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Engine Arrangement. 
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1.0 SUMMARY 

1.1 Initial Objectives 

1.1.1 Introduction 

The Initial objectives of this study were to determine the optimum de- 
sign parameters of a heavy-lift helicopter powered by turbojet engines 
installed at the rotor blade tips. The design parameters and configur- 
ation that yield minimum gross weight consistent with the mission 
requirements and performance specifications within the design limita- 
tions are considered optimum. 

Theee optimum design parameters were found for each configuration con- 
sidered by determining the minimum gross weight required to meet the 
fuel requireaaents of the mission which is set forth in Section 1.1.2 
for each combination of the design parameters in Section 1.2. Meeting 
the hover requirement in the performance specification was ensured by 
selecting required power using a generalized method of engine size 
determination. A study vas also performed to determine the solutions 
which would not meet the forward speed requirements. These studies 
showed that within the load factor limitations set forth in Section 
1.1.U, no limitations would occur below a design mean lift coefficient 
of 0.J0.    This upper value is consistent with current helicopter practice. 

1.1.2 Mission Requiremente 

a) Pay load (outbound only)   12 tons 
b) Radius   50 nautical miles 
c) Cruising speed: 

1) Outbound   60 knots 
2) Inbound  100 knots 

d) Atmospheric condition   Sea level standard 
e) Hovering time (out-of-ground effect): 

1) At takeoff    3 minutes 
2) At destination (with payload)    2 minutes 

f) Fuel reserve   10% ot initial fuel 

1.1.3 Performance .Specifications 

a) Hover capability (OGE): 
1) Altitude   6,000 feet 
2) Temperature   +95° Fahrenheit 

b) Design maximum speed    125 miles per hour 

1.1.U Design Objectives and Limltatione 

a) Rotor tip environment    255g 
b) Tip speed   650 to 750 feet per second 



c) Gross weight   6o,000 to 90,000 pounds 
d) Design mear lift coefficient at sea 

level, CLJ.  50 to .fc 

e) Engine thrust, weight and fuel 
consumption based on   CAE 5^7-1 turbojet 

1.2 Design Parameters 

The variable design parameters used with each set of configuration para- 
meters (see Section 1.5) are as follows: 

a) Chord "c",   6.0, 6.5, 7-0, 7.5 feet 
b) Hover tip speed, V^  550, 600, 65O, 700, 7^5, 

750 feet per second 

c) Centrifugal force field at centerline of outboard engine in gravity 
units, g. Values determined as outlined in Section k.1.2. 

1.5 Configuration Parameters Used 

The following is a grouping of the configuration parameters used in the 
parametric design study. 

a) Number of blades - 2, 5 and k  (see Tkble 1 for values of tip loss 
factor, "B", used for each number of blades) 

b) Engine arrangement (see Table 1 for engine arrangement parameters 
used at each blade tip): 

1) Over-under mounting, two per blade. 
2) Side-by-side mounting, two per blade. 
5) Single mounting, one per blade. 

c) Fuselage and load configuration: 

1) Internal load, retractable landing gear (transport). 
Equivalent drag area:? 

Outbound - 50 ft^ 
Inbound -  50 ft 

2) External load, fixed landing gear (crane). 
Equivalent drag area: 

Outbound - 200 ft^ 
Inbound  - 100 ft 

The parameters used for the crane fuselage are shown in Table 1. The 
internal load, retractable landing gear configuration, used the four- 
blade, eight-engine, over-under parameters which are shown in Table 1. 



l.k    Optimum Configurations eind Design Parameters 

1.4.1 Generalized Engines 

The  generalized engines are based on the Continental (CAE) Model 357-1 
version of the j69-Tl-29 engine. Specifically, the generalized engines 
have the same basic design as the CAE Model 357-1- The thrust variation 
with inlet area is given by Equation (28), The weight variation with 
thrust is shown in Figure 2h,  and the specific fUel consumption is the 
same as the CAE Model 357-1 engine. 

The  results of the parametric study with the generalized engines indi- 
cate that the machine with the lowest gross weight is obtained with the 
minimum permissible number of blades and the minimum number of engines 
per blade. The  study also indicates that a configuration with a trans- 
port fuselage had a higher gross weight than a like configuration which 
utilized a crane-type fuselage. 

The two-blade rotor configuration is not considered appropriate because 
of control power considerations. The results of the parametric analysis 
indicate that the optimum configuration for the prescribed mission (see 
Section 1.1.2) is a helicopter with the following characteristics: 

a) Three blades 
b) A single engine per blade 
c) A crane-type fuselage 

The optimum design parameters for the several configurations are pre- 
sented in Tfeible 2. ükble 2 is composed  of three parts: 

a) Ttetble 2a lists the optimum design parameters for all configura- 
tions j these parameters fall within the limitations set forth 
in Section 1.1.U. 

b) Table 2b lists the optimum design parameters for the same config- 
urations and conditions as Tfeible 2a except that the hover tip 
speed is optimum for the configuration. (This optimum hover tip 
speed is less than the 65O-fee t-per-second minimum set forth in 
Section 1.1,k  for all but the two-blade configuration.) 

c) Table 2c lists the optimum design parameters at 125 miles per 
hour with the 235g limit removed. 

The optimum configuration within the limitations set forth in Section 
1.1.4, "Design Objectives and Limitations," has its minimum gross 
weight at the following values of the design parameters and engine 
description: 



Design gross weight, W   65,200 pounds 
Hover tip speed at centerline of engine, V^ .... 65O feet per second 
Chord length, c   6 91 feet 
Main rotor radius, R (from centerline of rotor 
to centerline of engine shaft)   55-35 feet 
Rotor tip environment  255g 
Design mean lift coefficient, CT   576 
Cruise tip speed, V^  6h2  feet per second 
Number of main rotor blades, b   5 
Number of engines, n   5 
Engine arrangement   one engine at tip of 

each blade 
Solidity, 0  1162 
Total engine rated thrust   10,868 pounds 
Rated thrust ■per  engine   5 ,^25 pounds 
Weight per engine   755 pounds 
Net thrust, F«, available per engine at sea 
level, standard atmosphere and 598 f-p-s  5,50^ pounds 
Net thrust, F^, available per engine at 6,000 
feet, 950F. s^-ndard hot day   2,270 pounds 

MRT s.f.c. at 598 f.p.s. and sea level standard Th/h 
atmosphere  1-260 IbTth^t 

75^ NRP s.f.c. at 598 f.p.s. and sea level ib/hr 
standard atmosphere  1. hl6 ——',   '  - 

Maximum engine diameter   51-9 inches 
Maximum nacelle diameter   57-9 inches 
Engine length   60.6 inches 
Nacelle length   86.2 inches 
Empty weight   27,826 pounds 
Fuel weight   10,77^ pounds 
Payload   2^,000 pounds 
Crew and oil   600 pounds 

The minimum gross weight for the optimum configuration from TJable 2b 
occurs at the following values of the design parameters and engine 
description: 

Design gross weight, W   59>800 pounds 
Hover tip speed at centerline of engine, Vipj. .... 598 feet per second 
Chord length, c   6.82 feet 
Rotor radius to center of engine shaft, R   1+7-5 feet 
Rotor tip environment   255g 
Design mean lift coefficient, Cr    0.50 
Cruise tip speed, VIJL.   598 feet per second 

Ü 



Number of blades, b     3 
Number of engines, n     3 
Engine arrangement    one engine at tip 

of each blade 
Solidity, o 138 
Total engine rated thrust    12,1^8 pounds 
Rated thrust per engine     hfihy pounds 
Weight per engine       815 pounds 
Tlirust at 598 f.p.s., sea level, standard     5,^70 pounds 
Thrust at 598 f.p.s., 6,000 feet, 950F    2,510 pounds 

MRT s.f.c. at 598 f.p.s., sea level, . ,. 
standard     1.260 -./ {^r' r lb. thrust 
755^ NRP s.f.c. at 598 f.p.s., sea level, ... ,. 
standard     lM6-^ß^-r lb/ thrust 

Mucimum engine diameter   35-16 inches 
Maximum nacelle diameter   39 ^ inches 
Engine length   63.0 inches 
Nacelle length   89.6 inches 
BqDty weight   2^,007 pounds 
Fuel weight   11,193 pounds 
Payload   2^,000 pounds 
Crew and oil   600 pounds 

An empty weight breakdown for these two conditions, 65O feet per second 
and 598 feet per second hover tip speed, is given in Tkble 3« 

l.k.2    CAE 357-1 Version of the J69-T-29 Et^ine 

The description, performance, and installation of the CAE 357-1 engir-e 
is presented in the tip turbojet design layout report. Volume III. This 
version of the heavy-lift helicopter is designated as Model 1108. 

An over-under engine installation arrangement was used for the Model 
1108 because of the anticipated difficulties associated with unequal in- 
let air distribution between side-by-side engine inlets at higher ad- 
vance ratios and because of structural difficulties. At that time it 
was realized that the nacelle drag effect would be increased by using 
the over-under arrangement. 

A supplementary parametric study indicated that while lower gross 
weights may be achieved with hover tip speeds lower than the minimum 
specified by Section 1.1.k,  the rated thrust required increases as tip 
speed decreases below the minimum of 65O feet per second. This reduc- 
tion in gross weight with decreasing tip speed is shown in Figure 3- 



Prior to the completion of the rotor design studies, the rotor groap 
weight was not well defined; therefore, it was decided that for this 
configuration (Model 1108), rotor group weight would be determined by 
design layout. This rotor was selected from the standpoint of attain- 
ing the minimum blade weight and providing adequate clearance for the 
internal engine service lines without penalizing excessively the hover 
thrust capability at 6,000 feet, 950F. 

The final preliminary design analysis of the rotor group indicated a 
weight which is approximately 1,800 pounds heavier than originally con- 
sidered. The current 1,700-pound rated thrust of the CAE 557-1 engine 
\ias thus marginal to provide HOGE capability at 6,000 feet, 950F 
Therefore, to provide hover capability, it was considered appropriate 
on the Model 1108 to consider meeting the mission requirements on six 
of the engines in cruise flight and with the cruise tip speed reduced 
to an optimum of 5^*0 feet per second. This realized an 800-pound fuel 
weight reduction (see Section 2.7)• An additional 600 pounds was re- 
moved from other components where savings could be achieved over the 
statistical estimates (see l&ble 3 for final weight breakdown of this 
configuration compared to estimates used in generalized engine study). 
The major differences between the ilnal weight conditions and the gen- 
eralized weight conditions for the study are that the generalized hel- 
icopters were considered to be fitted with two auxiliary power units, 
while the hardware engine versions were considered to have only one, 
and that three crew members were included instead of two. The follow- 
ing is a list of the design parameters for the Model 1108 with over- 
under engine mountings: 

Design gross weight, W^,   72,104 pounds 
Hover tip speed at cen^erline of engine, Vr^   650 feet per second 
Chord length, c   6.5 feet 
Rotor radius to centerline of engine shafts, R ... 55«85 feet 
Rotor tip environment   255g 
Design mean lift coefficient  329 
Cruise tip speed   592 feet per second 
Optimum tip speed  5^*0 feet per second 
Number of main rotor blades, b  k 
Number of engines, n    8 
Engine arrangement   one over the other at 

each blade tip 
Solidity, 0 ikQ 
Total engine rated thrust   13,600 pounds 
Rated thrust per engine   1,700 pounds 
Weight per engine   365 pounds 
Thrutt at 650 f.p.s. and sea level standard 
atmosphere   1;550 pounds 
mirust at 650 f.p.s. and 6,000 feet, 950F. 
standard hot day atmosphere  1,057 pounds 



Ib/hr. 
Ib. thrust 

Ib/hr. 
lb. thrust 

MRT s.f.c. at 592 f.p.s. and sea level standard 
atmosphere    1.256 

75^ NET s.f.c. at 592 f.p.s. and sea level 
standard atraosphere     1.klk 

Maximum engine diameter  25.25 inches 
Maximum nacelle height  57.00  inches 
Maximum nacelle width   50-0 inches 
Engine length    ^7-97 inches 
Nacelle length   68.3 inches 
Empty weight   ;U,700 pounds 
Fuel weight   12,92^ pounds 
Payload   2U,000 pounds 
Crew and oil       ^80 pounds 

A three-blade, six-engine (over-under) crane configuration can be con- 
sidered by using the optimum tip speed during cruise and using the same 
component weight basis as was used for the  four-blade, over-under ver- 
sion. A threes-blade crane configuration will meet the mission and 
hover requirements with an ll.U-percent growth in the CAE engine thrust. 
This solution occurs at the following values of the design parameters 
and engine description: 

Design gross weight, W  

Hover tip speed at centerline of outboard 
engine, Vrp^   

Chord length, c   
Rotor radius to centerline of outboard 
engine, R   
Rotor tip environment   
Design mean lift coefficient, CT.   
Cruise tip speed, Vrj^   
Optimum tip speed   
Number of blades, b   
Number of engines, n   
Engine arrangement  

Solidity, 0   
Total engine rated thrust, FR   
Rated thrust per engine, Fp/n  

Net thrust, F„, available per engine at sea 
level standard atmosphere and 65O f.p.s. 

Net thrust, FM, available per engine at 
6,000 feet, 950F.; standard hot day, and 
650 f.p.s  

6U,250 pounds 

65O feet per second 

6.5 feet 

55-85 feet 
255g 
.it05 
639 feet per second 
590 feet per second 
3 
6 
over-under at each 
tip 
.111 
11,too pounds 
1,900 pounds 

1,730 pounds 

1,195 pounds 



MRT s.f.c. at 590 f.p-s. and sea level standard 
atmosphere ,  

75^ NRP s.f.c. at 590 f.p.s. and sea level 
standard atmosphere   

Maximum engine diameter   
Maximum nacelle height   
Maximum nacelle width  ,  
Engine length  
Nacelle length  
Etapty weight   
Fuel weight   
Payload  
Crew and oil   

1.^6 

l.klk 

 Ib/hr, 
lb. thrust. 

lb/I ir 
lb. thrust 

50.00 inches 
25.25 inches 
57.00 inches 
U7.97 Inches 
68.3 inches 
28,11^ pounds 
11,676 pounds 
2U,000 pounds 

U60 pounds 

The weight breakdowns for the above /our-blade and three-blade versions 
with the proposed hardware engine a:> e given in Table 5. 

1                                                                 TABT.E 1                                                                   1 
INPUTS FOR VARIOUS TIP TURBOJET CONFIGURATIONS                         \ 

b n 
e 

Engine 
Arrange- 

ment 
5oi 52l 6*i 5 r B 

1 

ai 

k 8 0-U .282 .10 5.0 980 1.00 .967 U.50 

3 6 O-U .282 .10 5.0 980 1.00 .956 ^.50 

k 8 S-S • 279 • 15 3.25 <* .96 .967 2.25 

5 6 S-S .279 •15 3.25 9k .96 .956 2.25 

h 1+ S .26^ .12 3.85 96 1.00 .967 1+.00 

3 3 S .26k .12 3.35 96 1.00 .956 h .00 

2 2 3 .26k .12 3.85 93 1.00 • 950 1+.00 
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2.0 OONCLÜSIOHS 

2.1 Structural and Dynamic Limitations 

2.1.1 Static Droop Limiting Blade Aspect Ratio 

The optimization of the rotor system occurred at rotcr radii of less 
than 5^ feet with chords equal to or greater than 6.5 feet in all cases. 
This  resulted in blade aspect ratios, R/c, of less than 8.62. The 
pseudo blade weight, W' , which is used in determining the tip weight 
to blade weight ratio can be obtained from the rotor group weight uy 
using Equation (l). 

W  - 500 

s •-on*-♦ ^ w 
The  tip weight, W , is given by Equation (2): 

W  + W 
WT = 

EC
b  

E (2) 

where W  and W , the engine component weight and the engine weight, re- 
spectively, are listed in Table 5. 

The maximum tip to blade weight ratio for the 56-Toot radius configura- 
tions considered is 0.50. This ratio, combined with the rotor radius 
(56 feet) and the maximum aspect ratio (8.6), gives a maximum static 
droop of less than 35 inches by reference to Figure 2?. No limits 
have been established for the maximum static droop, but this value is 
well within reasonable limits. 

2.1.2 In-Plane and Flapping Frequency Limiting Aspect Ratio 

Since the rotor group weight was determined by the in-plane frequency 
requirements as shown in Section 3 A.2, the aspect ratio for each solu- 
tion obtained is necessarily satisfactory. 

The flapping frequency can be adjusted for each blade by material re- 
distribution in the blade section, and, therefore, is not considered to 
be aspect ratio limiting as is discussed in Section 3-2.2.1. 

2.2 Optimum Configurations and Design Parameters 

2.2.1 Optimum Helicopter with Generalized Engines 

Within the scope of this study, the optimum helicopter vas found to be 
one having the minimam number of blades and the minimum number of engines, 

For the same rotor configuration and engine arrangement, the crane fuse- 
lage with external cargo was found to result in a lower gross weight 
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than the transport fuselage with internal cargo. This means that the 
weight of the additional lliel required by drag of the crane fuselage and 
the external cargo was less than the increased fuselage weight of the 
transport fuselage. The weights of the transport and crane fuselages 
are given by Equations (60) and (8l); Section 1.5 lists the values of 
equivalent drag area. The minimum number of engines (single engine per 
blade) was found to have a lower gross weight than an equivalent side- 
by-side configuration. Reducing the number of engines reduces the 
inlet area (Aj) required for a given thrust and the nacelle drag. This 
results in reduced fuel required and a reduction in gross weight. 

Since the two-blade rotor vas found to be unsatisfactory because of 
insufficient control power, the optimum helicopter configuration is: 

Three blades 
One engine per blade 
Crane-type fuselage 

The values of the design parameters for this configuration are given 
in Tfe^le 2 and in Section 1.4.1. 

2.2.2 Optimum Parameters for Particular Configurations 

A comparison of minimum gross weights for the different configurations 
studied is shown in Figure 2. In all cases the gross weights increase 
with the following ascending order of engine arrangements: 

a) Single engine per blade - lowest gross weight. 
b) Side-by-side engine arrangement - two engines per blade. 
c) Over-under engine arrangement - two engines per blade - highest 

gross weight. 

2.2.5 Optimum Helicopter with CAS 5!?7-l Engine 

With the present limit on the rotor tip centrifugal force environment 
of 255g, a rotor having three blades, a 55-ö-foot radius, over-under 
engines, and crane-type fuselage is the optimum configuration for use 
with the 11.8-percent increased thrust (1,900-pound) CAE 557-1 engine. 

A complete listing of the design parameters for this helicopter is given 
in Section l.k.2.    The empty weight breakdown is given in Table 7. 

A four-blade rotor is necessary to meet the mission fuel requirements 
and the 6,000-foot, 95°^. hover requirement with the 1,700-pound ratei 
thrust CAE 557-1 engine. The method of analysis of this four-blace 
rotor helicopter with eight CAE 557-1 l,7D0-pound rated thrust engines 
is discussed in Section k.2.    A complete listing of the design para- 
meters is given in Section l.k. 
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2.5 Nonoptimum and Nonlimited Configurations 

2.3.1 Weight Penalties 

According to the generalized engine paraoetric study, the Optimum con- 
figuration is three blades and three engines with a crane-type fuselage. 
The following penalties result from using engine arrangements other 
than the optimuji, depending on the number of blades and the condition 
being considered. 

Single engine per blade   no weight penalty 
Side-by-side engine arrangement   1,900 to 5,'♦00 pounds 
Over-under engine arrangement   3,080 to U,800 pounds 

The greatest percentage of the penalty is fuel weight since the primary 
effect of using the nonoptimum configurations is to increase the nacelle 
drag (see Section 2.2.1). It is also possible to observe the differ- 
ences in the use of the nonoptiaum number of blades (Figure 2) and to 
determine the range of these values from 'Able 2 as follows: 

Two blades   5,000- to 6,W0-pound decrease 
Three blades   Ho weight penalty 
Four blades   3,700- to Y,850-pound penalty 

The weight penalties for more blades than optimum are compounded from 
fuel weight for the additional drag of the blade profile and the nacelle 
and the weight of the additional blade. 

Use of the transport fuselage with internal cargo results in a weight 
penalty (as discussed in Section 2.2.1) as follows: 

Crane-type fuselage   No weight penalty 
Transport-type fuselage   1,000- to l,T00-pound penalty 

2.5.2 Increasing the Load factor Limitations 

A plot of the weight saving versus "n", the rotor tip environment, is 
shown in Figure h  for the three-blade, single-engine-per-blade crane 
and in Figure 5 for the four-blade over-under engine crane. 

Figure k  shows that gross weight decreases with increasing n to ^60g 
where the advancing blade compressibility cut-off occurs. A large por- 
tion of the gross weight reduction could be obtained if the 255g limit 
were increased to 300.g; at this point the rotor radius would be approxi- 
mately U3 feet. However, this radius is somewhat below the limit set 
for the validity of the rotor group weight equation, Equation (93). 
Thus, before any decision regarding a program of increasing the load 
factor limit of the engine is undertaken, the blade weight equation 
must be verified for the smaller radius. 
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2.5.5 Changing Rotor Lift Coefficient and/or Tip Speed Ranges 

It does not appear that changing the upper limit of the design rotor 
mean lift coefficient, Cj^. , range would be of any benefit since only 
snail reductions In gross weight coula be obtained above a C^ of 0.50 
which is the maximum value considered acceptable. For the three-blade 
configurations the optimum design rotor mean lift coefficients all occur 
between .575 and .50. Reducing the lower limit on the hover tip speed 
to 598 teet per second would realize a reduction of 5,1*00 pounds for 
the optimum three-blade, three-engine configuration. A lower limit on 
the tip speed of 565 feet per second would be necessary to take maximum 
benefit of the weight reduction indicated for the four-blade configura- 
tions at the 255g limit. 

Increasing the upper limit on tip speed would not appear to be desirable 
since the rotor is presently limited to 7^5 feet per second tip speed 
by advancing blade compressibility at 125 miles per hour. However, in- 
creasing the hover tip speed would allow the hover requirement at b,000 
feet, 95 ?• to be met with a smaller engine for a given rotor radius, 
but, to meet the maximum speed requirement, the tip speed would have 
to be reduced to 7^3 feet per second or less. 

An increase in tip speed results in a reduction in the Cr  at which the 
minimum gross weight occurs (for a typical case, see Figure 56). 

2.k   Tbtal Fuel Weight Reduction at. Optimum Design for Each Configura- 
tion Available by Tip Speed Reduction 

The  fuel savings obtained by the use of the cruise tip speeds and the 
optimum tip speeds for the outbound and Inbound portions of the mission 
are sunnarized in Table k. 

The  cruise tip speed is obtained by iterating the lUel flow rate equa- 
tion. Equation (^7), until the fuel flow is more than 150 pounds per 
hour greater than that obtained with the optimum tip speed for the out- 
bound condition. The iterations are performed in increments of 25 feet 
per second above the optimum tip speed found with Equation (55) • Wie 
optimum tip speed, as shown in Ibble k,  was determined for the outbound 
condition and for the inbound condition using the total weights at the 
beginning of each of these portions of the mission. No problems with 
any of the optimum configurations listed in Ifeble k,  Cue to rotor limi- 
tations, would be encountered except possibly the two-blade configura- 
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tion at 7^5 feet per second tip speed. In this case, where the design 
mean lift coefficient is .5, any tip speed reduction would result in a 
CT in excess of t'ie presently accepted maximum value for CT  of 0.50. 

Tip speed reduction results in a negligible fuel reduction for all con- 
figurations of condition (b), Ikble U. However, from ^05 to l,U6l 
pounds of fuel can be saved by using the optimum tip speed with the 
three- and four-blade configurations of condition (a). Also, appreci- 
able fuel savings can be effected for some of the three- and four-blade 
configurations of condition (c). 

It would be desirable to use optimum tip speed instead of cruise tip 
speed in any future studies in order to take maximum advantage of fuel 
weight reduction. 

2.5 Increment in Structural Weight Required by Increments in Engine 
Weight or Engine Mount Weight 

Differentiation of the rotor group weight, Equation (93), with respect 
to tip weight W produces the following relationship: 

*RG _ .6^8b( .0^9162 - .0136p4c •>-.000966c IR-^      ,^ 

'T W i WT 

With W = 1,200 pounds, c ^ 6.5 feet, and R = 55.83 

dW 
—55 = i 05v Pounds  
dWT ±    JO pound of tip weight at each blade 

Differentiation of Equation (79) for the pylon weight gives 

then with W  = 16,000 pounds, 

__PY = lk*    Bounds  , v 
ö
W
T>O      Pound of tip weight w/ 

raj 

Then the structural weight added by one pound of tip weight at each blade 
is 
 1.22b pounds  
pound of tip weight at each blade 

2.6 Chord for Minimum Rotor Group Weight 

Differentiation of Equation (93) for the rotor group weight shows that 
the chord for minimum rotor group weight is 7.02 feet. 
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2.7 In-FIi£ht Engine Shut-Down for Reduced Fuel Consumption 

Partial differentiation of the fuel flow rate (Equation Uy), with re- 
spect to MRTHP-^., shows for the case of the present hardware design 

(eight CAE 357**1 engines) that, with no increase in the required power 
(no engine cold drag), a 229-pound-per-hour reduction in fual flow rate 
can be obtained for each engine shut-down. Partial differentiation of/ 
Equation (U7), with respect to Bhp and use of the cold drag of 90 pounds 
per engine at 592 feet per second tip speed, shows that the resultant 
net decrease in fuel flow rate is 135 pounds -per  hour. This means that 
a better than 5~percent reduction in fuel consumption can be obtained by 
engine shut-down without provisions for fairing the engine to reduce cold 
drag. 

Although the effect of engine shut-down is not included in the parametric 
study as it requires provisions for in-flight light-off and must be done 
so as to maintain thrust balance, it is recommended that it be consid- 
ered for the Model 1108 configuration where no thrust imbalance results 
since less than half the available power is required during the cruise 
portions of the mission. 

Engine shut-down must be symmetrical to avoid one-per-revolution shake 
due to thrust imbalance; it would not be practical to shut down engines 
for the three-blade, single-engine-per-blade configuration unless a 
method of automatically balancing the rotor was incorporated (i.e., 
shift the e.g. of the rotor system to lead the dead engine by $0  degrees 
and by an amount such that the centrifugal force of the shifted e.g. 
cancels the thrust imbalance). 

2.8 Validity of Solutions 

The solutions obtained for configurations whose blade radii are less 
than ^5 feet are too ftir beyond the range of the rotor group weight equa- 
tion (see Section 3.h.2.3)  and are considered questionable. Static droop 
skin buckling might determine the rotor group weight for these configur- 
ations rather than chordwise frequency, and the design gross weight 
would be higher than shown in Table 2. 

Before any serious program to increase the load factor limitations of 
the engine is undertaken, it would be wise to investigate the rotor 
group weight with expected tip weights and for radii of 58 to U5 feet. 
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TABLE h 
CRUISE TIP SPEED, OPTI MUM TIF SPEEDS 

MD FJEL SAVINGS FOR OPTIMUM CONFIGURATIONS 

1 Cruise Fuel Optimum Vm Fuel 
Condition Conlig. 

vm Saved 
j- 

Saved 
v 
TH T (lb.) Outbound Inbound (lb.) 

(a) 2b.. S, C v 
TH 

6L? 

0 659 625 88 652 
n = 2556- 5b. S. C h9 592 571 405 650 
Hover tip 
speed = 65O 5b, S-S,C 641 65 591 569 kSk 650 
fps (minimum 5b, 0-U,C 622 2^5 572 555 711 650 
allowed by 
Sect.1.1.5). 
Chord is min. 

Ub S, c 615 511 565 555 711 650 
Ub, s-s,c 615 551 565 55U 865 650 

for minimum Ub o-u,c 56U 968 559 515 1517 650 
gross weight. Ub 0-U,T 557 1075 552 500 Lk6l 65O 

(t): 2b. , s, c VTH 0 659 626 88 652 
n= 255g- 
Chord and 

5b , s, c v VTH 0 VTH 596 h 598 

hover tip 5b ,ss, c VTH 0 VTH 591 2k 600 
speed are 5b ,0-U,C VTH 0 vra 575 88 600 
optimum Ub • s, c 0 u v 0 565 
for minimum TH TH TH 
gross weight Ub ,ss, c vra 0 VTH 567 11 570 

Jrt) ,o-u,c VTH 0 vra 555 kS 565 
k-h ,0-U,T VTH 0 VTH 555 155 565 

(c): 2b , s, c v 
TH 

0 755 687 88 745 
n = optimum. 5b , s, c v 0 721 645 19k 7U5 
Hover tip TH 
speed = 7U3 5b ,ss, c v 

TH 
0 70U 629 kk2 7^5 

fps. Chord 5b ,o-u,c 7U0 15 665 609 575 7U5 
= optimum. 
(No load Ub . s, c v 

TH 
0 709 611 522 7^5 

factor limi- lib ,88, C VTH 0 680 593 585 745 
tation.) 

kh ,o~u,c 706 5U5 656 580 820 7^5 

Ub ,0~U,T 679 505 629 555 1159 7^5 

Fuel saved = fuel at VT - fuel at v VTH 
C = crane 
T = transport 
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5.1 Introduction 

It is possible to obtain an infinite number of sciations to meet a given 
set of mission requirements and performance specifications. Therefore_, 
it is desirable to obtain these solutions in an orderly fashion that 
will enable the best solution to be found (i e.; minimum gross weight 
is generally accepted as the criterion for the optimum solution). 

The method of obtaining solutions in the generalized engine parametric 
study is known as the "R Method." A more conventional method of ob- 
taining gross weight solutions is the Fy. method^ where RF represents the 
ratio of fuel weight to gross weight- The R^ method was not used be- 
cause the curves did not lend themselves reaäily to computer solution 
in the generalized engine parametric study. Ru represents the ratio of 
the fuel weight and payload or the useful load to the gross weight  The 
R method consists of determining the R avail^.ble for a set of values 
01 the variable design parameters by using tho weight relationships at 
three or more gross weights; the R required is determined by using ap- 
plicable performance equations and the mission requirements at these 
gross weights. R available and R required are expressed as functions 
of gross weight; the intersection of these two functions is the lowest 
gross weight that will allow sufficient fliel for the mission requirements 
with the given set of parameter values. This procedure is repeated with 
different values of each of the independently variable design parameters. 

For the purposes of the generalized engine study, the design mean lift 
coefficient was determined at ehe  solution gross weight for each set of 
the variable design parameters. A plot was then made of these solution 
design mean lift coefficients versus the solution gross weights. 

By connecting points of constant hover tip speed and points of constant 
load factor, lines of constant tip speed and load factor were established 
(see Figure 56). Computation of the engine rated thrust to gross weight 
ratio at each of these solution points and crossplotting provided lines 
of constant engine rated thrust/gross weight ratio. The rotor limita- 
tions (i.e., stall and compressibility) were also determined and plotted 
on the same sheet. These calculations were repeated and plotted on a 
different sheet for each selected chord length of a particular configur- 
ation (number of blader. and engine arrangement) . From an overlay plot 
at the different chord lengths for a particular configuration (see Fig- 
ure 52) a line tangent to the lines of constant V-jv, at a particular load 
factor could be established. This envelope line de'termined the minimum 
gross weight and chord within the rotor limitations. To find the mini- 
mum gross weight obtainable in each configuration without load factor 
limitations, it 1B noted that In each of the constant ehord plots (Fig- 
ure 56), increasing tip speed results in decreasing WG minimum  However, 
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the advancing blade drag divergence limits the maximum ailowatle tip 
speed.  Therefore, the t-tsolute minimum gross weight is determined using 
the compressibility ifrait line assuming zero angle of attack for the 
advancing blade. This establishes a solution limit line for each chord. 
An envelope of these solution limit lines is then established on an over- 
lay buildup of these lines for all the chords considered in the config- 
uration (see Figure 35)-  It should be noted that the lines of constant 
engine rated thrust/gross weight ratio (jL,) can be used to establish a 
solution line for a particular rated thrust engine having characteris- 
tics similar to the CAE 557-1 engine (see Figures 52 and 56). Care 
must be taken in interpreting the meaning of a constant rated thrust 
solution line since it is predicated on the requirement that hover at 
6.000 feet and 950F- be met with no excess power. It is, of course, 
possible that a particular engine being considered may have more power 
than necessary to satisfy the hover requirement at the optimum solution 
point for the engine. If the minimum gross weight of the rated thrust 
solution line occurs at less than the Cr  for minimum gross weight, 

then the configuration and gross weight defined by this point is the 
optimum for the engine associated with this rated thrust (see the F„  = 
1^,520 line in Figure 52). 

5-2 Preliminary Structural and Dynamic Analysis 

5.2.1 Rotor Blade Aspect Ratio Limitation as Influenced by Static Droop 

5.2.1.1 Static Droop Requirements 

There are no established criteria to limi-c the permissible static droop 
of rotor blades, but there are at least two requirements which should be 
met for personnel safety and structural clearance; 

a) Combining static droop and maximum rotor teetering angle, the 
lowest point on the rotor blade should be far enough above the 
ground to avoid striking a person standing upright on the ground. 

b) Combining static droop and maximum rotor teetering angle, the 
rotor blade should not interfere with any other structural part 
of the helicopter (tail boom, tail rotor, etc.). 

The fuselage geometry for the Hiller Model 1108 has not been established 
as yet so the static droop is held variable in this study. 

5.2.1.2 Idealized Airfoil Section 

It is obvious that the airfoil section which gives an optimum stiffness/ 
weight ratio in the chordwise direction will not yield optimum stiffness/ 
weight ratio in the flapwise direction, and vice versa. It is also ob- 
vious that the airfoil thickness ratio (depth) is very important in the 
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flapwise direction but of little consequence chordwise. Keeping these 
facts in mind, the airfoil thickness ratio is set at 15 percent and the 
following unbalanced shell airfoil will be used to determine a realistis 
stiffness/weight ratio in the flapwise direction. 

Figure 6. Idealized Airfoil Section. 

I  =0 .OOSjUtc^ 
xx 

w  = 2.055 tcp 

gl=0^^=0     2(E) 
w    2.055tcp p 

Most materials used in aircraft construction possess E/p ratios of 
approximately 10 . 

Therefore, ^ ^ 509,000c2 (6) 

This same flapwise stiffness/weight ratio "or the Hiller UH-12L rotor 
blade is 210,000c which shows that Equation (6) is realistic and yet 
can be considered a design goal. 

5.2.1.5 General Static Droop Equation 

Preliminary investigations of anticipated rotor blade properties reveal 
only slight mass and stiffness tapers are achievable for rotor blades 
supporting large tip weights. Therefore, the following development is 
done for rotor blades with uniform mass and stiffness distributions. 

Consider the following cantilever beam: 

i-. 

4                          S           B 

IWWWWWWK i - - ■         f <[*,                           R ^-* W.r 

Figure 7. Static Droop Cantilever Beam. 

26 

1 



_ w£ ^ WBR5 _ WBP. 

tip     5Ei      BEI     "SEI 

h ,. 

i + li$ (7) 

Substituting Equation (6) into Equation (7) and making use of the rela- 
tions aspect ratio (AR) = R/C and w = W /R yields: 

13 

or 

tip 

AR 

R2(AR)2 

' 2,472,000 

R 

1 + 

5 
m 

tip 

1 + 1(5) B' J 

1/2 
(8) 

where:    R    = rotor radius, inches 

8^.  = tip deflection, inches 

W^/W = tip weight/blade weight ratio 

Figure 27 presents curves of allowable aspect ratio versus static droop 
(5 . ) for two values of tip weight ratio, namely O.h  and 0.5- These 

values of tip weight ratio are in the range expected for a four-bladed, 
rotor having two Continental 357*1 turbojet engines mounted on each 
tip. 

3.2.2 Rotor Blade Aspect Ratio Limitation As Influenced by Blade Fre- 
quency Requirements 

3.2.2.1 Rotor Blade Frequency Requirements 

Flapwise (out-of-plane): - It is difficult to specify a criteria for 
flapwise frequencies of a teetering rotor except to require that these 
frequencies not coincide with those integer multiples of rotor speed 
which will transmit forces to the suspended mass (fuselage). It is 
convenient, therefore, to design the rotor blade for other criteria 
and then alter the flapwise design to avoid critical resonances. 

Chordwise (in-plane): - In order to avoid ground resonance, the first 
in-plane rotating natural frequency of the rotor blades is designed to 
be 30 percent above nominal rotor speed. Additional benefits which are 
gained by this design requirement (flutter avoidance, reduced chordwise 
stresses, reduced deflections with engine out, etc.) overshadow the only 
obvious disadvantage which is additional rotor blade weight. In-plane 
frequencies higher than the first are designed so as not to coincide 
with integers of rotor speed. 
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Pitching (Torsion): - The first torsional natural frequency (including 
control spring) is desireü to be as high as possible for avoidance of 
flutter. Since torsional frequency is as much a function of control 
system stiffness as it is blade properties, no specific requirement is 
set for the blade alone. 

3.2.2.? Idealized Airfoi] Section 

Ihe lightest weight rotor group is obtained by designing the rotor blades 
to have the highest possible ratio of chordwise stiffness (El) to running 
weight while maintaining chordwise frequency and mass balance require- 
ments. One configuration which gives low weight combined with a nearly 
optimum stiffness/running weight ratio is the following shell airfoil 
balanced at the quarter chord. 

Figure 8. Idealized Airfoil Section 

I  = .3029tc3 + .ll6Ttc3 = .^196tc3 

w = 2.055t<Jp + 2.207tcp = U.262tcp 

El _ 386(^196)^'%: _ -o 2 ,E^ 
m "   li.262t(ip    " 5ÖC     Kp> 

Most materials used in aircraft construction possess E/p ratios of 
approximately lo". 

Therefore, 

— = 3800c2 x 10    (balanced shell) (9) 

In order to determine that Equation (9) is indeed an optimum stiffness/ 
mass ratio in the chordwise direction, the same parameter is presented 
below for the Hiller UH-12L rotor blade. 

~S 2^00c2 x 10 (Hiller UH-12L) m * ' (10) 
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3.2.2.3 General Frequency Equation 

The symbols and information presented in Reference 1 are used here for 
the development of a general expression for the first chordwise (in- 
plane) rotating natural frequency of a teetering rotor blade with large 
tip weight/blade weight ratios. 

In general, ß^ = 0^ + K^2 (ll) 

where:       ßp = first rotating natural frequency 

%R-i = first nonrotating natural frequency 

IC, = Southwell coefficient 

0 = rotor angular velocity, rad/sec. 

Preliminary investigations of anticipated rotor blade properties reveal 
only slight mass and stiffness tapers are achievable for rotor blades 
supporting large tip weights. The following development, therefore, 
is done for rotor blades with uniform mass and stiffness distributions. 

k 
From Reference 1: 0        9,    •„,■% 

0 2 1   /EI\ ümi "Xw n 

and K. «0.2 (constant, regardless 
of tip weight) 

Also, by definition,   Q = ^V^/R 

2 
where:       6  = Eigenvalue for first in-plane frequency 

R  = rotor radius, inches 

V_, = rotor tip speed, ft/sec. 

The established criteria for the first in-plane rotating natural 
frequency states that 

%! > 1-5« = 15.6 V.j/R 

Rewriting Equation (ll) yields 

zik.&z.  -i-(f) (12) 
R 

Substitution of Equations (9) and (10) Into Equation (12) gives the 
follovlng formulas for maximum allowable rotor blade aspect ratio (AR = 
R/C) for blades with optimum stiffness/mass ratios as well as blades 
which resemble the Hiller UH-12L rotor blade in stiffness/mass rntio. 
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e,2 
AK = U,208 rp-  (balanced shell) (15) 

T 

e2 
AR = 5,3^5 Tp-  (Hiller UH-12L) (l^) 

VT 

2 
"Die eigenvalues, 6 , are plotted in Reference 1 as a function of tip 

weight/blade weight ratio. The tip speeds which are of interest for 
this study are 650, 700,  and 750 feet per second, and so Figure 28 
presents curves of allowable aspect ratio versus tip weight ratio for 
the tip speeds noted here. 

5.3 Aerodynamic Analysis 

J.J.I Formulation of Standard Performance Equations 

3.3'1'1 Hover Equations 

The rotor power required to hover OGE is 

rhpH = ihpH + RHPH (15) 

Since the tail rotor power is not a function of the main rotor power 
and will probably be supplied by an A.P.U., it can be neglected in de- 
termining engine size. There will be accessories which will be driven 
from the main rotor, and they will require a fixed amount of powe^ 
which is included in a fixed loss term, F.L. 

The cooling air for the engines causes a thrust loss which is a function 
of the required thrust. This loss is included in an efficiency factor, 
T], which also includes the effect of engine inlet losses. Then, the 
total brake horsepower required to hover is written 

ihp„ + RiiP„ + F.L. 
BhpH -   -^ ^  (16) 

The induced hover horsepower is written 

550B ^p^ » p VTtR"/ 

based on momentum theory and a triangular inflow distribution. 
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The rotor radius R can be written 

Substituting for R and letting p = .002378, Equation (l?) becomes 

ihp - -P^tf/3 -/¥ 
BV   2        « » 

(13) 

(19) 

The rotor blade profile horsepower required  for hover based on blade 
element theory and a constant angle of attack from element to element 
(mean blade lift coefficient)   is 

6o+52 

or 

^    - bR!c(^)3 Po  o 
PÄ\2 

(20) 

where VT    = ^V^   and    R'  = ^R 

The engine nacelle profile horsepower in hover is 

where TH   e ^H 

The total rotor profile horsepower in hover is 

v3 po(V     P  ^^5' 

(21) 

RHPH = Rhpbjj + RhpNH = -j-^~ f {r-^- + ^T* )    (22) 

The blade area can be written 

^ = onR § 

and now 
6cT 

^0      tf a 

6w, 
,2    „a^ 

See also Equation (93). 

OrrR POVTH 

(23) 

(2U) 
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Combining Equations (25) and {2k), 

.2524 x 10 WF 

' '-^o-^H 
BCWVTJ) 

Substituting for R from Equation (l'8) in Equation (25), 

.503^ x 10'2 0 VT^ * 

2 n 
(26) 

Solidity, o, the ratio of blade area to rotor disc area, can be viitten 
for a constant chord blade, 

„ _ bcR _ be , x 
0  ^"^ (27) 

3.^.1.2    Formulation of Required Rated Thrust Equation 

F 
^ = Ikhin.k)^)2 -  1,666 (28) 
e 

A  F/n^ 1,666 
«men, AIe = T = J^O  

F 
or Aj = y^  + .522n (29) 

The net thrust, FN, for a tip-mounted thrust engine is 

N   VTHTe 

From CAE curve number Jg^öf, Figure 12a, showing F« versus true flight 
speed at 6,000 feet, 95 F-, a curve of FN as percent F_ is plotted ver- 
sus tip speed. Figure 12b. 

For the range of tip speeds between 600 and 850 feet per second, this 
can be represented by the linear relationship 

N - v^Tii.+ ^Am) (51) F„ = 

Substituting the right side of Equation (Jl) for the left side of Equa- 
tion (50) and alto using Equation (l6) with Equation (19), Equation (22), 
Equation (25) and Equation (29), the following expreaaion is obtained: 
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R 

l-5Tre
2 (v^)2^ pio" 

.inar^ ic"1 +55 

.5^1n(WG) ^/p^- + .2524x10 WG? p6mbDPVTH + ^f^V^Ig + _FJi_ 

'V   'e 
.1112 x 10 ^ TgVTjj + 55 (32) 

where p is for 6,000 feet at 95°?. 

Combining Equations (2U) and (l8) and solving for V^ , 

u   2    .1/2 W„n      \' 

LH 

v^=9i; 
vc^ OB

5
 y 

(35) 

V^ and n can now be eliminated from the first term in the brackets, 

Equation (52), and the equation can be solved for thrust loading for p = 
.00178 (6,000 feet, 950F.)- 

.577 x iWc^ OB'  .5620 x 10V^ 

rJPcr 

G   71( .1112 x lO'-VjTjj +55 - .2788 x 10"^^VTJJ2^ 

71( .1112 xlO"1^^ + 55 - .2788x IO'^VTJJ2
^ 

W 

5.3'1'5 Formulation of Forward Flight Equations 

Hie induced horsepower in forward flight is 

ihpv = ihp^ 

where IC is based on momentum considerations and is written 

(55) 
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im^-(v\ (56) 

The hover-induced velocity, U„, is based on nior«ntuin and energy theory 
and uniform inflow velocity, and is written 

"«''S (37) 

Using Equation {2k), this can be written 

UH"VTEy    12W     (.T/ 

The rotor blade profile power in forward flight is written 

^V = ^H ^b 

(38) 

(39) 

where K^. is a dlssynnetry correction factor obtaint'd by blade element 
theory, and is written 

The nacelle profile power in forward flight is written 

(1*0) 

RhpNv = Rhp^ K^N (^1) 

where Kj^- is a factor which includes the average induced yaw drag of 
the xterior of the nacelles and the dissymmetry effects on the profile 
power of the nacelle and is written 

^N  1 \re^w)   I1    US J\     Smx^eV & 

(^2) 

The derivation of this expression is given in Section 6.1. 

3.3.2 Formulation of Fuel Flow Rate Equation 

The sea level standard day performance curve (Figure 13) for the CAE 
357-1 engine vas used to obtain a set of constant specific fuel consump- 
tion curves with tip speed versus thrust horsepower (Figure lk).    The 
thrust horsepowur Is obtained from the net thrust and tip speed by the 
equation, 
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Establishing the military rated thrust at TOO  feet per second tip speed 
as a reference and calculating the  fuel flow rate as a function of tsili- 
tary rated thrust horsepower, 

MRIV^ = tsfc(FN)  = I.^OCMRTHP^Q) ^ = 1.022 MRTHP1?D0 Ih. per hour 

(hk) 

Yael  flows and thrust horsepower values were obtained for various engine 
power settings and tip speeds. These data were referenced to the 
MRTWf   and MRTHP,^, respectively, to obtain the curve of Figure 15. 

Bach of the lines of constant tip speed in Figure 15 can be approxi- 
mated very closely by a straight line. The equations of these lines 
are determined in the slope intercept form, i.e., 

% MRWf   = m5KMRTHP700 + b (U5a) 

The slopes, m, were plotted versus tip speed and a linear relationship 
was used to represent them. The values of the slope determined by this 
linear relationship are then used to detenaine an adjusted constant, b, 
which is compatible with the points at 50^ MRTffi'j in Figure lh.    These 

constants, b, are also represented by a linear relationship with tip 
speed, and this relationship along with the equation for the slope, when 
substituted into Equation (^5a), gives the expression 

(58MRWf700 ) = -VrpyC 1.158 x 10"5)$ MRTHP^Q + .735 x 10"2) 

+ 1.72m  MRTHP^) + Cv (U5b) 

where * MRTHP^ = ^^- x 10(tf (*5c) 

and C    = ik.O^i in hover at V = 0 

Cv = 15.885? at V = 60 kts. 

C = l8.k0%  at V = 100 kts. 

The military rated thrust horsepower at 700 feet per second tip speed 
can be related to rated thrust by the following equation: 

MRTffi»  - l.l68FR (45d) 

The constants C« are determined by constructing Figure 16 using Refer- 
ence 2. Since the slopes remain essentially constant, it is necessary 
only to adjust the constant, b, for the different forward flight condi- 
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tions, and since the adjustment vas assumed the same for all tip speeds; 
the difference appears only in C... 

An integration of the fuel flow around a complete rotoi cycle at 65^ 
feet per second tip speed, 50 percent cf MRT, and 125 miles per hour 
and an integration of the sin \|( x 7„ and the rotor ram drag showed tnat 
the net rotor horsepower specific fiel consumption increase above the 
hover horsepower specific fuel consumption was hQ.Q percent less than 
that shown by Reference 2. 

However, the constants, Cv, are those determined from Figure l6. This 
allows scne margin for the non-steady-state conditions which could I» 
expected to cause an increase in fuel consumption. 

3.5-5 Formulation of Fuel Weight and R Required 

The fuel-weight-required equations are developed on a trapezoidal ele- 
mental area basis with elemental area given by 

i  dW- 
wF = wfUt) -| (^l)At(At) (1*6) 

where m is the slope of t-he top of the trapezoid which has a rectangular 
base (see cut). 

Figure $. 
Trapezoidal 
Element. 

W. 

m = 
dW 

dT 

At 

The fuel weight required for a given portion of the mission is found by 
employing the following equations: 

{$  MRWf  ) 

f 

dW -dtr 
-^ =     f 

dt " d(^ MRTHP^) X 
(d)(£ MRTHP™J 

TOO' 
dW (wf) 

(^7) 

(W) 

for the slope, m, where 

-dW„ 

zmz^} - (-i-72U * •0OU58 v 
1.026 MRTHP.7n, 700 

UDO (^9) 
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d(^ MRIffi»      )        8l.l5nK(wy2 

and        du-22" =    2 (50) 

BV^ MRTHP^ 

At is the small time increment used for which dWf/dt is assumed constant. 

The term W represents the aircraft weight at the  beginning of the portion 
of the mission. Ihe effects of the reduction in Cr  and Ky with weight 
are neglected, which will allow a margin of conservatism to offset the 
slightly optimistic effect of assuming dWf/dt to he constant when actu- 
ally it increases (i.e., becomes more horizontal as fuel is burned off). 
If a portion of the mission was a long time interval, as for a ferry 
mission, an increase in accuracy would be necessary and could be ob- 
tained by breaking up the total interval into several smaller intervals. 
However, the intervals in the mission as described are small enough to 
give good accuracy in the fuel weight determinations. 

The fuel weight determined xor each interval is subtracted from the 
weight at the beginning of the next interval, i.e., 

Vl = Wi - WFi - ÄWP.L. 

This weight is used in determining W and dW /dt for this next interval 
The  weight at the beginning of the mission less the weight at the end 
of the mission and the total payload difference gives the fUel weight 
required to perform the mission, (»Ot + and 

w       (Vtot       (Vtot , v 
Fren ~ ' %  reserve"    .900 K:>X} 

q  1 ■  100% 

since 10 percent of the initial tael  is required for reserve. 

The R required is written 
W-r,   + payload 

R    = -Zrea-^  (52) ureq       W„ ^ ' 

5.5»^ Cruise Tin Speed Determination 

3.5-1+-l Equation for Cruise Tip Speed at Minimum Fuel Flow 

A turbojet engine has a fuel consumption rate which is directly a 
function of the thrust output; the lower the thrust, the lower the fuel 
flow rate. Writing Equation (50) with Equation (l6), omitting the 

(V/VT) terms and adding a rotor ram drag term, then differentiating 

with respect to VT gives the following expression: 
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5 
dV. 

c\ 

VTv 550 (ihpv + php + F.L. + rotor ram drag) 

CLro VTHVJ^0) T [t ^^b + I1 + 25mT )Aire52] (55) 

The real positive root of this expression set equal to zero is the tip 
speed at minimum thrust or minimum fUel flow. The derivation of this 
expression is given in the Appendix. 

It should be mentioned that the rotor ram drag is not included in the 
expression for Bhp since for purposes of fuel flow, it is more conven- 
ient to include it in the Cv term. The expression for rotor ram drag 
horsepower is 

1    Wa v 
Rotor ram drag horsepower = ^ 1^(32.2)(T0G) (MRTHP^)  (5^) 

and is obtained by integrating over a complete rotor cycle, the drag 
component of the radial force caused by the turning of the engine air 
through the angle of yaw. 

Figure 10 shows graphically the factors involved in the optimum tip 
speed determination. 

rhp 

Resultant I 

W, 

+ Php +Rrd 
quirements 

tot 

Cruise ^ 

s 

*—•» 

—-»* 
k'± 

-\ 

25 I'.p.s 

AW J = 150 
Ib/hr. 

T 

Figure 11. Cruise Tip Speed. Figure 10. Optimum Tip Speed 
Determination. 

3.5.^.2 Selection of Cruise Tip Speed 

The optimum tip speed for the 60-knot outbound mission was determined. 
The tip speed was then Increased by increments of 25 feet per second, 
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until a fuel flow rate (W^) of more than 150 pounds per hour greater than 
the optimum was obtained. This tip speed or the hover tip speed, which- 
ever is lower, was then selected as the cruise tip speed. See Figure 11 
for a graphical representation of the relationship between cruise tip 
speed, optimum tip speed, and fUel flow rate (W ), 

5.5-5 Rotor Limit Equations 

The  retreating blade angle of attack, Q!^   (in radians) is written 

«270 = AICITO + ^ + V ^ 

The retreating blade is stall limited at a   = .209 radians (12°) 

The advancing blade angle of attack in radians is written 

0^ = A" CLJ.. + A^X' + A^c (56) 

The drag divergent Mach number is given by 

M^ = .COO 1^8 a5 - .003^7 a2 - .00825 a + .829    (57) 

where a is in degrees. 

The drag divergent speed is obtained by substituting a„ or « ^ in 
degrees into Equation (57) and multiplying the result by the sjieed of 
sound. For sea level standard temperature: 

VDD = aMDD = V1'117) W) 

In Equations (55) and (5^), « is the angle of twist in radians; for this 
study it was taken as e = -0.17^5 radians = -10 and e = -.279^ radians 
= -16°. 

The above equations for the tip angle of attack of the advancing and 
retreating blades are derived from blade element integrations of the 
elemental thrust and fLapwlse moment equilibrium expressions. 

A^^ = .197 + .^88^ + .986 v2 (59) 

k2  = .561 + .89%i + 2.008 u
2 (60) 

A   = .280 - .066n + .82U v2 (61) 

A^ = .197 - -510^ + .326 u2 (62) 

A^ i .561 - 1.10^ +.U88 ^ (63) 

A' i .280 + .0h2^  - .Ö2k ii2 (6U) 
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The expression for X' is written 

v = "1-^-^;%-"^^ (65) 

X 

wbere the numerator is the total inflow. The  first term U. is written 

Ui = UH Ku (66) 

where U^ is given hy Equation (37) and K by Equation (36). 
n u 

Integrating for the dissymmetry drag effects on the hlade and nacelle 
which require a certain tilting of the tip path plane, and thus an 
additional Inflow through the rotor, yields 

n   •000^ VT^V2 ^ 
Ub = gr  (67) 

.OOllSSA^r^V2 v ^-^ (68) 

Integrating the drag component of the nacelle lifting force in the tip 
path plane (i.e., the radial force due to the yaw angle of the nacelle 
at Its various azimuth positions) the expression for the average effect 
on the Inflow is 

.001l88(-^aT Vljv
5 

The fuselage drag causes an additional tilt of the rotor and an addi- 
tional Increment in the inflow which is written 

.OOII88A V5 

The rotor ram drag also increases the rotor tilt. This increment is 
written 

1.055FRV 
UA = 2(l,TD0)WG 

(71) 

After calculating a drag divergent speed, it is checked against the 
epeed existing at the hlade tip which is written 

V270 - VT - V (72a) 

or V90 " VT + V (72^ 
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5 A Weight Equations 

3.4.1 Statistical Weight Study 

5.4.1.1 Introduction 

The equations utilized in this section are purely statistical in origin 
and have been derived as a result of research into group weight break- 
downs of as mny types and members of helicopters as were readily avail- 
able. 

The spectrum of gross weights involved ranges from l,ü80 pounds to 
84,000 pounds and presents a wide and liberal picture of helicopter com- 
ponent weights. The method of derivation used was to correlate pertin- 
ent component weights with some exponential Hinction of a major para- 
meter such as gross weight, horsepower; etc. and present the basic 
equation in the form of: W = C(x)n. The parameter "x"' was then ex- 
panded into its own variables; e.g., assuming that "B" is the selected 
parameter, then 

R 

1  ¥31 idUJ-CO, C.ft. 

_ l\ VTH - / — or   V JTW ng 

This method enabled a parameter to be sensitive to design or philosophy 
(ihanges over and above that of ehe basic parameter itself, and resulted 
in a useful "tool" that could be used in "sizing" the concept. 

For the purpose of the subject helicopter it may "be seen that the upper 
ranges of the resultant curves are largely extrapolated to follow the 
general trend. Inconsistencies do occur when considering a helicopter 
of the current configuration; however, the sum of the values derived 
from the curves will prognosticate a close and reasonably reliable empty 
weight. 

lb determine the reliability of the methods used in this study, actual 
component weights of several helicopters were selected at random and 
compared with the statistical weights derived from the equations. It 
was found that the statistical weights varied within 5 percent of the 
actual weights. It is postulated, therefore, that the extrapolation 
of lower gross weight helicopter components will yield reasonably real- 
istic weight predictions when applied to the tip powered concept. 

3.4.1.2 Sources and Curve Fitting Methods 

The weight breakdowns considered as a basis for the equations used in 
this study are taken from the following aircraft: 

Manufacturer Designation 

Hlller 102 
Hughes 269 
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Manufacturer Designation 

Gyrodyne 
De Havilland 
Bell 
Eell 
Hiller 
Riller 
Kanan 
Cessna 
Republic 
McDonnell 
Vertol 
Hiller 
Hiller 
Sikorsky 
Vertol 
Sikorsky 
Sikorsky 
Vertol 
Sikorsky 
Hughes 
Vertol 
Hughes 

5^ 
Skeeter 
H-15H 
klG 
0.H-5A 
UH-12E 
HlK-l 
CH-1 
Allouette 
120 
H2!iA 
10i-2 
lOi-O 
HIS» 
H21 
H3^ 
H57 
YHi6A 
S-6UA 
XH-17 
YHLoE 
XH28 

Hie component weights, taken from the above helicopter weight breakdowns, 
were plotted against a selected major parameter; the resultant scatter 
was then represented by a relationship or a line which satisfied the 
requirements of the method of least squares. Higher ranges above the 
area where the scatter terminated were assumed to follow the trend, and 
the line was therefore extrapolated to include the gross weight range 
under consideration. 

5A.1.3 Equations 

Rotor Group 'V 
Blade and hub weights were plotted against one or a combination of para- 
meters in an attempt to satisfy a basic relationship. However, this 
could not be achieved with sufficient definity to permit an extrapola- 
tion to the higher gross weight ranges; therefore, it was considered 
feasible to consider the entire rotor group as a single weight function 
and plot the available information against one or a combination of para- 
meters. 

The most acceptable parameter that resulted from the scatter pattern was 
the gross weight (W .} times rotor radius (R). 
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The relationship resulting  from this  combination of parameters versu." 
rotor group weight is as follows: 

WRG =  .002lMWG x R) 
.Ohlk 

(75) 

R may be expanded to give greater flexibility of usage in two ways, 

1)    R = yv^/jrw 

This value substituted into Equation (73) gives 

1.56 

wRG = .00118 (^r) (7U) 

2) R = 
ng 

Therefore    W^ = 5,75 x 10 -5 m l.Oklk 

(v^) 2.0828 
(75) 

Stabilizer Weights - (Wg ) 

Stabilizer weights for conventional helicopters are not easily identified 
with basic parameters such as gross weight or rotor radius. In order to 
present a scatter pattern that could be considered representative, it 
was decided to utilize two determining parameters such as V   and JL, 
(fuselage length). max    T 

The  stabilizer weights available were then plotted against L times 
V   for existing helicopters; the resulting equation was: 

WSm = 1-052xl0'15(LFxVma/'525 W 

Assuming that L    = ik.kB., as appears to be reasonable when tip-driven 
helicopters are considered,  the equation can be written as: 

W_)T,ft   = 12.k x 10"12 (R x V      )3-525 
R'Ffl * Trio v' sm mar' 

But R =yw_/nw 

Therefore, W        = I.65 x 10 -12 
(wj1,761 x (v  )5-525 
G        max 

w ,1.761 

A third variation may be occasioned by using the relationship R 

Substituting 

WSTA + 7A5 X l0' 
(V 7^05 x (V      ) x max' 

3.525 

,3.523 

(77) 

ng 

(78) 
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Fyion - (wpY) 

The  pylon is the basic structure provided for rotor support, although in 
most cases this component is integral with the fuselage structure. 

Avsllable examples of identified pylon weights were best shown when 
plotted against rotor group weight, and the relationship established 
indicates: 

wpY = .ooM^)1'^ (79) 

Body Group Weights 

Deriving an equation for body group weights involved making three cate- 
gories : 

1) Helicopter fuselages designed for maximum utility, i.e., 
covered cabin, maximum protection for crew and cargo, heavy 
all-weather protection. 

2) The average fuselage. 
5) The  skeletal or austerity fuselage, open-frame type, minimum 

cabin protection, little or no cargo protection. 

The  fuselage weights considered represent all three of the above cate- 
gories; therefore, fuselage weights were plotted against gross weight 
only to result in an inconclusive scatter from which no relationship 
could be satisfactorily deduced; therefore, it was decided to incorpor- 
ate fuselage length with the gross weight. 

The combination of these two parameters enabled an average relationship 
to be established that appeared to be a dividing line between categories 
1) and 5)• 

The equations resulting from this combination of parameters is: 

Category l) Passenger-Cargo. W  = .1268(1^)*-^ 

Category 2) Average T^pe.    W^ = .1071(1^)'^ (80) 

Category 5) Crane T^pe.     W^, = .09^(1^) "^ 

In order to present as optimistic a prediction as the state of the art 
would allow, the three relationships established were reexamined. It 
was found that the fuselage of the S-64a, which is a crane-type vehicle, 
fell below the crane-type average weight on the curve. The curve was 
therefore shifted so as to pass through the S~6ke.  fuselage point. The 
resulting equation is: 

WBG = •o8T5(LFWGr
?9li (81) 
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where L^. = 1^.4R. 

The fuselage length is taken as 1.2 times the rotor radius, but because 
L_, must be in inches whereas R is given in feet, the substitution of L_ 
= ik.hB.  is used. 

A fuselage length of 1.2 times the radius is considered appropriate for 
tip-driven helicopters. 

landing Gear - (W ) 

This function was plotted against gross weigjut. 

W^ = .0158(WG)
1'08,+ (82) 

Flight Controls - (W ) 

Flight controls were plotted against gross weight resulting in the re- 
lationship: 

W^, = .1205(WG)-
867 

However, using the philosophy as outlined in the body group weight, a 
low point on the curve was established and the following equation was 
calculated to pass through the point: 

WFC = .0885(WG)-
867 (85) 

Engine Components - (VL,.,) 

The engine components considered in this study are as follows: 

a) Inlet and exhaust 
b) Engine fuel and oil supply components located in the nacelle 
c) Engine controls 
d) Engine nacelle 
e) Engine mount and installation 

It was determined that the statistical correlation of these points when 
plotted separately as either engine weight or engine thrust against com- 
ponent weight had little or no consistency to establish a trendj there- 
fore, the components were added together and plotted against maximum 
rated thrust. This relationship is expressed as follows: 

/F V686 
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Engine Weights - (W^) 

Gas turbine engines of thrust ratings from 550 pounds to 17,000 pounds 
were plotted using dry engine weights against tnaximum thrust ratines. 
The  relationship of this combination resulted in an expression relating 
engine weight to maximum thrust as follows: 

«EHG = -S0* V926 

The engine under consideration is the CAE Model 557-1 and weighs approx- 
imately 560 pounds. If this weight is inserted into the graph and a 
line drawn parallel to the curve established by the above equation a 
weight for a generalized engine is established and is expressed as fol- 

lows: - V926 

( T ) W WENG = •572n 
e 

liie following components were evaluated by the relevant design groups, 
and a list of required items for each group was detailed. 

Instruments. WT = 
296 lb. 

Electrical system. WEL = 957 ib. 

Auxiliary power units. WAPU~ 
750 lb. 

Electronics system. W00M= 275 lb. 

Accessory gearbox. V  = 
AGB 

200 lb. 

Combined total weight. C = 2,k38 lb. 

Furnishings - (W^) 

Furnishings weight was considered as a function of gross weight and is 
related as follows: 

WRJ= ^l^CWj,)'
660 (86) 

teil Rotor - (W^) 

The weight origin of the equation for this function is comprised of two 
helicopters, namely, the Hughes XH15 and XH28, as these represent tail 
rotors for tip-driven helicopters. 

Gear-driven tail rotors cannot be used as they are designed for torque 
compensation and therefore represent a greater percent of the gross 
weight. The plot of weight of the two examples againr,o their respective 
gross weights, resulted in a relationship as follows: 

W^ = .00059(Wß)
1-23lf (87) 
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3.h.2   Rotor System Analytical Weight Study 

It is difficult to correlate data specifically relating to the main 
rotor system of the Hiller Model 1108 tip turtojet helicopter since 
there is an insufficient number of existing helicopters using teeter- 
ing rotors with tip weight/blade weight ratios approaching 0.5- Rotor 
blade design considerations for conventional helicopters place equal 
importance on static strength, fatigue strength, and location of natural 
frequencies. For teetering rotors with very large tip weight ratios, 
the blade strength required to insure proper natural frequency values, 
as well as acceptable static droop, renders bending, centrifugal and 
fatigue stresses relatively unimportant. 

Unable to draw on existing data, it i«? necessary to formulate a rotor 
group weight equation which includes the same parameters which affect 
design frequencies anrt &'.^ilc iz'OOT.  narseiy rotor radiut blade chord 
and tip weight. It is of particular interebt u, note tnat suen a rotor 
group can be designed with no reference to helicopter gross weight. 

3^.2.1 Rotor Blade Weight 

The most important design criterion for the rotor blades is that they 
possess chordwise (in-plane) bending stiffness sufficient to result in 
a first chordwise rotating natural frequency of at least 1.5 times 
rotor angular speed (2). Preliminary design shows the specific rotor 
blade weight decreases with increasing blade chord for a given chordwise 
stifi'ness requirement. Figure 29 presents the results of this weight 
study for two chordwise stiffnesses and two structural materials, steel 
and titanium. The blades represented by these curves are NACA 0015 air- 
foils which have sufficiently high flapwise stiffnesses to give accept- 
able static droop. 

It is immediately obvious that unlimited use of titanium in the rotor 
blades can reduce the weight of one blade by more than 500 pounds for 
rotor radii in the 50- to '10-foot  range. For this study, the rotor 
blade is assumed to be made of titanium so that the state of the art 
in rotor blad° design must be equalled or improved to meet target 
weights. 

Using the data presented in Figure 29 as running weight at the blade 
root and considering a mild mass taper with radius, the following esti- 
mates are made: 

VeVc-e.?'1-070 

W - [5.263 - 7.896 (£) H. 3.633 (^f ] W^ 5 (88) 
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It can be seen that Equation (88) does not predict the trends of the 
titanium curves of Figure 29 accurately due to the mss taper assumed. 

It is necessary at this point to establish a basic blade weight through 
which the final weight equation will pass. Preliminary design work in- 
dicates that a rotor blade having the following properties can be built 
whi':h «dl] satisfy frequency requirements. 

W_ = 2,175 pounds per blade 

R =   56 feet 

c =  6.5 leet 

W = 1,200 pounds (tip weight) 

For R = 56 feet j.nd W = 1,200 pounds, then Equation (58) can be ex- 
panded as follows: 

2 ..=r WB [5.265- 7.896 (^3) + 5.655 (^j ] 2,175 

or       W_ = 11,1^7 - 2,642c + .l87c2 pounds per blade        (89) 
D 

Equation (89) can be used to determine blade weight as long as R = 56 
feet and W = 1,200 pounds but must be altered further to include vary- 
ing radius and tip weight. 

If tip weight and blade chord are held constant, the methods of Refer- 
ence 1 can be used to predict chordwise stiffness changes required for 
various radii. Inspection of Figure 29 indicates distributed weight 
changes which must be reintroduced into the frequency equations until 
blade weight and chordwise stiffness are compatible. Upon increasing 
rotor radius he combination of increased distributed weight coupled 
with more radius over which this weight is distributed leads to rapidly 
increasing blade weight with radius for constant chord and tip weight. 
An analysis of this type results in the following data: 

for R = 56 feet, W_ = 2,175 pounds per blade 

for R = 65 feet, W = 3,105 pounds per blade 

assuming that blade weight varies as some power 'x' of rotor radius 

where x = 2.59' 

Multiplying Equation (89) by (R/56)2"y9 results in the following blade 
weight equation which still assumes W_ = 1,200 pounds: 

2.39 
WB « (11,^7 - 2;6tec + 187c2) (^) ' 
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or       W = (.05916 - .01365c + .000966c2)R2*"59;/0'-5 pounds per 
blade   (91) 

Limitations:      5.0 < c < 7.0 feet 

50.0 < R < 70 feet 

1,000 < W < 2,000 pounds per blade 

5.^.2.2 Rotor Hub and 33ade Retention Weight 

The rotor blade retention system and the hub which completes the rotor 
group unit are more difficult to analyze concerning weight than is a 
rotor blade, since there are several concepts of blade retention/ each 
of which might bear no resemblance to any other. Preliminary design in- 
dicates that the blade retention design is governed by the same criteria 
which is used for the blades as v:ell as centrifugal force and beading 
stress, namely first chordwise rotating natural frequency- Other com- 
ponents in the hub/retention area, on the other hand, seem to be designed 
to be independent of those parameters which influence blade weight. 
These components are ilmctions of general rotor size and remain un- 
changed for the variation limitations of the parameters in Equation (9l)• 

Weight analysis of two vastly different hub/retention designs has shown 
that both result in blade retention weights which are approximately 80 
percent as heavy as the blades which they retain (less tip weight). 
These two designs also have in common about 500 pounds of material which 
is indicative solely of the huge bearings, gimbal rings, etc., which 
must be used. These findings, in fact, suggest the following weight 
assumptions for the hub and blade retention systems. 

WH = 500 lb. (total (92) 

W = 0.8W_  (lb. per blade) 
K      JD 

W in this equation is defined by Equation (9l)' 

3.k.2.3    Total Rotor Group Weight 

The total weight of the rotor group is obtained by adding Equations (91) 
and (92). The blade weight and blade retention weight are presented per 
blade in these equations and so are multiplied by the number of blades, 
b. 

WRG = WH + bWR + bWB = WH + b(1"8V 

Expanding:        W^ = 500  + 1.8b( .05916 - .01365c +  .000966c2R2t59Wm
0,5 

i\u 1 

where:      b = number of blades 
c * blade chord, feet 
R = rotor radius, feet 

(95) 

W^, ■ tip weight per blade, lb. (W-, is calculated using 
Equation (2) making sure that the result gives tip 
weight j)er blade.) 
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Limitations: 5.0 < c < 7.0 feet 

50 < R <    70 feet 

1,000 <W0< 2,000 pounds 
JL 

The lotor group weight predicted by Equation (95) does not include tip 
turbojet, engines, engine ikirings (nacelles), engine mounts, or engine 
control components, but is intended to include blade tip buildup to 
which the engine mounts and nacelles are attached and all f\iel and 
engine control lines which pass through the blades. 

Calculating a check pr>int, using Equation (95), for b = if, c = 6.5 feet, 
R = 5^' feet, and W = 1,200 pounds gives 

WRG = 500 + 15,670 = 16,170 pounds 

5'^'5 Formuiation of Fuel Weight Available and Ru Available 

The weight equations for the helicopter components were determined by 
statistical studies (Section 5'^-l) and actual design studies (Section 
3.^.2). For the purposes of speed in calculation, these equations are 
divided into two groups: 

a) Components with constant weight or weight which is only a func- 
tion of gross weight. 

b) Components whose weights are a function of other parameters 
besides, but possibly including, gross weight. 

The group a) weights are calculated for each of the three gross weights 
used and stored permanentlyj it is then necessary to calculate only the 
items in group b) when executing the program. 

The sum of the component weights (excepting fUel tanks) plus the crew 
and the payload, subtracted from the gross weight, gives the weight 
available for fuel and tanks. Since the fuel tank weights are a direct 
linear function of the fuel weicht, 

WWl (l+K^)  W> 

Then Wp + WpiLt 

W^    = ^vail 

 (^Wo      l95> 
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5-5 Determination of 1^ Solutions and Final Plots 

After determination of Yt   available and required for the thrf?« succes- 
sive gross weights, all other parameters retaining fixed, the minimum 
gross weight or B^  solution gross weight for this set of parameters is 
determined by fitting parabolic expressions to the two sets of three 
points. 

These parabolas are of the general form 

x = A;/2 + By + C (96) 

The gross weight, W , is substituted for x, and R is substituted for y. 
The coefficients A, B, and C can be determined by simultaneous solution 
of the three equations obtainea by substituting the three I^'s and 
their corresponding gross weights into Equation (96). Two equations of 
W = f(Pni) are obtained, one for R available and one for R1^ required. 
Subtraction of the expressions for R^ available and R required results 
in a quadratic expression which can be solved for y or R solution. 

Bu solutton - y = -B*Vf-^C' (97) 

The choice of sign for use wit': the radical in this expression can be 
made by picking the smallest positive root given by Equation (97)• 

After determination of the R solution, the W solution is obtained by 
substituting the value of R solution for y in Equation {96). 

This value of W^, solution is used in the expression 

.833 x lO^n2 'G* %n 
= —r—^~ (98) 

^o    B5 Vn 
b 

To determine C-^     solution. Equation (98) is obtained from Equation {2k) 
using Equation tl8). 

Then the engine thrust to weight ratio, i_ solution, at this W solu- 
tion is determined from Equation (5^). 

The solution point is plotted on a curve of Cr  versus VL as discussed 
in the Introduction, Section k.l  (see Figures 0 30 and 3^)« 
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Altitude 6000 feet; ambient temperature, 950F.; 
military rated compressor tip speed, 22,000 rpm. 
(From CAB Curve No. 59^64) 
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Figure 12a. Estimated Performance Characteristics. 
CAE Model 557-1 Turbojet Engine. 
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Uniform Blade Mass Distribution 
Uniform Elade Stiffness Distribution 
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Figure 27. Allowable Blade Aspect Ratio Versus Static Droop. 
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Unifcrir. Elade Mass Distribution 
Uniform Blade Stiffness Distribution 
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Figure 28. Allowable Blade Aspect Ratio Versus Tip Weight Ratio. 

Criteria: First In-Plane Rotating Natural Frequency = l.Jfl. 
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k.O    OOMPümTION PROCEDURE 

^.1 Generalized Engine Parametric Study 

k.1.1   Outline of Method 

Solution gross weights are determined for each value of n and hover tip 
speed using the R method as described in Sections 3-1 and 5-5' The 
fuel required at a selected value of n for a tip speed was determined 
at each of three gross weights by the following procedure: 

Determine radius - Equation (l8) 

Determine solidity - Equation (27) 

Determine Cj^ - Equation (98) 

Determine jL, and F - Equation {3k) 

Determine MRTffi». and MRWf700 - Equations {kk)  and (h^d) 

Calculate weight of fuel for the hover at start of mission - 
Section 3-5-3' 

gj Calculate cruise tip speed - Section 3-3-^ 

Calculate weight of lUel for each of the remaining portions of 
the mission and the total weight of fUel required - Section 3-3-3 

The cruise tip speed is calculated as described in Section J.J.k  for 
use in determining the fuel weight required at each of the three gross 
weights used to define the R functions. 

The value of the design mean lift coefficient, CT , and the rated 
thrust to gross weight ratio was calculated for ea8h solution gross 
weight. After all the solution gross weights for the design variables 
have been calculated, these values are used to calculate points of con- 
stant thrust to weight ratio as described in Section 4.1.3- 

After each solution gross weight was determined, the A limit, A- , 

was calculated as explained in Section 4.U, and the rotor blade limits 
were determined by the procedure as explained in Section 4.3. 

The advancing blade rotor limitswere established at 743-foet-per-second 
tip speed by assuming that the blade twist "e" necessary for zero angle 
of attack of the advancing blade at the 125-niile-per-hour design maximum 
speed is used. 
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h.1.2   Tip Acceleration Limits 

In order that all values of CT  in the range specified in Section 1.1.U 

are obtained within the gross weight range given in that section, it is 
necessary to consider the expression for n in terms of C^   and W   By 
rewriting Equation (98) with (2?) and (l8), the following equation is 
obtained: 

^Iro 
n =  

(B5)^ 
U 

TH cb 

818 x IDV, 
(99) 

Then, by appropriate substitutions of W and Cjv. maximum and minimum, 

the maximum and minimum values of n are determined. These values are 
rounded in such a way that each value is an integer multiple of 25 plus 
10 so that a point of 235g is obtained for each hover tip speed if 255 
lies in the range. 

The values of n maximum and n minimum must be determined each time the 
tip speed is changed. 

U.1.3 Establishment of Points of Constant Rated Thrust Loading, Ay 

The  solution values of i-, and n were of a random nature; to obtain 
even integers for plotting, the computer program used a parabolic curve 
for interpolating to provide solutions for selected values of jL, and n. 
Hhis is graphically illustrated by Figure 50. 

Lro 
solu 
tion 

solution 

CiS = . )72 

Tip speed solu- 
tion line 

'Tfl 

|WG = 69,59^ 

W_ solution 

650 

Figure 50. Solution i-,, Cj^   and WG Relationships. 
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Final plots are then constructed to determine the influence of design 
parameters upon gross weight (see Figure 32). Figures 53 and 3^ are 
crossplots derived from Figure 32 to clearly define the relationships 
between tip speed, chord, and gross weight. 

h.2   Method Used to Determine the Optimum Configuration for Use With 
the CAE 337-1 Engine 

Tbie method used to determine the design parameters and configuration 
for use with the CAE 357-1 engine was somewhat different from that 
followed for the generalized engine parametric study. The primary 
difference was that the rated thrust was constant for all solutions 
and a cutoff line was used to eliminate those solutions which did not 
have adequate thrust to satisfy the 6,000-foot pressure altitude, 95 F. 
hover requirement. 

Lines of constant tip acceleration (235g) were then constructed using 
Equation (98) and the above values of tip speed. A tip acceleration 
limit line could then be plotted by connecting intersection points for 
each tip speed. Thus, any point on the n limit line (C^ = .1+2, W = 

78,850 pounds) will meet the cruise-mission requirements. Equation 
(98) shows that increasing the tip acceleration limit would move the 
n limit line to lower gross weights and vice versa. 

By equating the power required to hover at 6,000 feet, 95 F. to the 
power available with eight (four blades with over-under engines) CAE 
357-1 engines, lines of CLJ. versus W were obtained for different 
values of hover tip speed. 0 These lines intersect the constant tip 
acceleration lines previously established, and connecting the common 
tip speed points provides a rated thrust cutoff line. An intersection 
or overlapping of the n limit line and the rated thrust cutoff line 
provides complete mission capability with the thrust rating used to 
construct the rated thrust cutoff line. Figure 3 shows that the par- 
ticular configuration will not meet the complete mission requirement. 
At the time Figure 5 was constructed, the rotor group weight equation 
which had been used in the parametric analysis was under suspicion, and 
preliminary layout work indicated an increase in rotor group weight would 
be required. Figure 3 was therefore constructed using a large increase 
in rotor group weight to determine the effect on the choice of design 
variables. Rotor group weight was found to have little effect on the 
choice of design variables which confirmed the validity of the parametric 
study. The 5-percent increase in rotor group weight determined to be re- 
quired from detailed design layout studies was found to be within the 
excess thrust capability of the configuration used in Figure 3 when 
Equation (73) was used for rotor group weight. 

Increasing the blade chord to 6.5 feet was found to decrease the rotor 
weight by 1,200 pounds; the increase in chord increased power required, 
thereby decreasing thrust at 6,000 feet, 950F. and increasing fuel flow. 
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The net effect i; a fcOO-pound decrease in weight. The configuration 
selected for the .Sodei 1106 Is one with a chord of 6.5 feet, a hover 
tip speed of 650 feet per second, a rotor radius of 55-85 feet, four 
blades, and two CAE Vjl-l  engines, one placed above the other at each 
blade tip. 

The Model 1106 was then checked for mission compliance. The fuel re- 
quired for the mission was computed using the method outlined in Section 
5.5-3 with the design parameters stated in the previous paragraph. The 
empty weight was computed using the design layout rotor group weight; 
other weights were determined from the equations in Sections J-^.i and 
the then current status of the fixed weight items. 

h.}    Aerodynamic Rotor Limitations 

The  solutions obtained in this study have been checked for rotor limita- 
tions at 125 miles per hour design maximum speed. Limitations applied 
are as follows'. 

a) Retreating blade stall at a --- 12°. 

b) The retreating blade drag divergent Mach number versus angle of 
attack is a straight line (Mj. = 9 -OjUöot). 

c) Advancing blade tip Mäch number = .829. 

Condition c) is based on the assumption that the blade is twisted to 
provide zero angle of attack on the advancing blade at the design max- 
imum speed, 

A tip speed of 7^5 feet per second for sea level standard conditions 
is obtained from Equation (57)• 

The retreating blade limits, conditions a) and b), are determined for a 
selected configuration at each of three gross weights by using a set of 
three values of CLr separated by .10 in the equations of Section 3-5-5' 

The set is incremented by .10 until at least one of the limit conditions 
are exceeded; parabolic expressions are fitted, and the intersection with 
the limit is determined as in Figure (51)  The intersection points at 
each of the three gross weights are used to pxot limit lines. 

Two values for blade twist c were used, -10 and -ic . The limiting 
o 

values of CT_ for s = -10 were less than .50 CT1T. at retreating blade 
■^■'TO * o 

stall and in some cases for retreating blade drag divergence. The 
values of CL  for drag divergence and stall were greater than .5 for 

8 = -16 . Since CT  - «5 was set as the maximum allowable, retreating 

blade conditions are not a factor in determining any of the optimum 
solutions. 
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Rctreating blade stall 
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J L 
.05 .15  -25 .55  .^5 .55  .65 .75  «-'Lr 

DD 

LH 

V 

.05 ■ 15 

Retreating blade 
dra^ divergent limit 
C'Lr for one config- 
uration 

.25 .55  A5 .55 .65  -75 

Figure 51. Topical Retreating Blade Limit Cj^    Relationships. 

k.k    Pover Limits 

The power limit for each configuration in the main parametric study is 
determined by solving for a limiting value of A^ T using the military 
rated thrust. 

TIMRTHPv^ - (ihpv^ + Rhpy^ + F.L.)550 

£1 • XJ* 1 P v5 -^ (1.1+67)3 
2 Ko irax. p 

^o 
where 

MRTHP, 
'TH 

= MRTHP.,, 700 l+(V^-700) 1,560 J" 
1.055 v2 (1.U67)2 

max 
2(700)1,560 

(100) 

TOO 

(101) 

Solutions will be valid if the value of A-„ T is larger than A„. The 

study shows that there arc no solutions which are power limited at sea 
level because of the large amount of power available as a result of the 
6,000-foot, 950F- hover requirement. 
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n        LF       CLK) WG        APEL      RR 

160.0 .16082 .5279^ 105857.5 c26.50 82.01 
185.0 •17097 .52579 90956.1 570.22 70.92 
110.0 .18112 .52956 80987.5 559 96 62.U8 
255.0 .19182 .51*072 7U869.O 555.87 55.85 
260.0 .20290 .5565^ 70771.6 5W*.58 50.U7 
285.0 .21U65 .57671 68255.0 565.06 1*6.04 
510.0 .22711 .1*0096 66789.U 59^1 ^2.55 
555.0 .21*026 .U2858 66051.9 650.02 59.17 
560.0 .25^6 .U6059 66057.6 67U.66 56. U5 
585.0 .26988 .U9755 66T06.8 728.60 5U.O8 
UlO.O .28677 .JkOll 68028.5 795.26 52.00 
^55.0 .50552 .59010 700U9.8 871.1U 50.16 

LF       CLBO WG 

.11*000 .55021 151922.7 

.16000 .52856 107257.0 

.18000 .52868 818U5.2 

.20000 .55187 71625.5 

.22000 .58679 67U74.5 

.21*000 .1*2782 66059.1 

.26000 .1*75^ 66198.6 

.28000 .52270 67U2U.6 

.50000 •57515 6959U.2 

.52000 .65052 72012.5 

Legend: n   - Centrlfug»! force field »t tip. 

LF -A-  solution - Total engine rated thru«t to weight 
ratio at solution point. 

CLBO - Cr  solution - Design mean lift coefficient at 

solution point. 

WO  - Wn solution, u 

APEL - A-,, , - A engine limit. 

RR  - R - Rotor radius. 

Figure 59- Typical Computer Output Data - Model 1108. 
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6.0 APPENDIX 

6.1 K^   Derivation 

6.1.1 Tangential Force Effects from Forvard Velocity 

\ 

Nacelle Yaw Drag 
RelatlonahlpB 

where: 

Nacelle profile drag 

Nacelle induced drag 

Lift on nacelle due to yaw angle p 

Leading tangential force with D. • 0 

Lp  Radial force due to yaw lift of the nacelle 

VR  Resultant velocity 

Remaining symbols defined in list of symbols. 

D 

Dl 
L 

L, 

D' - 

D = 

D'cos ^ 

0 „2 

(for small $) 

R (»oi + 62ICt + 62I ^^ ^ 

rD ' 555 

(102) 

(105) 

(101*) 
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,   V cos £ 
p * VT + V sin * 

For small values of ^ , V_ ■ VT + V sin if 

Average power for one revolution is written: 

-2«   V^JD 

^Vavg 2«Jo 555 d* 

(105) 

(106) 

(107) 

Substituting Eijuations (105) and (106) into Equation (105) «nd the result- 
ant in Equation (107), we obtain: 

" ^(1166) VT*hj     L(VT + ^T7 8ln* + V2*1*2*)ami+ ^j^coe^ld* 

" 57(11557 VTpAl[l VT* " ^T7 C0B *+ ^' J «in 2* * |) |5ai 

B^V2^ .in 2* + | ) 1 
2ir 

o 

SOT v^i^l [(v/a.-zv^v2«)^ + B^V2«]» (av^j) | 
P2T\   f.    V   i,.    +6. ,1 (108) 

The small leading component of tangential force due to the difference 
between the induced drag, D^, of the nacelle and the leading force given 
by 

L,  - ^L 
can be neglected because of the relatively high induced drag and because 
neglecting it is conservative. 

The power required due to the forces tangential to the rotor acting on 
the nacelle is written 

(109) 

Drag Force Effects from Radial Force 

The radial force due to the angle ^ and the resultant "lift" force of the 
nacelle is written: 
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L2 = L' = L 
. 1 
2 ^ *!<* (no) 

The conponent of this force in the V direction is then written: 

D = ccs ^ 
L 

PVR v^ 
du) 

Substituting equations (lOU), (105) and (106) into equation (ill) and 
rewriting 

or DL = cos \|f | ^^(V-V cos^-»- V^cos ♦ sin ♦)     (112) 

The power required at any instant or % angle to overcome this drag force 
is: 

PDL=55ÖDL (115) 

The average power required during one revolution of the nacelle is: 

(Vavg " 35Ü ^ f ^ Jo 
(VTV ^ + v2c082* 8ln *)d* 

4|^[vTv(isin^ + |) 

—553—VTV 

555^4 
Y  COS*» 

5   "^ 

2n 

Jo 

(11M 

Equation (11^) can also he written: 

(Vr^ )       * AlBmi £ v 5 I V2     1 *I (PIVavg " -55Ü-2 VT  [^5^ (115) 

This accounts for the power required to overcome "external" drag of the 
rotor system due to the radial component of the nacelle drag due to "lift" 
developed by the yaw angle ^. 

Still to he accounted for is the radial component of the profile drag 
force which contributes to the "external" drag. 

The radial component of the profile drag is written 

Its average power then becomes: 

(116) 
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(IV*vg • 555 f Ä v/o   ^ S+ ^^^^T + v 8ln ♦)2c08 ♦ d* 
^    A   1       f2li\ 9 V^C08 ^ 82T    1 

To slnipllfy t.» Integration, since If Bg * 0, the drag would be a func- 
tion of cos f + V cos t sin % , the sverlge value of vhlch would Integrate 
to 1/2 the naxlnum value of the drag (i.e., that value at i|r « C0 and % - 
l80 ), assuoe that the mean value of the drag equals the average value. 
The maximum value of D» Is also the maximum value of the radial drag com- 
ponent In the direction of the velocity and occurs at ^ maximum or ^ » 0, 
180P, 

4       'w- (ll8) ''max  V^ 

VR i VT (119) 

(Vavg-^l  KK^^^)] 
h      1 „3.  if/v \2 . ^I/V ^ 

From equations (115) and (120), 

Also, the total nacelle power required Is: 

PN ^Ni^N^^V (122) 

Then from equations (109),   (121), and (122) 

where a!, does not Include the radial force effects due to the flow of 
air through the nacelle. That is,the momentum change of th« air flowing 
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through the nacelle In the radial direction is not Included In the K^ 
term. It is, however, used in determining the net rotor horsepower 
and hence in the fuel flow determination through the Cv term of equation 
(^). V 

6.2 Derivation of Equation for Optimum Tip Speed 

Since the optimum tip speed is that which requires minimum engine thrust 
for a given flight condition, we need an expression for Fn which is 

(B   rotorwm^ragJa j 550 
r • a  n        r v,rv 

1  1 055v 
where: Rotor ram drag hp - MRTHP700 (g ^i$fe0(760) 

and where: 

Bhp 
lhpv + Rhp-jjy + Rhpj^ + Phpv + F.L. 

(12U) 

(125) 

(126) 

Differentiating the expression for Fn, equation (12V), with respect to 
V^., the expression 

♦dT   -(lhpv + F.L. + Php« + Rotor ram drag) (550/t)) 

77~ 

^ 
BV^ 2 iy 

U0OY7. ^V 
i250 

(127) 

results if the coefficients for the (V/V-,) terms in the expressions for 
Ky. and K^j. are taken to he zero for purposes of siiqpUflcatlon. The 
second term hecomes: 
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d 
WZ MI-4  Tn^Vv\K) + 

k 

P„, ^o^ /V5 

1100Y vp "^7 \* 
AjT3^) 

PnV      rt   21 x r        ,   Cog, + al)l 

fc^K 
2     ..k 

CWn V^pJp /p) o'^o' 

v^  noor I \*^ 
(6'1+ai) 

i + «=^#^^1= iA^röaj 
550 
▼1 

noor 
2 .   U 

^ AjAoJ 

75 Tiöör \~ bh + Ai5^ j 

T5 nücTT 1 ¥ V^ 

+ 0 - 

1 + 
(B2i+«4) ] V^ 552 

'I 

(128) 

Combining equations (127) and (128) and setting the result equal to zero 
multiplying by Vm  to eliminate negative powers of VIJV. and simplifying 
gives: * 

0 = vT^oXr)(^\ +VV" 
VTV 55° (ihpv + Phpv + F.L. + rotor ram drag HP) - 

2 - !* .^   p' -^vVT^Vvh1^ A1rb21   (129) 

The real positive root of Equation (129) IB the optimum tip speed, Vi 
TV. opt 
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