The rasuits of these calculations are graphically represanted as ratios of the major component weights
of the modified helicopters to those of the baseline machine. In addition, analytical expressions for the
weight ratios are also given. In this way, genaral trends regarding the influence of the design parameter
variations on weights of each of the five major components can be shown as anticipated by the three com-
pared methods. Combining these individual trends into ratios of the summary weights of the five major
components to the corresponding weights of the baseline helicopter, one would be able to ascertain how
each of the compared methods forecasts a set of design parameter values that would minimize the summary
weight. In this way, the base necessary for discussion of similarities and differences for each of the three
compared methods can be established; thus enabling evaluation of their usefuiness as a toaol in the heli-
copter structural-weight minimizZation process.

2. WEIGHT-PREDICTION FORMULAS

Weight-prediction formulas representing the three methods considered in this paper were discussed
in graater detail in Refs. 1 and 2; consequently, only those related to the five major components are repro-
duced here in order to give the reader some idea as to their structure, as well as some indication of the
various inputs required in the weight-prediction process.

The weight-prediction formulas for main-rotor blades are Ed. (1) as given by Tishchenko, Eq. {1a} as
yiven by Boeing Vertol, and {1b) as given by the U.S5. Army Research & Technology Labs.

ApiWor = B0 0R* A% T)T +  RIN=2,)) {1)
Ny Wey = 44all10™*Wy,m 1 0.01 R*)0.1(R — ring,ck (RV® g0} 0438 {1a)
R Wy = 0.02638’7“0.6826(:0.9962R1.3507 Vfo.sssap1z.5za1 {16}

Weight-prediction formuias for main-rotor hubs and hinges are shown below in the same order as in
the preceding section.

Wy = B%Rnp g (CFY' 28 {2)
W, = 61alWy,R,,, (rom,,, WP, V' %20, 35 10~11)%3%8 (2a)
Wh = 0.0021 76nb!0.2555 Rmr1 5717 Vr0.5217v11.9550(nbl wbl)0.5292 , (2b)
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Formulas for predicting fuselage group weights are summarized below. It can be seen from Eqgs. (3)
through {3b) that the Tishchenko approach is much simpler than those of either Boeing Vertol or RTL.
A single term is used in Eq (3); while in Western methads, the weights of several subassemblies are com-
puted separately.

Wf = k*f wyro.zssvo.aa Lo.1s(1 + a) (3)
We = 125a§10107* Wy, (1072 S L, + Ly, + ACGH 2% log V0 408
0.41
+ Shrtsw)hr + "eng(weng"clf} 4 + nengsn kn + neng DangLadkai {3a)

- —3 0.65718 0.2238 ,0.55668 ~0.1534 0.5242
W’r = J0.13{10 wgfmax) LT L Sf Iramp

+ 0_77765hr1.1331ARMu.swz + ]_04605wf’~9“1,4gw°~5332ngrr°-7°53

+ 0.23]53,,“’1 3476 | 5 0472 wmg1.14:32nmg1 3762 {3b}

Looking at Egs. (4} through {4b}, it is interesting to note that each of the compared methods repre-
sents a somewhat different philosophy in estimating drive-system weights. Tishchenko breaks down the
whole process into separate weight astimates of main gearboxes, intermediate gearboxes, tail-rotor gear-
boxes, and transmission shafts. Boeing Vertol {at least for single-rotor helicopters} separately computes
the weights of the main-rotor and tail-rotor drive systems; while in the RTL approach, the weights of ail
gearboxes and drive shafts are calculated.

" 0.8 0.8 0.8 2/
wa’: - k:ngb ”mgb (aQMav} +k':'gbnr‘gb ‘aaMeq) +k*rrng:r + ksh LshMuIt 3 (4)
Wye = 2500, [(HPy, from )20 228k 1987 + 300a,, 11.1(HP,,/rpm )] ©® {4a)

_ Q.7693 Q.079 0.1408 0.4268 0.0709 0.8829 0.3449
Was = 172.7Tr Tergn > S s +L1S2T ey Tergs Ly Psh (4b)

Expressions representing the three compared methods for predicting weights of the flightconirol
group are given in Eqs. (5} through {Sbl.

Wie = Rpelpi R + kR (5)

Wee = keolT0T2 1, 1% + 4 Ry Wy 107351 bk (1072w, 1089 {5a)

mirc [ rsc

wfc = o'ogas(Fcp)D.:SSsB(wgr} 0.7452/(FCb)1 11286

max

1.3696 _0.4481 0.4459 0.686%
+0.7657(F, ) c ool 482 Wy, (8b)

3. BASELINE HELICOPTER

3.1 Characteristics

The general arrangement of the baseline helicopter shown in Fig. 1, as well as some of the informa-
tion needed for major component weight predictions was directly obtained from Ref. B. This was supple-
mented by inputs from Refs. 7 and 8, and personal discussions with Messrs. S. Mills and C. Fay {authors
of Refs. 7 and 8). As a result of these inputs, the values of the various items characterizing the baseline
helicopter are shown in Table 1, whare figures directly obtained from Refs. 6, 7, and 8 are shown in
brackets, while those assumed by the authors are without brackets.
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Figure 1. General arrangement of the baseline helicopter®

TABLE 1
KNOWN AND ASSUMED PARAMETER VALUES FOR THE BASELINE HELICOPTER

PARAMETER VALUE PARAMETER VALUE
DESIGN GAOSS WEIGHT: 1 [30,000) CABIN LENGTH. N 428
DES. MANEUVER LOAQ FACTOR. 378 ULTIMATE LOAD FACTOR ¢ 4128
MAX FLYING GROSS WEIGHT. b 36,000 C.G RANGE: R 1.0
MAIN-ROTOR TYPE [Articulated) MAX FLYING SPEED. %n 1166.0}
MAIN-AOTOR AADIUS. ht 133 0| HOAIZONTAL TAIL AHEA i} 4
MAIN-ADTOR Di5C LOADING. puf 18 77} HOHIZONTAL TAIL AR 50
MAIN-ROTOR No OF BLADES 5 VEHTICAL TAIL AREA. it} 320
MAIN-ROTOR BLADE CHORAD. 1 2.22 VERTICAL TAlL A/ 20
M R.BLADE THICKNESS AT A =025 0.22 EMPENNAGE SPECIFIC WT. st 1.3
M.A. TIP SPEED. Ius |670 0} NUMBER OF ENGINES 2
MAL ANGULAR VELOCITY. ram 11938 ENGINE WEIGHT: 1u 000
M.A. BLADE FIRST NAT. FREQUREV. 103 CRAASH LOAD FACTQR. 12
M.A. BLADE ATTAGHMENT RAD: It 2.0 NACELLE AREA: B’ 38.0
INSTALLED POWER: np 6200 SPECIFIC WT. OF COWLINGS it 1.0
M.R. HUB MATERIAL Tianium ENGINE DIAMETEA. 1 25
M.A. HUB DEVELOPMENT STAGE Early LENGTH OF AIH QUCT. N1 2.3
TAIL-AQTOR BLADE RADIUS. 1t T2 No. OF TAIL AQTOR GEARBOXES 2
TAIL-AQTOR BLADE CHOAD: ht 1.02 No. OF MAIN GEARBOXES {1t
TAIL-AOTORA No, OF BLADES 4 No. OF MAIN GEARHBOX STAGES 3
TR.BLADE ATTACHMENT RAD. It 098 No.OF INTEHMEDIATE GEARBOXES 1
T.R. HOASEPOWER: hp 620 TOTAL NUMBER OF GEARBOXES ]
T.R. TIP SPEED. tu 570 LENGTR OF DRIVESHAETS. It lau
T.A. APM 883 MAIN-RQTOA HORSEPOWER. hp 4680
DIST. BETWEEN AQTOR AXES. 1t 4092 - FUSELAGE WETTED AREA 1} 1546
FUSELAGE LENGTH. It 6402 TYPE OF CONTHOL |Boustedl
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3.2 Weights of the Five Major Components

Using Egs. (1) through (Sb} and data from Table 1, the weights of the five major components of the
baseline helicaopter were computed, and the results presented in Table 2 as ratios of the component weight
to the helicopter design gross weight. The fraction (e} of the component weight, which remains invariant as
the design parameters deviate from their baseline level, are also indicated. Statistical average values for
the Western single-rotor helicopters examined in Ref. 2 are also shown in this table.

TABLE 2
RELATIVE MAJOR COMPONENT WEIGHTS

RELATIVE COMPONENT WEIGHTE AND THEIR INVARIANT FRACTIONS
(o) STATISTICAL
2
COMPONENT AVERAGES
TISHCHENKO BOEING VERTOL RTL
FROM REF. 2"
AEL. WT ¢ REL. WT. ¢ REL.WT. €
MAIN-ROTOR BLADES 0.063 0 0.049 0 0.051 0 0,056
M.A. HUBS & HINGES 0.067 ) 0.031 0 0.042 0 0.049"™!
FUSELAGE 0.128 0 0.124 610 0.124 018 o.128'
DRIVE SYSTEM 0.098 0.6 0.077 0.08 0.081 0.07 0.106'"
FLIGHT CONTROLS 0.041 k=045 0038 o560 a.0m 042 o047
SUMMARY WEIGHTS 0,367 0.216 0,338 0.395
sTaoies: V3.1t 312 Waig @213 00 e

It can be seen from the above table that Tishchenko's approach {using the weight-coefficient values
given in Ref. 2} predicts the highest, and Boeing Vertol, the lowest, component weight values, while RTL
resuits are in between. However, those differences are of a lesser concern, since variations in the weight
ratios with respect to the corresponding itams in the baseline helicopter and not their absolute values, are
examined in this paper.

4. PARAMETRIC VARIATION

4.1 Ranges of Parametric Values

With respect to the design parametars (main-rotor disc loading, tip speed, and number of blades}
whose variational influence on the five major component weights is investigated here, it is assumed that
their values are constrained as follows:

{1} In addition to the baseline value of w, = 8.77 psf, disc-loading parameter values ranging from 6.0
to 12.0 psf (which, for a constant gross weight, are synonymous with the main-rotor radius values) are
considered.

(2) Also, in addition to the 670 fps tip spesd of the base helicopter, two extra values of 620 and 720
fps are examined.

{3) The number of main-rotor blades of the baseline helicopter was assumed as 5, and the influence
of varying that number to 4 and 6 is explored.

In order to simplify transcription of the formulas, ratios of the new parametric value to that of the
baseline helicopter will be defined by a bar over the symbol. Conse_gyently, the ratios symbolizing disc
loading, tip speed, and number of blades will be: w/w, = W, Vr/th = V., and nb,fnb,b =y
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4.2 Modified Helicopter Characteristics

The influence of the above-expressed design-parameter ratios on the geometry of the main-rotor and
helicopter as a whole can be expressed as foliows.

Main-Rotor Radius:
R = Rb(g)—o.s {6)

Main-Rotor Blade Chord and Thickness:

¢ = ¢, @BV 2,0 (7)
t = t,lclcy) ‘- (8

Main-Rotor rpm:
rom = rpm,, (w)° "% (V,} {9}

Increase in Fuselage Length, Distance between Rotors and Tail-Rotor Drive-shaft Length:
AL = R, [W)™%% —1] (10}
The approximate increase in fuselage wetted area {in feet) can be computed with the help of Eq.
(10); assuming that the rear of the fuselage is visualized as a cone with a constant base having a radius of
4.5 feet:
AS, %= 4650wy~ %% — 1} . (1)
Using Eqs. {B) through (11} and the basic data given in Table 1, all the necessary inputs needed to
calculate the weights of the five major components can be obtained as long as the three design parameters

vary within their assumed ranges.

5. EFFECTS OF PARAMETER VARIATIONS ON COMPONENT WEIGHT TRENDS

B.1 General

From Egs. {1) through, (Bb}, and with the additional information supplied by Egs. (6) through (11),
one can develap relatively simple expressions giving weight ratios for each of the modified components to
the corresponding weights of the baseline helicopter as the parameters vary from their baseline levels. in
this way, one wouid obtain an assessment of first-order effects of parametric variations on the weight
trends of the components. This is suppiemented by graphical presentation of weight ratios acquired from
the actual weight estimates obtained from computer programs. It is obvious that in the latter case, second-
order effects would also be reflected in the graphs {for instance, the influence of the last terms in Egs. (1)
and {1a} indicating weight increases when the blade bacomes too slender, or having not enough thickness to
meet droop conditions).

5.2 Main-Rotor Blades

The weight ratios of the main-rotor blades having varied parameters with respect to those of the
baseline helicopter as developed from the equations of Tishchenko [T (Eq. (12)], Boeing Vertol [BV
(Eq. 12a)], and RTL (Eq. 12b) are shown below, while the (nb; w,,,) weight ratios obtained from the
computer program are presented in Fig. 2 as functions of single-parametric variations.
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Vo Wop)y = W1° 38 (V1% () 707 (12)

(nb, wa)

= {;)—O.ASB(VT)—O.S'IB o )0 {12a)

BV (Mg,

;)—0.1 73("'1"/:')--1.334{;;,)—0.313

N A {12b)

From these formulas and Fig. 2, it can be seen that there are significant differences between the
three compared methods regarding the weight effects of the deviation of design parameter values from
their baseline lavels.

With respect to the disc-loading influence, Tishchenko et al {Fig. 2(a)], indicates that reduction of
disc-loading values below the baseline level of 8.77 psf should result in a decrease of the totai blade weight.
In contrast to the Soviet approach, Boeing Vertol and RTL methods predict a higher total blade weight
than that of the baseline helicopter as the disc-loading values drop helow 8,77 psf. It should be noted,
especialiy in the Boeing Vertol case, that relative blada weights rise sharply as the disc loading approaches
the 6 psf level. This is due to the secondary effects associated with blades having insufficient dimensional
thickness (assuming that the airfoil relative thickness remains constant} to meet droop conditions without
additional reinforcement.
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Figure 2. Baseiine-related main-rotor blade weights vs, parametric values

As for deviation of the tip speed from its baseline value of 670 fps [Fig. 2{b}], aH three methods
are in agreemeant by indicating that V, values higher than the baseline level would lead to a decrease; and
those fower, to an increase in the total weight of the main-rotor blades. But considerable differences exist
regarding the degree in the blade-weight variation as visualized by esach of the three methods. It can be
seen from Egs. (12) through {12b} and from Fig. 2{b) that Tishchenko et al anticipate the largest, and
Boeing Vertol the lowest weight benefits from increasing the tip speed over its baseline value.

The effect of the number of biades is assessed similarly by the Tishchenko and RTL methods [Eqgs.
{12), {12b} and Fig. 2(c})], as both indicate that a six-bladed rotor would have a lower; and four-bladed
rotors, a higher total biade weight than the five-bladed baseline helicopter. However, the degree of these
changes according to RTL would be lower than that visualized by Tishchenko. In the approach taken by
Boeing Vertol, first-order effects [Eq. {12a}] would not show any change in blade weight as the number
of blades varies. However, in actual blade-weight calculations, a slight increase in the relative blade weight
should be noted as the number of blades is increased to 6 [Fig. 2{c}]. This, again, is due to the secondary
effects of reduced dimensional biade thickness.
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5.3 Main-Rotor Hub and Hinges

When the design parameters of the main-rotor hub and hinges are varied from their baseline level,
the results of the weight ratios of the modified aircraft to those of the baseline aircraft can be anaiytically
expressed as follows [Egs. {13) through (13b}}:

W), = w147 (V)71 8%0.05(7 + 0.05(n,, — 41] {rp) " 12%® (13)
‘Wh’sv — (;)0.022{;,;]0.402(;];,0.537 (13a}
(E)RTL - (;]—o.aa(vr)—cu34(};’:,)1::.131 (13b)

In Fig. 3, as in the preceding case, the corresponding weight ratios from the computer program are
shown as functions of single parameters, and from this figure and Egs. {13) through (13b}, it can be seen
that there is practically no agreement batween the three weight-prediction methods examined here regard-
ing the effect of the design-parameter variations on the relative weights of hubs and hinges.

(b) (e)

1.4 4

1.2 4
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a
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1

bt
“

e
o

T T T 1 T " ]
a g 10 12 620 g0 10 4 . 6 8
DISE LOADING, pst TIP SPEED, ps NUMBER OF BLADES

Figure 3. Ratios of hub and hinge weights to corresponding baseline weights, shown as functions of
single parameters

For instance, with respect to the influence of disc loading [Fig. 3(a}], Tishchenko shows that reduc-
tion of parametric values below the baseline fevel would greatly reduce the relative hub and hinge weight,
while the RTL approach implys just the opposits. In the Boeing Vertol approach, varying the disc loading
has practicaily no effect on W, values.

As far as tip speed is concerned [Fig. 3(b)}, this tims Tishchenko and Boeing Vertol represent oppo-
site assessments of the merits of, say, increasing the tip speed above its baseline level — Tishchenko views
such parameter changes as beneficial; Boeing Vertol as detrimental. In contrast to these approaches, RTL
envisions little change in relative hub and hinge weights resulting from tip-speed variation,

As in the case of the two other parameters, confusion also exists regarding the significance of the
number of blades [Fig. 3{c)], as Tishchenko indicates that increasing the number of blades to six would be
heneficial, while Boeing Vertol claims the opposite. RTL shows little variation regarding the relative weight
of the hub and hinges with respect to the number of blades.
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5.4 Fuselage

QOf the three design parameters, the weight of the fuselage is influenced by the disc loading only.
Furthermore, one can see from Egs. {3} through (3b) that the disc loading in the Tishchenko approach,
through its inputs on the fuselage wetted area and distance between the rotors, influences the whole ex-
pression for fuselage weight. By contrast, in the Boeing Vertal and RTL methods, only some terms of the
weight equations are affected by changes in disc-loading (again, through changes in the wetted area and
some fuselage linear dimensions}, while other terms of the equation remain unchanged. Consequently,
in the fuselage-weight ratios devetoped from BV and RTL relationships, some fraction (e} of that ratio
would remain constant, while the {7 — €} part would fiustuate with the disc-loading variation. Keeping
this in mind, and taking into account Egs. (10} and {11}, the ratios of the fuselage weight with varied
disc loadings to the weight of the baseline helicopter fuselage is expressed by the three compared methods
as Tollows:

(Fey = {7 +031m~ %" — 11100847 + 087141700 — 11} O° (14)
Wy, = (71— {7 +030w ™08 - 11}"* +¢ (142)
W, = 7 —ef7 #0307~ 71} O 4 05151 0F — 11} 05 e (1ap)

where ¢ = 0.10 is assumed in Eq. (14a) and 0.19 in Eq, (140} {see Table 2).

The computer-derived weight ratios for the
fuselage are shown in Fig. 4.
12 it is apparent from this figure as wel| as from
Egs. (14) through (14b} that, this time, all three
methods are in agreement in predicting that a re-
duction of the disc loading below its baseline value
would result in a heavier fuselage, while an in-
crease in disc loading would result in a lighter
fusefage than that of the original machine. How-
ever, there are some differences regarding the
08 T —T T degree of the fuselage weight change sensitivity
to the disc-loading variations. Looking at Fig. 4,
one will note that the fuselage weight changes
foreseen by the Tishchenko and RTL approaches
Figure 4. Ratios of relative fuselage weights to that are quijte similar, and that both are relatively larger
of the baseline helicopter than those anticipated through the BV method.

AELATIVE WT RATIO. I}

DISC LOADING, pof

5.5 Drive System

Looking at Eqgs. {4} through (4b), one would note that only disc-loading and tip-speed values would
influence the drive-system weights. Furthermore, it should also be noted that in all three equations there
are terms that experience a change in magnitude under the infiuence of varying disc loading and tip speed
(for instance, those terms rapresenting main-gearbox weights) which would significantly alter the leve! of
the drive-system weight as a whole. By contrast, there are other terms in these equations that would either
nat be affected by parametric variations or, even if affected, thaeir contribution to the overall picture of the
drive-system weight would be insignificant. Therefore, similar to the precading case, the € symbol is again
incorporated into Egs. {15) through {15b} — this time, representing the fraction of the total drive-system
weight that either remains constant, or whose variation contributes little to the drive-system weight as
disc loading and tip speed depart from their baselina levels.

(Wyey = (1 =m0V +¢ (15)

(Wyhgy = {7 —elw)™0338(7)=0% 4 ¢ (15a)
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Waghpr, = (71— ediw)"0395(17)706% 1 ¢ {15b)

RTL

Values of € appearing in the above equations are shown in Table 2, while the computer-determined
retative drive-system weight values are shown in Fig. 5,
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Figure 5. Baseline-refated drive-system weights vs. disc loading and tip speed

It can be seen from Fig. 5 and Eqgs. (1B} through {16b} that there is close agreement among the
three methods regarding the effects of deviations of disc loading and tip speed on the relative weight of
the drive system. One can see that decreasing disc loading and tip speed below their baseline values would
cause increases in weight, while increasing their values would resuit in lower weights. However, it should be
emphasized at this point that both the equations and the figure were developed under the assumption of
constant transmission power. Should the power be reduced with lower w and ¥, values and increased with
higher values, then the magnitudes, and even the signs, of the trends indicated in Fig. 5 could change.

5.6 Flight-Control Group

Examining Egs. {5) through (Eb), one would find that in the Tishchenko approach, the whole expres-
sion for the weight of the flight controls is affectad by variations in the design parametric values. In par-
ticular, the first term in Eq. {5} (reiated to boosted controls) is a function of all three parameters, while
the second term [reflecting the weight of so-called manual controls) is affected by disc-loading variation
only.

Since both terms arg of a similar order of magnitude, separate  expressions are written for the rela-
tive weights of boosted and manual controls: Wy, = W)25(1V,)7%(n,, )" and W, = (w)~%2, respec-
tively,

Assuming that manual controls in the baseline helicopter represent a fraction x and the boosted
controls, a fraction {7 — k) of the total weight of the controls, an expression for the total controls-weight
based on Tishchenko's approach is given in Eq. {18},

In the Boeing Vertol formula [Eqg. (Sa)], the first and third terms are invariant since, in this study,
a constant gross weight is assumed, Howevar, the sacond term would be affected by all three design param-
eters. Consequently, the € concept is retained as in the two preceding cases, and an expression for the
sought weight ratio can be written as in Eq. (18a).

In the RTL approach, the first term in Eq. (Bb) remains invariant as the design parameters vary from
their baseline levels. Thus, as in the Boeing Vertol case, the symbel ¢ is introduced into Eq. {16b}.

Wroly = (1 —)w)®F (V) *(my) ™" + ki)™ (16)
Wppdgy = 17— elwl® O3 (V=244 m, )" + e (16a)
Wiy, = 1 —elm1®22(V,)"0%n, ) 048 4 e e
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Flightcontrol weight ratios, determined from the computer program, are shown in Fig. 6.
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Figure 6. Baseline-ralated flight-contral weight ratios vs. three design parameters

Looking at Egs. {16) through {16b) and, in particular, at Fig. 5, one wouid find that there is a good
agreemant between the three mathods regarding the role of the number of biades; i.e., a helicopter with a
six-bladed rotor would have lighter, and four-bladed rotors, heavier flight controls than the baseline five-
bladed machine {Fig. 6{a)}.

Thers is aiso a general agresment [ses Fig, 6(b}], that an increase in tip speed above the baseline level
would contribute to a reduction in of the relative weight of the flight controls, while a decrease in V, would
increass the weight. However, thare are soma differences batwaeen the Tishchenko approach and its Western
counterparts: Tishchenko anticipatas the influence of the design tip-speed variation to be about twice as
high as the two Westarn methods.

Both Tishehenko and Boeing Vertol methods indicate that variation in disc loading has practically
na effect on the flight-control weight ratios. In the case of Tishchenko, this resuits from the fact that
relative weights of both boosted and manual flight controls [first and second terms in Eq. (16}, respec-
tively] are oppositely affectad by disc-loading variations. Furthermore, since there is very little difference
in the values of the {I — k} and k coefficients {0.55 in the first case, and 0.46 in the second}, the effects of
disc loading variations on boosted controls tend to practically cancel out those same effects with respect
to manual controls.

In the Boeing Vertol case, the disc-loading ratio is to a very low power of 0.03. Thus, the disc loading
is significant in the RTL formula only [Eq. (16b) and Fig, 6{a)].

6. EFFECT QF PARAMETRIC VARIATIONS ON SUMMARY WEIGHT

6.1  Analytical Presentation

Eqs. {12} through (16b} provide expressions for the weight ratios of major components as antici-
pated by the three compared methods. Using these equations, it becomes easy to write an expression for
summary waeight ratios of the modified componants to their baseline counterpart. Denoting this summary
weight ratio by Wy , it may be expressad as follows:

Wy = [y Woy) g Wyyd + (W, )W, ) + (W W, + (W) (W) + (W MW )] /(W) (17)
where the symbols denotad with curved bars as superscripts represent ratios of the major component
weights of the baseline helicopter to the design gross weight of that machine.

Eqg. {17} is, of coursa, a function of the design parameters, thus the structure of this function would
be different for each of the threa compared weight-prediction methods.
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Figure 7. Relative summary weights as functions of disc loading, tip speed, and number of blades

Finding a set of design paramster values {or their ratios to those of the baseline helicopter) which

would make Eq. {17} a minimum would constitute the weight-optimization process.

Since, in this paper, the number of design parameters was limited to three, the use of a graphical

approach (which will be discussed in the following section} may be quite appropriate for finding the opti-
mizing set of design parameters. Should, however, the number of the considered design parameters become
more than three; for instance, by including Cy/o as a variable, then more sophisticated methods of finding
a minimum of a mulitivariable function would have to be used.
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6.2 Graphical Presentation

As mentioned in the preceding section, the use of graphical techniques may be quite suitable when
only three design parameters are considered as independent {control} variables in the weight-optimization
process. This procedure is shown in Fig. 7 where it should be noted that ratios directly obtained from the
computer program; and not those based on Eq. (17}, are plotted. However, since differences in the weight
ratios as given by Egs. {12) through {18b) and those obtained from the computer program were minimal,
Fig. 7 may be considered as fully representative of Eq. (17).

Looking at this figure, one will note that for each of the three considered tip speeds, the summary
weight ratios are plotted vs. disc {oading when the number of blades total 4, &, or 6. [t is obvious that
combinations of the design-parameter values leading to summary weight ratios greater than ane represents
an increase, and those lower than one, a decrease in the structural weight of the modified helicopters when
compared to that of the baseline machine. A set of design parameters associated with the lowest W,
value would constitute the optimal combination of those parameters from the structural weight point of
view.

7. DISCUSSION

An examination of Fig. 7 would indicate that thare are considerable differences with respect to
the trends in the summary weight ratios as anticipated by Western methods as opposed to the Soviet
method. The Western approaches suggest that an increase in disc loading is definitely beneficial for the
structural weight reduction at any of the combinations of tip speed and number of blades considered in
this paper. As a matter aof fact, Boeing Vertol and RTL both imply that it is desirable to go with disc
loading all the way up to its maximum constrainad valus of 12 psf.

By contrast, Tishchenko seems to indicate that for a combination of a low tip speed (620 fps) and
4 or 5 blades, and a tip speed of 870 fps and & bladaes, it should prove beneficial for structural weight to
have the lowest permissible disc loading (at least, until weight penaities associated with the blade-droop
condition reverses the trend}. It should be noted, howaever, that redardless of the benefits of a low disc
loading, the basic combination of a low tip speed {620 fps) and a small number of blades {4) is very detri-
mental, waight-wisa.

One should also note that in addition to the above-discussed case of low tip speeds and small numbers
of blades, differences hetwean Westarn and Soviet predicted trends of relative summary weights vs. disc
loading still persist for other combinations of tip speeds and numbers of blades. This obviously stems from
the radically different assessmants by the Scviet and Western methods of the role of the disc-loading level
in the cases of weight trends for blades and hubs plus hinges.

In view of ali the differences in the relative summary weight trends, it is somewhat surprising that
all three methods converge by showing that an optimal in the case of Western approaches. and almost
optimal in Tishchenko's judgement combination of design parameters, would consist of a disc loading
of 12 psf, tip speed of 720 fps, and six blades. It is true that in Tishchenko case, actual optimurn accurs at
a disc loading of approximately 9.5 psf, but the difference in the relative summary weight corresponding to
the latter value and that of 12 psf is very small. it is also interesting to note that bath Tishchenko and RTL
methods suggest that by going to the optimal permissible combination of design parameters, the summary
weight of the five major components can be made more than 10 percent lower than that of the baseline
helicopter. The Boeing Vertol approach is more conservative in that respect by indicating that those gains
would amount to about 7 percent.

With respect to the reliability of the structural weight minimization process discussed here, it is
obvious that the final resuits are only as good as the relationships showing the influence of design para-
metric variation on the relative weights of the major components. In that respect, one would have a greater
confidence in the exprassion for the W values for such major compenents as fuselage, drive system, and
flight controls where the three methods considered here are approximately in agreement, than in the case of
blades and hub and hings weights, where considerable differences exist. At this point, it is difficult for the
authors to pronounce judgement as to which of the methods in this latter case are right and which are
wrong. 1t may be pointed out that only in those cases (fuselage, drive system, and flight controls) where a
general agreement among the three methods does axist, that basic weight-prediction equations [Egs. (3}
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through {5b)], all to some degres reflect the physical significance of the relationship between the parameter
and weight changes. For instance, in the case of the drive system, variations in disc loading and tip speed
clearly translate into changes in the torque carried by the transmission system which, in turn, directly
affects dimensions of various parts of the system and thus, its waight.

In the case of blades and hubs and hinges, there is not such a clear-cut, physically obvious, relation-
ship between the design parameter variations and component weight changes. For this reason, it appears
that it would be desirable to develop relationships —parhaps saparately for severai types of blades and hubs
based on proper physical models - which would show how the relative weight of biades and hubs plus
hinges would change as basic design parameters begin to deviate from those of the baseline component.

8. CONCLUDING REMARKS

Structurai weight minimization techniques based on the examination of the major component weight
ratios with respect to thair counterparts in a baseline aircraft appears to be suitabie for preliminary design
practice. However, the results shown by tha methods daeveloped in this paper must be used with caution,
It is very important to keep in mind the assumptions and constraints which were applied in this particular
exarcise.

It shouid also be recatled at this peint that the design parameter selection shown in this paper empha-
size the weight minimization aspects only. An actual in-depth preliminary design optimization would in-
volve many mare areas of consideration such as cost, {see, for instance, Ref. 3), noise reduction, crash-
worthiness, and reliability and maintainability. Even in tha weight area, many more possibilities of weight
minimization could have been addressed; i.e., technology. But time and resources were limited. If time and
resources were made available, a very interesting effort could be undertaken to expand the weight optimiza-
tion study by selecting more than just three design parameters and possibly gathering together a few more
weight-prediction methods (perhaps from European countires} and then analyzing the effects that these
weight-prediction methods would have on helicopters representing several gross-weight classes {for example,
as in Ref. 2 where helicoptars weighing up to 12,000 pounds, 12,000 to 30,000 pounds, and 30,000 to
100,000 pounds were considered).

The weight equations presented in this report were derived on statistical bases, using data from
existing air vehicles; thus the use of weight equations beyond the scope of the data base must be done by
exsrcising a little engineering judgement. For this reason, a study of the physical aspacts of the interaction
hetween various inputs reflecting design parameter variations and changes in the relative weights of major
helicopter components would be vary desirable. Expressions for the relative weights derived on this basis
would form a truly reliable foundation for the weight-minimization process along the lines described in
this paper.
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