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The work reported herein is part of a continuing effort of the Applied Technology Labora-
tory to conduct investigations directed toward advancing the state of the art of cargo
handling for Army aircraft. The object of this particular effort was to investigate the
feasibility of a system for determining helicopter lift performance. Such a system would

be used to inform a helicopter pilot of a lifting capability of his aircraft prior to flying

80 that he can be assured that his cargo load does not exceed the capabilities of the
helicopter. Several previous research efforts have been sponsored by the Applied Technology
Laboratory on possible input parameters for a lift performance system. This current

effort includes an assessment of the results of prior efforts.

The results of this study have shown that helicopter lift performance indicator systems that
would inform pilots of the likelihood of successful takeoffs and landings before committing
the aircraft to flight are feasible for the aircraft addressed in the study, except that in the
case of the UH-1, significant redesign of the skid-landing gear would be required to accom-
modate and facilitate incorporation of weight measurement instrumentation. Of the
helicopters surveyed, the CH-47C shows the greatest need for a lift performance indicator
system based on aircraft configuration, load capacities, and typical mission and cargo types.
An in-house investigation which was conducted concurrently with this contractural effort
revealed that a relatively small number of helicopter accidents related to overgross condition
operations occurred with cargo helicopters (i.e., CH-47).

However, as pointed out in the report, there appears to be some validity in the develop-
ment of a weight measurement and center-of-gravity indicating system for use on cargo
helicopters. The state of the art of such systems is such that it should not require
further research efforts but rather could be developed with little difficulty. The decision
to develop such a system is considered to be one for the appropriate aircraft project
manager. it is therefore concluded that no further research work is justified on this sub-
ject by this Laboratory unless a change in the requirements develops.

The technical monitor for this contract was Mr. G. William Hogg, Aeronautical Systems
Division.

DISCLAIMERS

by other authorized documents.

When Government drawings, specificstions, or other data sre used for sny purpose other than in connection
with a definitely related Government procurement operation, the United States Government thereby incurs no
responeibility nor sny obligation whatsosver; and the fact that the Government mey heve formulated, furnished,
or in sny way supplied the seid drawings, specifications, or ather data is not to be regarded by implication or
otherwise a8 in any menner licensing the holder or any other person or eorporation, or conveying sny rights or
permission, to menufacture, use, or sell any patented invention that mey in any way be related thereto.

fho'lndlnplqmnmonmnottoueonmmdumoﬂlemDounmtof(hoAmypoﬂtionuan

Trade names cited in this report do not constitute an official endorssment or approval of the use of such
commercisl herdware or softwers.

DISPOSITION INSTRUCTIONS

Destroy this report when no longer nesded. Do not return it to the originstor.

=A%



Unclassified

SECURIT FICATION OF THIS PAGE (When Date Entered)
READ INSTRUCTIONS
EPORT DOCUMENTATION PAGE pEr EAD INSTRUCTIONS
. REPD 2. GOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER

’g USARTLHTR-T78=5

4. TITLE (and Subtitle)

Final - .

PORT NUPBER

'(/ 78-14821 z =

e RGRANT NU

_zj' Smyz-m-c;dﬂsa

10. PROGRAM ELEMENT, PROJEY
AREA A0

622094 W,’j 178 EK

FEASTBILITY ESTUDY,"

S rROR—
(10 .’W. J.EHarrls—\

9. PERFORMIWORGANIZATION NAME AND ADORESS o
AlResearch Manufacturing Company of California,
2525 W. 190th Street, Torrance, Calif. 90509

MF 4.,

11, CONTROLLING OFFICE NAME AND ADDRESS
Applied Technology Laboratory g/
U.S. Army Research and Technology Laboratorie

(AVRADCOM), Fort Eustis, Virginia 23604
T MONITORING AGENCY NAME & ADDRESS(/f different from Controlling Office)

Zziv_/

6. DISTRIBUTION STATEMENT (of thie Report)

LIFT PERFORMANCE lNDICATOR§YSTEN]
53

3

18. SECURITY CLASS. (of this report)
Unclassifled

T8, D!c&.AlllFICATIOOJ DOWNGRADING
SCHEDULE

Approved for public release; distribution unlimited. '

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, i{ dilferent from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on revecee side {f nacessary and identity by block number)
Hel icopter Maximum power estimation
Per formance Lift performance indicating system
Takeoff and landing capabilities Weight measurement
Maximum |ift estimation

- @ ABSTRACT (Centinue em reverse sids ¥ ry amd fy by block ber)

This report presents the results of a study that was conducted to determine
the feasibility of a hellcopter Iift performance Indicator (LPI) system that
would Inform the pilot of the |ikelihood of a successful takeoff and landing
before committing the alrcraft to flight. The study Iincludes the determina-
tion of the functional requirements (including accuracy) for an LPI system,

l:aghggeclflc helicopters were considered: CH-47C, CH-54B, UH-1H, and UH-60A

— ~

romst
DD ,jan 7 WI3  Eoimon oF 1 wov 65 1S OBSOLETE Unclassiflied

SLCUMTY CLASSIFICATION OF TH!IS PAGE (When Daia Entersd)

> A
14 5%5‘:

09 286
3& 7 S¥3

001

o

;‘{-2:‘;:_»"



Unclossitied

SECURITY CLASMPICATION OF THIS PACE(When Dale Bntered)

No single pertormance crlterlon or measure conveys the capablllty of the
hel lcopter to execute all of the varlous takeott and landing maneuvers.
\|The LP| system should. thereforasbe capable of Informing the pilot of the
vehicle's hovering capabliities (both in and out of ground eftect), ver-
tical and best-alrspeed climb capabilities, and several other pertormance
measures (essentlially the same type of intormation as contalned In the
performance section of the operator's manua! tor the vehicle). This
Intormation should be selectable for reat-time and remote~slte conditlions
(input by the pllot), for both single and dual engine operation, and for
max imum and normal rated power conditlons, Wind velocity effects should
be Included. Generating this inftormation In advance of |Itt-ott requires
that actual vehicle welght be measured. The system should also compute
center ot gravity from measured welght because of Its Impact on perform-
ance capabllity and Its Importance with respect to cargo positioning. ~

A system that will provide the above Informalon is feasible. In the
recommended approach, hellcopter takeotf and landing pertformance capabil |-
ties are calculated from stored vehicle performance characteristics

using ostimated power available for the measured ambient conditions and
measured gross welght. Vehicle performance characteristics are based on
standard flight test results and do not require moditication to reflect
rotor degradation, Power available |s calculated trom standard engine
power avallable functlions moditlied by a callbration tactor extracted from
the standard topping check. Vehicle welght is obtalned by measuring oleo
strut pressures. An antistiction toechnique Is recommanded for maximum
accuracy. In the case ot skid-type landing gear (UH-1H), direct welght
measurement Is not teasible without significant redesign ot the landing
gear to facilitate sensor Instaltation,

A program tor deveiopment ot the LPI system |s recommended and outlIned.

\ " (RS
LA UL

Unclassified
SECURITY CLASSIFICATION OF THIS PAGE(When Data Kntered)




PREFACE

This study was conducted for the Applied Technology Laboratory,
U.S. Army Research and Technology Laboratories (AVRADCOM), Fort Eustis,
Virginia, under Contract DAAJ02-76-C-0036.

AVRADCOM technical direction was provided by Mr. G. W. Hogg.

The study was performed by the Applied Systems Research Group of the
Electronics department of AiResearch Manufacturing Company of California.
The following personnel participated in the program: W. J. Harris, Dr. J. D.
Chang, R. E. Vesque, Dr. J. Kukel, J. E. Minnear, W. H. McCormack, and
B. L. Mellinger.

In conducting interviews with U.S. Army helicopter pilots, the
assistance of the following personnel was essential and is gratefully
acknowledged:

Lt. Colone! S. D. Arnoid, U.S. Army Aircraft Development and
Test Agency, Fort Rucker, Alabama

Major R. Kerrigan, Commanding Officer, 179th Aviation Company,
Fort Carson, Colorado



TABLE OF CONTENTS

PAGE
PREFACE « « o ¢ o o o o ¢ o s o o o o o 5 06 06 0 06 0 0 ¢ 0 ¢ 3
LIST OF ILLUSTRATIONS o o o o o o o ¢ o o ¢ o o o ¢ o o o o o 10
LIST OF TABLES ¢ ¢ o o o o o o o o o 0 6 06 06 06 o 0 0 0 0 oo 13
INTRODUCTION ¢ ¢ o o o o o o o o o o ¢ o o s s o o o o o s o 14
1o1 Background o « o o o o o o ¢ ¢ o ¢ o o ¢ ¢ 6 6 0 o o o o 14
102 APProach « o « o o « o o o o o o s o o ¢ 0 6 8 ¢ o o o o 18

FUmT'ONAL REQU'REMENTS L] L L] L L L] [ ] ] . [ ] L] L] L] L] L] L L] L] L] 22

2.1 Summary of Requirements « ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o s o o ¢ o 22
2.].' Disp'ay variab'es L] . L] L] L] L] L] L] * L] L] L ® L ] L] L) 24
2.].2 Disp'ay MOdeS L] L] L] L ] [ ] L 4 L L] L] L] LJ L] * L] L L] L] L] 28
2.1.3 Other Controls and System Functions « « o « o « & 29
2.1.4 Measurements and ACCur‘aCY e o o 6 6 o 6 o o o o @ 30
2.1.5 Engine Maximum Power Calibration Input . « « « & 31
2,1.6 Supplementary or Growth Functions « ¢« ¢« o« ¢ o o & 31
2.1.7 Typical Operation of the LPI System « « ¢« ¢ « « & 32

2.2 Helicopter Takeoff and Landing Performance
Marg‘ns ] ] [ ] [ ] [ ] L] [ ] L ] [ ] L * L] L] L] L] LJ LJ L] L L L L] L] L 33
2.2.1 Multivariable Display Capability Needed . . « . . 33
2.2.2 Types of Performance Margins « « « o ¢ o o o o & 34
2.2.3 Comparison of Performance Margins « « « « « o o & 35

2.3 Criteria for Assuring Successful Takeoffs and .
Landlngs L] L] * L[] L L] L J L] L] L] L L] L] * ] L] L] L] L ] L] L] L J . L 35

2.4 Accuracy Requirements + o« o o ¢ ¢ ¢ o ¢ o o o o o o o o 41

2.4.1 Accuracy Levels Commensurate With Takeoff and

Landing Performance Margins « « « o o o ¢ o o o & 4]
2.4.2 Maximum Utilization of Hel icopter Cargo

Capac‘fy L . L] L] * L] L] L] L] L] L] [ ] [ ] L[] L] L] L L] L] L] 44
2.4.3 Welght Measurement Accuracy Required

for Cege Calculation « ¢« o ¢ o ¢ o o o o ¢ o o o 46

2.5 Limitations and Constrailnts « « ¢« o o o o o o o o o o o 48

2.5.1 Constraints Imposed by Mission, Terrain,
and PO' 'Cy L] L L] L L] L [ ] [ ] L[] L] L L] L] L] L] L L . L] 49




TABLE OF CONTENTS (Cont)

PAGE
2.5.2 Limitations due to Pilot Technique « « « « & « & 50
2.5.3 Other Limitations « ¢ ¢« o o s ¢ o o ¢ ¢ ¢ ¢ o o 52
2.6 Corrections for Wind Effects « o v ¢ o o ¢ ¢ o o ¢ o & 53
2.6.1 Magnitude of Wind Effects .+ ¢« ¢« o ¢ o ¢« o o ¢ & 55
2,6,2 Treatment of Wind Effects « ¢« ¢« ¢« o ¢« ¢ ¢« ¢ o & 55
2.6.3 Wind Velocity Measurement .+ « ¢« ¢ o o ¢ ¢ o o & 55
2.6.4 Wind Variability and Pilot Technique « ¢« « o « & 60
2.6.5 Estimates for Remote Sites « « ¢« ¢« o o ¢ o ¢ o & 61
2.6.,6 Verification and Army Policy ¢« ¢« o ¢« ¢ o ¢ o o & 61
2.6.7 Wind Velocity Distributions « ¢« ¢ ¢ ¢« ¢ ¢ o « & 61
2.7 Air Density Measurement o o ¢ o ¢ ¢ o » ¢ o o o o o o o 62
2.8 Center of Gravity Measurement . « « o o o o o o o o o o 62
2.8.1 Need for C.g. Measurement . ¢« « ¢ ¢ ¢ ¢ o« o o & 62
2.8.2 Vpg Computation Alternative .« « ¢« o« ¢ o o o o« & 63
209 Pl |°f In*erviews L] L] L L ] * L] . L] L] L] L] L] L] L L] L] * L] L] 64
2.9.1 Pllot Experience with Lift Performance
Limitations « s o o o ¢ ¢ ¢ ¢ o s o o o ¢ o o o 64
2.9.2 Pilot Evaluation of Current Procedures . « « . . 64
2.9.3 Pilot Views on Instrumentation Needs « « « « o & 65
2.9.4 Other Pilot Comments « « + s o« o ¢ ¢ o ¢ o o o & 67
2.9.5 |Influence of Geographic Location of the
AVla*lon Unif L] L] . L] L] L] L] L] * L] L] L] L] L L] L] L] 67
3. WEIGHT MEASlREMENT L] ° L] L] L] L] L] L] L] L] L4 L . L L] L] L] L ] L] L] L] 69
3.1 Comparison of Weight Measurement Approaches .« « ¢« « o & 69
3.1.1 Evaluation Factors « « o o o o ¢« ¢ ¢ o o o o o & 7
3.1.2 Other Factors Bearing on Weight Measurement . . 74
3.1.3 Summary of Basic Advantages and
Disadvantages « ¢ o ¢ ¢ o ¢ ¢ o s o ¢ ¢ o o o o 74
3.2 Oleo Pressure Measurement ApproacheS « ¢« o o s s o o o 74
3.2.1 The Oleo Shock Stirut as a Weight Sensor . . . . 74
3.2.2 The Most Widely Used Technique s« ¢« s« o« ¢ o o o & 77
3.2.3 Stiction: Principal Limitation on Accuracy . . 77
3.2.4 Stiction Compensation and "Unsticking"
TechniqQuUeS « « o o o s o o o s s s s o o o o o o 79
6

{f;.—i’w e

-



3.3 Strain

PN NP - G - N
® © e & s & o s o
NN NNN

e o o o » o e o
OO O S WA —

e

TABLE OF CONTENTS (Cont)

Gage Welght Measurement Approaches . . .

Unsuccessful Retrotit Applications ., . .

3.
3.2 Current Productlon Systems for the DC-10,

8747’ dnd L“O” L N I T T DY R B R )

3.3.3 Outlook for Helicopters . . . . ..

Residual Thrust . « « v ¢ &+ ¢ o ¢ ¢ ¢ & &

.4.1 Reslidual Thrust Characteristics . .
4,2 Means of Handling Residual Thrust .

CALCULATION OF PERFORMANCE CAPABILITIES . . . .
Sumary L] . . . . . . L] L] L] . . L] L] L] L] . L]

4.2 Basic Pertormance Computation Procedures .

Operator's Manual Approach . . . . . ..
Lift Performance Indicator Approach . . .

LPI Calculation Routine for HOGE Capability

Single-Engine Capabilities . . . . . . .
HIGE and Vertical Climb Capabllities . .
Wind Velocity Correctlons . . . . .
Other Pertformance Capabllities . .
Il lustrative Computational Forms .
Varlations from Basic Procedures .

4,3 Definition of Maximum Power Avallable (MPA)

Effects of Operating Limitations on MPA

3.1

3.2 Effects of Engine Controls on MPA . . .
3.3 Effects of Engine Degradation on MPA . .
3.4 Effects of Englne Trimon MPA ., . . . .

Computation of Maximum Power Available

4.4-
4.4

4.5 Rotor Performance Varlation ., . . . . . . .
406 Mechanlza*'on L) * L] L] » L ] L1 ] L] L] L[] L] . L] L] L]

CONCLUS|ONS T ® 8 & & 9 8 ° s 8 8 s T 8 8 o+

Geﬂara ' e 8 6 & & & 8 e e ¢ e T 8 " S & v

| Compensation for Engine Degradation Effects
.2 Treatment of Fuel Control Limiting Mechanisms

PAGE

88
88

89
N

93

93
94

100
100
100
100
103
106
109
110
110
1R R)
m
13
14
114
114
114
120
120

122
129

142
145
147

147



5. b

TABLE_OF CONTENTS (Cont)

Pllot Opinion Survey « ¢ ¢ ¢ o s o o o &
System Requirements + ¢« o ¢« v v o o o o o
Limitations and Constraints s e e s e e
Weight Measurement Tochniques « « « o« « &

Por tormance Capability Estimation « « « &

(‘. R&(:ut‘tN()AT 'ONS . L[] . . . L] [ ] . . . . . . L] .

6.1

6.2

6.3

6.4

6.5

6.0

Breadboard Developmont o « ¢ ¢ ¢« o s « &
Flight Tost o ¢« v o o o v 0 s 0 0 0 o o o
Zero-friction Antistiction Device « « .« .
Dynamic Weight Measurement Mode « « + o &
Advanced Weight Measurament Concopts .

Investigation ot Related Functions « « &

'{tF hREM:[S s e e ¢ & s s & & ® 9§ 8 8 T s s T B 8 o

U'BL'OL“AFHY T & 8 & 8 9 3 B ° ° 0 ¢« e * & s s s

APPENDI X

1.

2.

3.

4,

5.

6.

At AIR DENSITY AND HUMIDITY o ¢ o & o o &
SUMIMArY  « s ¢ ¢ ¢ o ¢ ¢ s 4 o & s s o o
Temperature-Pressure Model for Air Density
Eﬁ.octs on Maximum Avaitable Engine Power
Rotor Thrust Variations with Density . .

Shaft Horsepower and Rotor Speed Influence
C\)Q'ficiontsoo'c.o.nc1000|

Direct Air Density Measurement Devices .

Two Developmental Nucleonic Methode .
Goneral Conments « o« ¢« o o ¢ o o o
Evaluation of Absorption Technique .,
tvaluation of Scatter Technique . . .

&t —

e o o o

148
149
150
15!
159
15%
156

156

1ol
108

105

172
174

7%

179
180

180
181
181
182



APPENDI X

U
2.
3.
4,
APPENDI X
.
2

3.

APPENDI X
ls
2.

3.

TABLE OF CONTENTS (Cont)

B: MATHEMATICAL MODELS FOR GROUND EFFECT, WIND

EFFECT, AND VERTICAL CLIMB CAPABILITY ., . .

ln*rmuc*lon * . L] L] [ ] L ] L] L ] L] L ] L ] . L ] L] L] L]
&-ound Effoc’t . L] L] . L] L] L] L ] L] . L ] . . L] L]
Wind Volocity Effocts o o ¢ o ¢ ¢ o ¢ o o

Ver?ica' Rﬂfe of Cl imb . L] . . . . L] L] . . L]

C: SLIDE-RULE-TYPE LIFT PERFORMANCE COMPUTERS

|nfrOGUCf‘0n ¢ ® 5 &6 & e ¢ & ( S S © & & s 0

Manual Lift Performance Computer for the UH-1H

Aerospatiale Collective Pitch Computer-Indicator

3.1 Operation of Collective Pitch Computer-
Indicator o+ « o« ¢« o ¢ o ¢ o s o o »
3.2 Operation ot the Torquemeter/Thermal
Load Indicator ¢« « o ¢ o ¢« o o s o o
O: WEIGHT AND BALANCE EQUATIONS v « o + + &
Static Case (Rotors Not Turning) « « « « « &

Dynamic Case (Rotors Turning) « « ¢ « o o &

CH-47C Af? Laﬂd‘ng Geaf‘ e & % & & ¢ s e o o

PAGE

183
183
183
187
190
193
193

193

205
205
207

210

1



FIGURE

o

10

1R

12

13

14

15

16

17

18

19

LIST OF ILLUSTRATIONS

Lift Performance Indicator System Concept . . .
ltlustrative LPI Control/Display Panel . . . .
LPI Display Formats « « o« ¢+ o o o o o ¢ ¢ ¢ o
Takeotf and Landing Data Card for CH-54B8 . . .
Takeott and tLanding Data Card tor CH-47C . . .

Alrcratt Partormance Chacklist used by 179th
Aviation Company « o« ¢ ¢ o o s s o s o s o o o

Payload Capabllity vs LPI Accuracy .« « « ¢ o &

CH-47C Forward Landing Gear Shock Strut . . . .

0leo Pressure Characteristic and Means ot Achieving
"Unstick‘ng" L] . L] . L] L] L] L] L] ; L] L] L] L] . L] L] . L]

Schematic ot Fairchild's C-130 Gear Stimulating

SYSTOH\ ¢ & & & 8 © 8 5 & @ 5 & S ° o O O B s O ° o

Fairchild's Peak Pressure Averaging Approach .

Variable Temperature Antistiction Approach . . . .

Incorporation of Electramechanical Actuator in C-141

Main Landing Gear Strut Torque Arm Assembly for

Producing Rotary Oscillation of Piston « ¢« « ¢ ¢ &+ & &

Contiguration of Strain Gage Deflection Sensor Used
the STOW Weight and Balance System .« ¢« « « ¢ « & &

Variations ot Indicated Gross Weight and Center of

Gravity with Longitudinal Stick Position « « « . &

Hover Capability Chart of CH=478 . . « + « + &

Nond imensional HOGE Per formance Characteristics for
Thr“ u‘-‘ MOde' 5 L ] . L ] . L ] L ] L ] L) L ] L) L] [ ] . L] L] [ ] »

Maximum Power Scheduling by Engine Controls « « + &

Maximum Available Power Chart for CH-47C, T55-L-11A
Enginos [ ] L ] * L ] L ] L] . L] . L ] L ] L ] L ] L ] L ] L ] [ ] L[ ] L] 1 ] L ] [ ]

in

PAGE

20

s
37

38

39
47

76

78

81

85

87

a8

101

104

105

107



187

F IGURE

20

21

22

23

24

25

26

27

28

29

30

A-2

B-1

B-3

LIST OF ILLUSTRATIONS (Cont)

LPI Calculation of HOGE Capability .« « o ¢ o ¢ o s o o

Engine Degradation Effects at Constant Gas
Generafor SPOOl Speed . L] L] L L] L4 L] L] L L ] L] L] L] L] . L] L]

Interaction ot Per formance Change and Fuel
Control Droop Characteristic .« o ¢« « ¢ o« ¢ o o o o o

Topping Check Procedure for CH-47C with T55-L-~11A
Engines.....-...............-.-

Thermodynamic Model Maximum Power Available Prediction
Technique L . . L] L] L] L] L] L] L] L] L] L] L] L] . * L] L] . L L] L]

Fuel Control Limit Functions (Transmission Torque Limit
Shown for Reference) « ¢« « o« o o o o o o s ¢ o o o o s

Referred Fuel Flow vs Referred Shaft Horsepower for T53
Engines at Various Stages of Deterioration . « « « « &

Exhaust Gas Temperature at Mil itary Power for T53
Engines at Various Stages of Deterioration . « ¢« ¢ o &

T53-L=-138 Maximum Power Available Process « « « o & « &
Referred Shaft Horsepower vs Referred Gas Generator
Speed for T53 Engines at Various Stages of

Defer iorafion L ] L] L] L] L] L] . . L] L] L] L] * [ ] L] L] L ] L ] * . L]
T53 Referred Shaft Horsepower at Military Power and
Power Turbine Speed Correction as Functions of Ambient
Temperafure L] L ] L] L] . . . . L] L] L] L] L] L] L] . L] * L] L] L[] .

Eftfect of Density Error on Estimate of Gross Weight
Capabi l ify L] L] L] [ ] L] [ ] L * L] L] L4 L] L] L L] L] L] [ ] L] . L] .

Nondimensional Hovering OGE Performance Characteristics
fOl" lH-IH, CH-47C' and CH-54B e e o o o o o s o s o 0

Ground Effect ModelsS « ¢ o« o o o o o s o o o o o s o s
Increased Lift due to Wind Velocity « « o ¢ ¢ o o o o« &
Nondimens ional Excess Power Curves of a Hel icopter

Operating In Ground Effect at Various Constant
Altitudes versus Nondimensional Velocity « « « o o o &

1

PAGE

108

116

118

121

123

131

135

137

139

141

141

176

178
185

188

189

LY
egar

L.

-



LIST OF ILLUSTRATIONS (Cont)

Change In Lift Capability due to Vertical Rate of

ClImMb ¢« ¢ ¢ o ¢ ¢ o ¢ ¢ o o ¢ ¢ ¢ o 0 0 ¢ o ¢
Itlustrative Manual Litt Performance Computer .
Engine Operating Limits - Military Power . . .
Hover ing Out-of-Ground-Effect Chart . « « « . &

HOVOf‘lng 'n‘Ground-EffeC'f Char‘f ¢« o o 5 8 o o o

Aerospatiale Collective Pitch Indicator-Computer

Forces Acting in Static Case « « « ¢ o o o ¢ &

Forces Acting on CH-47C in Dynamic Case « « . «

CH-47C Aft Landing Gear Strut Pressure vs Loading

12

PAGE

192
194
197
198
199
202
206
206
211

j(,‘»p

iaE |

&
e l



TABLE

B-1

B-2

LIST OF TABLES

Criteria tor Assuring Successtul Takeoffs + « « « &
Eftects of LPI Error on Performance Estimates . . .

LPl Accuracy Levels Commensurate with Takeoff and
Land ing Pertormance Margins « « o« « o o v ¢ s ¢ o

Low Alrspeed Sensing Techniques « « « + o s o ¢ o &

Comparison of Weight Measurement Approaches . . « .

Summary >f welight and C.G. Measurement Feasibility at

Various otor Conditions « ¢« o ¢ o o o ¢ ¢ o o o

Ground Effect Models « ¢« ¢« ¢ ¢ o o o o o o s ¢ o o &

Vertical Rate of Climb Capability as a Function ot

Welgthargln....................

13

PAGE
40

a3

45
56

75

95

184

N



1. INTRODUCTION

1.1 BACKGROUND

In a review of U.S. Army operations in Vietnam, Lieutenant Colonels
Watson and Dunham discussed problem areas and suggested a number of
improvements for Army helicopters that would "enhance operational effec-
tiveness and safefy."l Foremost among suggested Improvements for future
Army aircraft was the following:

A performance indicating device that would provide the crew with
accurate and dependable information as to predicted performance
under existing gross weight and atmospheric conditions. The system
should utilize a lightweight computer that would correlate infor-
mation received from a gross weight measuring device with atmosphe-
ric sensors and stored helicopter performance data to determine and
transmit to an instrument in the cockpit the helicopter's predicted
per formance.

The effort reported here was addressed to determining the feasibility
of just such a device--a helicopter |ift performance Indicator (LPl) system
that would inform the pilot of the likelihood of a successful takeoff and
landing before conmitting the aircraft to flight.

Although this is the first program to explore the feasiblility of the
above type of system, several previous efforts sponsored by the Army have
dealt with Important elements of the problem. In 1966, a requirement was
generated for an integral gross woight measurement system for the CH-47
under the provisions of AR 71-1's Expedited Nonstandard Urgent Requirements
for Equipment (ENSURE). This resulted in the side-by-side test in 1967
of two different weight and balance systems on a CH-47 at the U.S. Army
Aviation Test Facility at Edwards Air Force Base, California.© One system
("STAN", supplied by Fairchild) was baszd on oleo pressure measurement, the
other on strain gage sensing of axle deflections ("STOW", supplied by
National Water Lift). Both systems failed to meet performance objectives,
the principal deficiency being excessive error under dynamic weighing con-
ditions (rotors turning at flight idle power level).

The Army apparently concluded that a development effort would be
required to obtain a weight and balance system with the desired performance
characteristics and, for that reason, the ENSURE requirement could not be
met. There is no evidence of any direct follow=-up action to eliminate the
deficliencies noted In the referenced test.

ILYC William R. Watson, Jr., and LTC John R. Dunham, Jr., "Resume of U.S.
Army Hel icopter Operations in Vietnam," Proceedings, American Helicopter
Soclety 24th Annual National Forum, May 8-10, 1968,

aAllyn E. Higgens, et al, Engineering Flight Test of the CH-47 (Chinook)
Helicopter Integral! Weight and Balance Systems (ENSURE), U.S. Army
Aviation Test Activity, Edwards AFB, California, March 1968,
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The Applied Technology Laboratory, U.S. Army Air Mobility Research
and Technology Laboratories (AVRADCOM), has sponsored several contractual
efforts directed toward establishing the feasiblility of obtaining the
var lous necessary parametric Inputs to an LP| system. In perhaps its
ear|lest involvement, the Laboratory sponsored a design study that resulted
In the adaptation ftor the CH-47 of a production weight and balance system
used on the USAF C-130 (National Water Lift's System for Takeoff Weight--
STOW).3 This formed the basis for the system that was later tested In

the ENSURE program,

A more recent effort sponsored by the Applied Technology Laboratory
was directed at solving the principal weight and balance measurement
problem noted in the ear|ler ENSURE effort; namely, dealing with the
residual rotor thrust developed by the helicopter on the ground operating
at flight Idle power (that is, rotor speed at 100 percent or less, collective
at minimum or greater, and cyclic at any position).4

In this effort, an experimental welght and balance system was developed
for the CH-47B. Baslically, this system was an oleo-pressure-type welght
and balance system with provision for residual thrust compensation based
on measurement of the strain In the transmisslion covers produced by rotor
liftt forces. In tests of the Installed system in 1972, statlc weight mea-
surement accuracy was adequate, but large errors occurred in the rotor
lift (strain gage) measurements that were attributed to thermal stresses
and extraneous forces In the dynamic conditlon (that is, production of
deformations unrelated to those produced by the |ifting force). No
further contractual efforts were expended to Improve the rotor Iift
measurement,

One of the reasons for the resldual thrust measurement approach pursued
in the above effort was the conclusion that estimates of residual thrust
based on rotor aerodynamics, an approach Iimplemented in the ear|ler ENSURE
program, cannot be made with sufficient accuracy. Indeed, test results
from the earlier program showed that sometimes the aerodynamic estimate
produced good results and sometimes it did not, with no clear correlation
of the degree of error with any of the test condition variables.

In reviewing the above programs, an apparently important deficlency
in the test procedures In both programs was identified. At worst, this
deficiency may have led to incorrect conclusions regarding test results;

3 Stuart L. Varner, Design Analysis of Integral Welight and Balance System
for Army Cargo Helicopters, USAAVLABS Technical Report 67-50, U.S. Army
Aviation Materliel Laboratories, Fort Eustis, Virginia, August 1967,

AD 664644.

4 Richard L. Dybvad, Helicopter Gross Weight and Center of Gravity Measure-
ment System, USAAMRDL Technical Report /3-66, Eustis Directorate, U.S.
Army Klr Mobility Research and Development Laboratory, Fort Eustls,
Virginia, August 1973, AD 771955.
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at best, it prevents accepting those questionable conclusions (see Welight
Measurement, Section 3). It is possible, for example, that the etticacy
of the theoretically valld method of aerodynamic estimation of residual
{ift may have been incorrectly assessed.

The Applied Technology Laboratory has also sponsored efforts to develop
a technique for predicting the maximum power available from a helicopter's
qas turbine engine prior to liftoff, taking Into account the eftects of
engine peortormance degradatlion as woll as the eftects of ambient condi-
tions.”» O The original objective was to obtalin this adjusted estimate
of maximum power while the alrcraftt is in the loading process by measur-
ing the required engine variables while the engine is at a low power level,
nominally 30 percent. It was found that it is impossible to obtain suf-
ticient accuracy at that power level. The objective was then moditied
to include higher power luvel operation of the engine as might be attained
onroute to the load pickup point or in the last flight.

Theoretical pertormance of the technique for the higher power level
measurements appeared good, but in applying the technique to test cell data
acquired trom engines when they were new (or newly overhauled), and from
the same engines after they had been returned trom the flald at various
stagus of degradation, the accuracy of the resulting maximum power avall-
able estimates for the engines (taken as a whole) was relatively poor,
ovon for measurements taken at 90 percent power. The poor results were
attributed primarily to inadequate instrumentation; but additionally, the
contractor recommended turther analytical investigation of a moditication
ot the original technique that would eliminate, It was thought, error
caused by an unforeseen characteristic ot the data.

The results of the present study show that the above tochnique s not
requisite to the development of the LPl system.

The Applied Technology Laboratory has participated directly and through
sponsorship/ in the development and evatuation of direct density measure-
mont devices. Two different approaches have been evaluated, both employing

5Joseph M. Kos, et al, Feasibility Investigation tor Determining Army
Hel icopter Gas Turbine Englne Maximum Power Available, USAAMRDL Technical
Report 72-58, tustis Directorate, U.S. Army Air Mobility Research and
Doevelopment Laboratory, Fort Eustis, Virginia, February 1973, AD 758461,

6tdward V. Fox, et al, Advanced Feoasibility Investigation tor Determining
Army Helicopter Gas Turblno Engine Maximum Power Available, USAAMRDL
Technical Report 74-49, Eustis Directorate, U.S. Army Air Mobil ity
Research and Development Laboratory, Fort Eustis, Virginlia, August 1974,
AD 786546.

TDonald W. Bl incow, Nuclear Helicopter Air Density Indicating Systam
Flight Tast Program. USAAMRDL Technical Report 74-19, Eustis Directorate,
U.sSe Army Air Mobility Research and Development Laboratory, Fort Eustis,
Virginta, May 1974, AD 7806565,
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radioactive isotopes. Density of the local atmosphere Is sensed in

terms of backscatter (in one approach) and aosorption (in the other) of
radiation. Based on flight tests of experimental units for the two con-
cepts, ATL concluded that better accuracy is aftorded by calculation of
density from measurements of the parameters that significantly influence
it. The findings of this study are that a pressure-temperature model

for density produces variations in the resulting calculated performance
capabilities of the helicopter no larger than about +0.4 percent over the
applicable flight envelope, compared to using a pertfect density measure-
ment.

Another U.S. Army organization, the Avionics Laboratory of the Army
Electronics Command, has been involved for several years in the development
of a Hel icopter Lift Margin System (HLMS) through its participation in the
Joint Army Navy Aircraft Instrumentation Research (JANAIR) Program sponsor-
ship of that development effort.

The approach implemented by the HLMS depends on measuring the effective
gross weight of the aircraft. This is obtained by hovering the he!icopter
out-of-ground effect and converting the power required to sustain the heli-

copter to an equivalent weight using a nominal lift vs power characteristic
for the hellicopter. This effective gross weight Is stored so that, there-
after, a "lift margin" can be calculated by estimating the maximum power

avallable for the current ambient conditions, converting this to maximum
avallable I1ft by using the same relationship used In the effective weight
calculation, and then subtracting the effective gross weight (that was
stored earlier). The resulting |ift margin is applicable only to hover
out-of-ground effect (HOGE) conditions.

The key aspect of this approach is the weighing maneuver., The effec-
tive weight that is obtained corresponds to actual weight to the extent
that the maneuver achieves a steady HOGE with zero relative wind and zero
rate of climb.

The HLMS program culminated in the flight test of the system on a
UH-IM hel icopter by the U.S. Army Aviation Engineering Flight Activity at
Edwards Air Force Base, California.8 Based on the evaluation of system
operation and test results, it was concluded that (1) addition of a suit-
able low airspeed measurement to improve the accuracy of the weighing
maneuver, and (2) elimination of the requirement to HOGE prior to having
lift margin information available would result in an operationally suit-
able system,

No further development of this system has taken place.

8 Daumants Belte, et al, Helicopter Lift Marqin System and Low Speed
Per formance Evaluation, USAAEFA Project No. 73-01, U.S. Army Aviation
Engineering Flight Activity, Edwards Air Force Base, California, August
1977.
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Ona other Army-sponsored program of note was sponsored by the Land
War fare Laboratory, Aberdeen Proving Ground, Maryland.9 This study resulted
In the development and test of a manually operated, slide-rule-type device
for determining power margin for the UH-IH helicopter. The concept that
was implemented Is a somowhat more sophisticated version of the power
margin check that Is currently prescribed in the UH-IH Operator's Manual
and that is implemented by means of an instruction placard in the UH-IH
cockplt. (Review of this procedure, incidentally, shows that it over-
states performance capabilities at density altitudes below about 10,000
ft, and that is probably virtually worthless at a place such as Fort
Rucker where the geometric altitude is less than 500 tt.)

Commercial and private helicopters share a similar lack of instrumenta-
tion In the lift performance area. There are no production gross weight
measurement systems on any helicopters. Aerospatiale installs a colloctive
pitch indicator-computer (a manual, slide-rule-type device) on some of its
hel icopters that functions as a sort of power margin and effective gross
woight calculator.

In the fixed-wing area, weight and balance measurement systems have
become a standard option for large jet alrcraftt (e.g., 747, DC-10, L-1011),
and hundreds of oleo pressure weight and balance systems have beon retrofit
to other aircraft (DC-8, DC-9, 707, 737, Vanguard, Falcon 20, Gulfstream ||,
DH-C5). Presently flying production weight and balance systems include
both oleo pressure and strain gage deflection measurement systems.

Compared to weight measurement for fixed-wing alrcratt, helicopters do
not prasent any unique design requirements except where skid-type landing
gear are vsed and except for handling residual thrust.

1.2  APPROACH

Earlier offorts at definition and development of the equivalent of an
LPI system have been based on the premise that a particular item of Informa-
tion (usually some measure of capability over the requirement connected
with HOGE) is a necessary and sufficlent indication relative to takeoff
and landing capabilities. Having set up what appeared to be an arbltrary
criterion, success was then measured in terms of the ability to meet that
goal.

In contrast, one of the objectives of this study was to define the
requirements of a system that would provide an indication of tha potential
success of takeoff and landing In advance of liftoff. This objective was
pureued by analyzing the various helicopter takeoff and landing modes to
identify the key performance capabilities required and the efftect of varia-
tions In these capabilities on potential takeoff and landing success. This

9 E. Kisielowski and E. Fraundorf, Helicopter Payload Capability Indicator,
Technical Report No. LWL-CR-02M69, U.S. Army Land Warfare Laboratory,
Aberdeen Proving Ground, Maryland, March 1971, AD 723436,
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resulted in the definition of basic information that should be furnished to
the pllot as well as fundamental accuracy requirements.

It was found that no single performance criterion or measure can convey
the capability of the helicopter to execute all of the various takeoff and
landing maneuvers. For example, where it is necessary to perform a vertical
takeoff, the performance capability in question is vertical climb rate capa-
bility (a capabliity of at least 300 fpm is normally required). In a dif-
ferent situation, a 15-percent power margin at a 5-ft hover might indicate
adequate capability.

The result was the definition of requirements as reflected in the sys-
tem illustration in Figure 1, |t was found that the LPI system should be
capable of informing the pilot of the vehicle's hovering capabilities (both
OGE and IGE), climb capabilities (both vertical and at best airspeed), and
several other performance measures--in short, the system should provide
essentially the same types of performance information that is contained in
the performance section of the operator's manual for the vehicle. Addi-
tionally, the system should provide the measured gross weight of the vehicle
and the computed c.g. Both of these items are critical to performance capa-
bility and both are limited irrespective of the performance capability of
the hel icopter.

In the recommended approach, lift performance is calculated in two
basic steps. First, maximum available power is computed from a relatively
simple nominal schedule of normalized power vs ambient temperature that
describes the action of the engine controls, This value is adjusted by a
simple calibration constant to account for trim variation from the nominal
engine power schedule and is muitiplied by the measured amblient pressure to
obtain actual engine power. This power level is limited by a fixed-value
transmission power or torque !imitation., Alternative single-engine and
normal rated power display modes are obtained by simply using different
multiplicative constants,

The power computed Iin the first step is used in the second step to
compute the desired performance capabilities. The basis of these computa-
tions Is a set of performance characteristics that have been derived from
flight tests of a representative aircraft. The typlcal characteristic
consists of a nonlinear curve relating nondimensional parameters and allow-
ing the desired performance capability to be computed based on inputs of
power, air density, and vehicle weight.

Veliicle weight is obtained by measuring oleo strut pressure. An anti- i
friction technique is used for maximum accuracy. Other required sensors
include amblent pressure and temperature. Measurement of cargo hook |oads
is also recoomended. Engine torque is input to the system for use in
approximating fuel used for calculating performance capsbiiities just before
landing.
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e

The |ift performance computer would consist of a digital computer
synthesized from large scale integrated circuit (LS|) microcomputer set
camponents. The system would be accurate to within approximately 3 percent
(in terms of vehicle gross weight), which is considered a minimum acceptable
level .
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2. FUNCTIONAL REQUIREMENTS

One of the fundamental tasks of this study was to derive realistic
functional requirements for a |ift performance indicator (LPI) system. This
was accomplished primarily by dissecting the various helicopter takeoff and
landing modes to identify the key performance capabilities required and the
effects of variations in these capabilities on potential takeoff and landing
success. This resulted in the definition of basic information that should
be furnished to the pilot as well as fundamental accuracy requirements.

Factors affecting he!icopter performance capabilities were analyzed to
determine measurement and computational requirements. The analytical effort
was supplemented by interviews of pilots to gain their perspective and views
of the functional requirements of an LPI,

2.1 SUMMARY OF REQUIREMENTS

The intended function of the LPl system is to furnish the pilot with
information that will enable him to determine the |ikelihood of a successful
takeoff and landing before committing the hel icopter to flight. This objec-
tive rules out power margin approaches where the relative capability of the
hel icopter is estimated while airborne by comparing actual power usage to
maximum available power. Actual weight measurement is required.

Approaches considered in the past for this type of system have gen-
erally been aimed at supplying a single performance capablility index, such
as the excess of maximum available |ift over vehicle weight for HOGE, termed
"litt margin". Use of a single index seems to ignore the diverse modes of
takeoff and landing that are performed with the helicopter. With the aid
of supplementary charts, a single index could be extended to cover other
situations, but this Is counter to the objective of the system.

The LPI system should be capable of informing the pitot of the vehi-
cle's hovering capabilities (both OGE and IGE), climb capabilities (both
vertical and at best airspeed), and several other performance measures--in
short, the system should provide essentially the same types of performance
information as contained in the performance section of the operator's manual
for the vehicle. Additionally, the system should provide the measured gross
weight of the vehicle and the computed c.g. Both of these items are criti-
cal to performance capability and both are |imited irrespective of the
per formance capability of the hel icopter.

For the purpose of discussing LP| functional requirements, a display
and control panel is shown in Figure 2. The panel illustrated contains 13
latching, |it-when-selected pushbuttons for selecting information to be
displayed by the system and one pushbutton for storing measured gross
weight in the system memory (for later use with weight-off struts).

22
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Figure 2. |llustrative LPI Control/Display Panel.
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2.1.1 Display Variables

The pertormance capabilities of the helicopter are computed from its
measured gross weight, estimated power capabilities for the ambient temper-
ature and pressure, and stored performance characteristics. The latter
includes the entire range of performance characteristics that determine the
vehicle's capability to execute the various possible modes of takeoff and
landing. A particular capability is selected for display by the pilot by
actuating the applicable pushbutton. A selected pushbutton is backlighted
and remains in effect until another display variable is selected.

The performance variables or margins selected for display are described
below. The type of information tnat would be displayed is illustrated in
Figure 3.

2.1.1.1 HOGE Welght Margin

The HOGE weight margin is eqeal to the maximum vehicle gross weight
that can be supported out-of-ground effect minus the actual, measured weight
of the vehicle. A negative weight margin indicates insufficient power
available for hovering and also indicates the amount of weight that would
have to be removed to achieve hovering capability, HOGE capability is
required for nap~of-the-earth (NOE) operation and can also be necessary for
vertical takeoffs and landings in confined areas (e.g., a clearing within
a forest).

In Figure 3, the illustrative display for HOGE weight margin shows that
the hel icopter has enough power to support an additional 3173 Ib at HOGE
(but at zero vertical climb capability).

2.1.1.2 HIGE Weight Margin

The HIGE weight margin is equal to the maximum gross weight that can
be supported at the typical hovering height of the helicopter at which the
"hefore takeoff check" is performed (10 ft+ for the CH-47 and CH-54) minus
the actual weight of the helicopter. This margin could be calculated for
a variable height input by the pilot, but that appears to be an unnecessary
complication. HIGE weight margin is potentially very useful as a criterion
for normal and maximum performance takeoffs because it can directly relate
excess power requirements to vehicle gross weight, Indicating the additional
weight that could be added, or the weight that should be removed. If used,
it would replace HIGE power margin. The illustrated display shows that an
additional 6345 |b could be supported at a 10-ft hover but with zero power
reserve.

2.1.1.3 HIGE Power Margin

This is the power equivalent of the preceding HIGE weight margin. This
per formance characteristic Is very attractive for several reasons, (1) it
has been in use a long time so it is readily accepted, (2) it can be related
to several takeoff mode power requirements (and is widely used for that),
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Figure 3. LPI Display Formats.
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and (3) It is the only performance moasure that can actually be verified by
the pllot before executing a takeoft profile (before entering a hazardous
region of the height velocity graph). Thus, the pilot can obtaln a fair
measure of verification of all the LPI performance estimates by verifying
the HIGE power margin. This verification would be accurate to within about
+5 percent under most conditions--not sufticient to check the accuracy of
the system, but sufficient to detect problems. Power required for HIGE |s
somewhat insensitive to wind velocities bolow about 20 knots, so the veori-
ticatlon would be applicable to the basic zoro wind estimates.

2.1.1.4 Powear Available

Avallable power is computed in order to compute performance capabil-
Itles. The capability of displaying this variable is dusired for two
reasons. First, the plilot must presently consult charts in his flight man-
ual in order to determine maximum available power, oxcept insofar as he is
able to recognize those combinations of amblent temperature and pressure
tor which engine power exceeds the transmission |imitation (below about
7000 ft density altitude for the CH-47C and CH-548). For these conditions,
the maximum power is equal to tha transmission | imitation (red-lined on the
torquemeters). For a given helicopter, the dual-engine |Iimitations are
ditferent from single-engine |imitations. .Second, in performing the topping
check (maximum power check) for the englines, special charts must again be
consulted to determine the values of torque that should be obtalned. The
display of power avallable would provide the intormation needed for both
uses.

The illustrative display is applicable to the CH-47C. The max imum
torque Is equal to the transmission |imitation ot 78 percent for each
engine for a total of 15 percent. Also displayed are the ambient tempera-
ture and pressure altitude used in the computation. This is merely a con-
venient mode In which to display the latter data which are used for every
display variable. |f the single-ongine mode had been selected, a single
torque value would have been displayed equal to the actua! maximum torque
avallable from the engine (for the displayed ambient conditions, approxi-
mately 87 percent).

2.1.1.5 Vertical Climb

Vertical climb rate capability is easily computed from HOGE welight
margin, and can be estimated in the same way. The criterion applied to
vertical climb rate appears to be quite uniform: a minimum capability of
300 fpm climb rate is advised for this mode of takeoff.

The sample display also |llustrates the use ot the REMOTE SITE mode.
In this mode, the temperature and pressure altitude values Input by the
pliot are used to compute the performance capabillties. The equivalent
density altitude is displayed for reference (11,300 ft DA in the figure).
The displayed climb capablility of =322 fpm shows that if the pilot attempted
to HOGE under those conditions, he would sink at a rate of 322 fpm.
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2.,1.1,6 Best Airspeed Climb

This selection would provide the airspeed at which maximum climb rate
is obtained and the magnitude of that rate. In the sample display format,
the output for single-engine mode is shown. This particular mode of opera-
‘tion Illustrates the possible use of the LPl system in an emergency; namely,
engine failure. For this condition, the system informs the pilot of the
best airspeed and resulting climb rate to expect for the prevailing ambient
conditions. (If the helicopter were at altitude when the failure occurred,
the climb rate would improve as the vehicle descended.) The 179th Aviation
Company uses this capability as a safe-flight criterion: the single-engine
climb rate must be no lower than -500 fpm for the CH-47C. The CH-47C opera-
tor's manual specifies that at least a 500 fpm climb rate at best airspeed
Is required for rolling takeoffs.

2.1.1,7 Obstacle Clearance Distance

This selection would provide the takeoff distances necessary to clear
a “J~ft obstacle in the maximum performance takeoff mode. Two distances
would be provided: (1) the approximate distance required to achieve rota-
tion speed (distance needed to accelerate to that speed--specified at 23
knots |AS for the CH-54B and 35 to 40 knots for the CH-47C), and (2) the
total distance needed to clear the 50-ft obstacle. In the example display,
the distance shown is zero feet, the standard method of showing that the
helicopter Is capable of vertical takeoff.

Obstacle clearance distances are not always included in the performance
section of the helicopter operator's manuals (none for the CH-47C). Also,
these distances are strong functions of wind velocity, but wind velocity
correction data is not normally available. Pilot technique is also impor=-
tant. The display of obstacle clearance distances could therefore prove to
be controversial.*

2.1.1.8 Weight and Balance

Weight and balance are Important in their own right. Gross weight is
limited Irrespective of performance capabilities, and c.g. is limited as a.
function of gross weight. Exceedance of a c.g. limit should probably be
indicated in some manner by the display. It may prove desirable to be able
to manually input gross weight to the LP! to provide preloading planning
capabllity.

In the CARGO HOOK mode, the measured cargo hook load would also be
indicated and the c.g. display logic would be suppressed. (I|f the c.g. Is
within limits without the cargo hook load, it will remain within limits as
loads are added to the cargo hook.)

*0Obstacle clearance landing distances, where defined, should also be con-
sidered for display.
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2.1.2 Display Modes

The mode pushbuttons cause the performance capabilities to be computed
tor special conditions. The mode selections are not mutually exclusive,
and one or more can be selected at the same time. A common selection
would be single-engine operation for the remote site. |f a mode push-
button Is not selected, the basic operating mode is selected by default.

2.1.2.1 Basic Jperating Mode

The basic operating mode is as follows:

(1) Two-engine operation (as applicable)

(2) Present measured ambient pressure and temperature
(3) Maximum power

(4) Cargo hook signal locked out

2.1.2.2 Special Operating Modes

The purposes of the special modes are described below.

2.1.2.2.1 Single Engine

Applicable to two-engine hel icopters, this mode causes the performance
characteristics to be computed for single-engine operation. These charac-
teristics are applicable to emergency operation, and are therefore appli-
cable to in-flight operation as well as flight planning (these are the
hash-marked pages in the performance section).

2.1.2.2.2 Remote Site

This mode causes the LPI computer to use the manually selected tempera-
ture and pressure altitude values representing conditions at the landing
site. Seventy percent of Army hel icopter accidents occur during landings.
The plilot can also estimate fuel use and Input that to the system for the
remote-site computation.

2.1.2.2.3 Normal! Rated Power

This Is the maxImum power level that can be used continuously (as
opposed to the maximum or takeoff ratings that generally correspond to
max imum available power levels that are time-limited). Performance capa-
bilities computed for this power rating cannot be characterized as vital
information, yet this information is invariably included in the operator's
manual .
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2.1.2.2.4 Cargo Hook

Cargo hook load measurements would be locked out unless this mode is
activated. The principal conslideration is accuracy and display formatting.
The cargo hook signal could probably be locked out automatically.

2,1.3 Other Controls and System Functions

2.1.3.1 Remote-Site Inputs

To determine performance capability at a remote site (or at the same
site later in the day), the pilot must manually supply the applicable
temperature and pressure by means of thumbwheel inputs, for example.

2.1.3.2 Fuel Used

This Is also provided for the remote-site computation, the idea being
that the present weight minus the estimated amount of fuel to be used would
yield the weight at the remote site. The fuel-used dial would be spring~
loaded to zero pounds. It might prove convenient to have a more generic
capabllity, either a plus and minus change-of-waight dial or thumbwheel
inputs.

2.1.3.3 Automatic Weight Updating

Vehicle gross welght changes as fuel is used. To be able to estimate
performance margins just prior to landing, the system Integrates fuel
flow rate using fuel flow signals (if available) or torque. Torque is
proportional to fuel flow and can yield a reasonably accurate estimate of
fuel usage for this purpose. Since vehicle weight Is measured as the force
exerted on the landing struts or axles, initial gross weight must be stored
in memory before the helicopter leaves the ground. This is accomplished by
means of the store weight control.

2.1.3.4 Store Weight Control

The measured gross weight of the vehicie would be smoothed or filtered
to eliminate minor fluctuations for display. This smoothed value would be
stored in memory upon actuation of the pushbutton labeled STORE WEIGHT. In
the cargo hook mode, actuation of that button would store the current value
of the measured cargo hook load.

2.1.3.5 Flight Idle Weight Correction

This Is a mode selection provision applicable only to weight measure-
ment. Normally, gross weight would be measured with the engines off. The
tiight Idle mode introduces a correction to account for the thrust of the
rotor(s) at the flight idle power level for weight measurement. The method
of correction is discussed in Section 3. The correction procedure requires
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that the pilot position the collective at minimum, maintain rotor rpm at
100 percent, and center the cyclic. This conforms to currently prescribed
procedures.

2.1.3.6 Wind Velocity Correction

A dial Is shown for manually inserting wind velocity as estimated by
the pilot or read from a low airspeed sensor. The dial Is spring loaded
to zero. Wind velocity affects all the performance variables except best
airspeed climb; however, wind velocity correction data Is not normally
available for all the performance margins, in particular the HIGE margins
and obstacle clearance distance. Where wind corrections are not available
or policy prevents their use, a message could be displayed to indicate
that. In other cases, the pilot would observe the change in capability
as he dialed in the wind velocity.

2.1.4 Measurements and Accuracy

Overall LP| accuracy required is to within +3 percent. This is equiv-
alent to a 3-percent error in the gross weight measurement or a 3-percent
error In the computed maximum available |ift. Performance margin equiva-
lencies are described later.

Center of gravity is computed from the vehicle weight measurements.
Desired c.g. accuracy is to within +1 in. (+3 in. could be tolerated). This
imposes an accuracy requirement on gross welghf to within +1 percent (this
is target accuracy, somewhat larger errors could be tolerated).

Required measurements and corresponding maximum aliowable errors are
listed below:

Measurement Max. Allowable Error
Gross weight +1 percent (target)
Ambient temperature +I°C

Ambient pressure +0.5 percent

Cargo hook |oad +2 percent

Fuel flow* +5 percent

Pitch angle*® 1°C

*|f available; otherwise use fuse! flow analog (e.g., torque)
**Angle formed by longitudinal reference axis of vehicle with respect
to the gravimetric horizontal plane.

The ambient temperature and pressure accuracles are moderate with
respect to currently available aircraft instrumentation, but are suffici=-
ently high that they can almost be neglected in a root-of-summed-squares
(RSS) summation of errors.
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2.1.5 Engine Maximum Power Calibration Input

As discussed in Section 4, all hellicopter engine controls provide for
adjusting the maximum power output of the engine, i.e., the power developed
for maximum throttle input demands. This adjustment Is checked when the
engine Is Installed by causing the ongine to deliver maximum power (under
the condition that transmisslion limitations are not axceoded). This top-
ping check Is performed periodically thereatter, or whenever the controls
are suspected of being out of tolerance. Tolerances on the maximum power
adjustment range from +2 to +4 percent. To avoid this error, a calibration
Input for the maximum power point Is requirod.

As noted earlier, the LPI display of power available can be usod in
performing the topping check. The procedure would consist of setting the
calibration input for the engine to zero (nominal). The topping check would
then be made, using the power available display as a guide. [f the ongine
max imum power Is within limits, then the calibration [nput would be adjusted
until the power available display agreed with the actual power (torque)
indication. This could be done in real time or following the flight by
using the remote-site mode.

2.1.6 Supplementary or Growth Functions

Several additional functions should be considered tor the LPI system.
These are not required to fultill the basic system objectives, but repre-
sent suitable extensions of system capabilities on the basis of their
functional and technical relationship to baseline LPl functions and capa-
bilities. Functions recommended for consideration are described below.

2.1.6.1 Engine Pressure Ratio (EPR) for CH-54B

For the CH-54B, maximum power is controlled by the pilot by adhering
to an EPR schedule provided in the operator's manual. Computation of this
EPR value, which is a function of amblent temperature and pressure, Is
obviously suited to the LP| system. This variable would be displayed for
the power available selection.

2.1,6.2 Range and Endurance

All of the variables required to compute range and endurance infor-
mation for the aircraft are available within the LPl system. With the
relatively simple addition of the required performance characteristics,
range and endurance computation could be added to the LPIl system. With
this addition, the entire performance section of the operator's manual
would be incorporated within the LP| system and would be available to
the pilot at the touch of a button--the electronic performance |ibrary.
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2.1.6.3 Engine Performance Tracking

Engine degradation can produce significant changes in maximum available
power. |f the changes exceed the tolerances on maximum power, then accord-
ing to present maintenance practice, the engine controls require adjustment.
Techniques for predicting the maximum power available following degradation,
based on measurements made at part-power conditions, have been Investigated;
but the prediction errors are larger than the tolerances prescribed for top-
ping checks. In lieu of an automatic technique, the most reasonable approach
Is to track engine performance and check maximum power available (topping)
whenever significant variations in performance occur. The present Health
Inspection Test (HIT) check or tre types of operations performed by an Auto-
matic Inspection, Diagnosis, and Prognosis System (AIDAPS) could be Incor-
porated within the LP| system with the addition of the appropriate, already
instrumented, engine parameters. This function is not considered critical
to implementation of the LPI concept. Methods of establishing and checking
max imum available power already exist and appear sufficiently accurate in
terms of the procedures and tolerances used to support accurate LP| oper-
ation. Moreover, the LPI system would provide outputs that would Indicate
the need to recheck maximum power. This function is therefore considered a
worthwhile growth function. (This topic is discussed further in Section 4.)

2.1.6.4 Vpe Computation

With no additional variables, the LPl! system could perform the computa-
tion of the never-exceed airspeed presently performed with a manual s!ide-
rule-type device by CH-47 pilots. With the accurate gross weight and c.g.
available to the LPI, this Vpg computation might also be competitive with
the cruise-quide-indicator system that is proposed for the CH-47C. (This
topic is considered further in Section 2.8.)

2.1.7 Typical Operation of the LPI| System

During the course of loading the helicopter, the crew would have the
LPI display weight and balance to observe weight and c.g. limitations. At
the completion of loading (or earlier), the system would be interrogated
for the desired takeoff and landing performance estimates. For these
estimates to be made, the store weight pushbutton would be actuated to store
the measured weight in the LPI computer memory. Performance variables would
then be selected as desired for computation and display.

The particular variables and modes selected would depend on the parti-
cular situation (e.g., terrain, vehicle weight, and unit policy). Gross
welght, ambient conditions, and a key performance estimate might be recorded
in a logs The pilot might also wish to dia! in the estimated wind velocity
and observe the increase in performance margins, especially If the zero-wind
values were marginal.

Estimated performance for the landing zone might also be obtained,

especially it the takeoff performance were marginal or if the landing zone
were in a confined area or at a higher density altitude, or both. For this
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ostimate, the pilot would dial in the estimated temperature and pressure

al titude for the landing zone and select the remote-site mode. Here again,
the Increased performance available due to headwinds could be observed if
the wind velocity at the landing site were known. For a closer estimate of
land ing pertormance, the pilot could dial in an estimate of the amount of
fuel that will be used before landing. The pilot can observe the effects
of inaccurate estimates for all of these variables by varying the appro-
priate input values (e.g., the reduction in vertical climb capability for
a 5-degree rise in ambient temperature).

Initial, before takeoff gross weight is stored in the LP| memory.
During the flight, this value is updated for fuel used. Landing performance
astimates can then be updated near the point of landing with an accurate
measure of gross weight and with current ambient conditions.

During the flight, the LP! system could be set to the single-engine
mode to provide emergency information If needed. Other tasks, such a Vpg
computation and display, could also be considered.

Even in Its most basic form, the LP! system Is multifunctional. Before
the flight, it is a flight planning aid, indicating the takeoff and landing
modes that are available on the basis of required performance margins.
During cargo loading, it is a real time loading aid, showing the position
of vehicle c.g. as loads are positioned and secured. Following loading, it
is a safety device, allowing comparison of takeoff and landing pertformance
marglins with safe-range criteria.

In pertorming these basic functions, the system generates information
that can be used for several special purposes. Engine topping check infor-
mation and single-enyine emergency information are the prime examples. With
the parameters that the system uses and with Its computational capabilities,
several other functions can be considered for the system as a natural out-
growth.

2.2 HELICOPTER TAKEOFF AND LANDING PERFORMANCE MARGINS

2.2.1 Multivariable Display Capability Needed

In contrast with fixed-wind aircratt, helicopters can take off and
land in a variety of ways. As a result, no single performance criterion or
measure can convey the capabil ity of the helicopter to execute all of those
maneuvers. For example, where it Is necsssary to perform a vertical takeoff,
the performance capability in question is vertical c!imb rate capability (a
capability of at least 300 fpm is normally required). In a different situ-
ation, a 15-percent power margin at a 5-ft hover might indicate adequate
capability.

One performance margin descriptor could be made to serve, however,

since all possible margins are functions of the same variables (ignoring
wind and ground effects). For example, if the variable were |ift margin for
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HOGE for the CH-47, then a margin of 1500 Ib might be required for vertical
takeoff, whereas -3000 |b might be sufficient for a rolling takeoff. The
obvious problem with this approach is the confusion that could be caused by
limits that are both variable in magnitude and sign. This would also tend
to obscure the physical significance of the limit. Moreover, the relation-
ship between the various modes is altered by the effects of wind and ground
proximity.,

It appears, therefore, that in order to use a single performance margin
for all takeoff and landing modes, it would be necessary to employ supple-
mental charts and graphs to interpret the display. But this sort of depen-
dence on handbook material, which is inconvenient for cockpit use, is one
of the factors that contributes to the need for an LPI system. This is,
therefore, an undesirable solution, and it is concluded that the LP! system
should have multivariable display capability that will provide directly
usable and physically significant performance margin data.

2.2.2 Types of Performance Margins

Several types of performance margins can be used (in at least some
instances) to convey the capability of the helicopter to execute a given
maneuver. The possibilities are briefly described below.

2.2.2.1 Lift Margin

This is a term of relatively restricted applicability, since it has
physical significance only in relation to the hovering capabli!lity of the
helicopter (OGE or IGE). In that context, it is equal to the maximum ‘
welight that could be supported by the helicopter (at maximum power for the |
given ambient conditions) minus the actual weight of the hel icopter. |

2.2.2.2 MWeight Margin

This measure has somewhat broader applicability and is equal to the
maximum gross weight at which a given maneuver could be performed (for
maximum power at given ambient conditions) minus the actual weight of the
hel icopter. With respect to hovering capability, weight margin would be
equal to |ift margin (given the same source of actual weight). But unlike
lift margin, one could speak of the weight margin for a 300 fpm vertical
climb.

2.2.2.3 Power Margin

Power margin is the reserve power that would be available when perform-
Ing a specific maneuver. For example, if a 500 fpm climb at best climb air-
speed required 2000 shp and the maximum power available for the current
ambient conditions were 2500, then the power margin would be 500 shp. Power
margin has broad applicability and is similar to weight margin.

=4
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2.2.2.4 Performance Margins in Terms of Absolute Capabilities

The margin can be expressed in terms of the capability In question.
For example, In the case of vertical climb capabllity, the performance
margin is directly reflected in the aestimate of the absolute capability,
because tha oxcess of lift capability over gross weight determines the
vertical climb capability. (HOGE weight margin expressed as a percentage
of gross weight can be directly converted to vertical climb capability.)
Other performance capabilities that are direct performance margins are
maximum climb rate at best airspeed, minimum takeoff and landing distances
for obstacle clearance, and hover ceilings.

2.2.3 Comparison of Performance Margins

There is no clearly superior single way of expressing performance
margins for the various operating modes. Lift margin seems to convey a
physically significant quantity with respect to hover capability. Weight
margin corresponds closely to the flight planning process where charts in
the operator's manual are used to determine the maximum gross weight at
which a required capability can be achieved. Power margin most closaly
corresponds with present procedures in the cockpit and is also attractive
because it is one of the few measures that can be easily verified in
selected instances. For example, an estimate of the power margin for a
10-ft+ hover could be checked fairly accurately for most conditions, whereas
checking the accuracy of a lift margin estimate would require converting an
observed power margin to lift margin.

Power margin Is viewed as a necessary display capability that would
be used primarily to check the validity ot LPl system operation., A typical
operating procedure is envisionaed in which the pilot obtains, among other
measures, the estimated power margin at HIGE (10-ft hover for CH-47 or
CH=-54) and maximum power capabillity for the measured ambient conditions.
Then, during his hover check just prior to takeoff, he observes the power
level of the engines and the corresponding actual power margin. For proper
LPIl system operation, the observed power margin should agree with that
margin predicted by the LPl (which can be displayed at the same time that
the pilot makes the hover check). This simple check would provide a test
of overall LPI system operation and assurance that the remainder of the LPI
variable displays are within tolerance.

Power margin Is therefoie considered a display variable of general
utility. The remainder of the performance margins are considered useful
insofar as they relate to the specific takeoff and landing modes.

2.3 CRITERIA FOR ASSURING SUCCESSFUL TAKEOFFS AND LANDINGS

The operator's manual for each helicopter contains nominal procedures
for the various possible takeoff and landing modes and conditions. Each
manual also includes criteria and guidelines for determining the capability
of the helicopter to execute the various maneuvers. Most of this informa-
tion is provided for flight planning (such as the maximum gross weight that
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can be supported in HOGE), but some operational guidelines are also provided
such as power margin checks,

For the CH-47C and CH-54B, a "Takeoff and Landing Data Card" is pub-
lished as part of the Operator's and Crew Member's Checklist. In the per-
formance data section of the operator's manuals for those aircraft, the
pilot is advised to fill out the data card (i.e., a local reproduction of
it) in the course of his analysis of the flight for mission planning. The
data card can then be used for reference prior to takeoff and landing.

Figures 4 and 5 reproduce those data cards. They are of interest here
insofar as they summarize an official U.S. Army view of information needed
in the cockpit for reference prior to takeoff and landing.

Interviews of pilots (Section 2.9) indicate, however, that these data
cards are not used. For most missions in the typical aviation unit, where
loads do not come close to the maximum capability of the helicopter, ample
performance margins are assured. Even when the information is needed, there
are several drawbacks that discourage the use of the data card:

(1) It takes considerable time to extract the information from the
performance charts.

(2) Changes in ambient conditions can invalidate the resuits.
(3) Actual gross weight estimates are unreliable and inaccurate.

Figure 6 shows a checklist that is actually used by an operational
unit for Ct:-47 operations. The unit is the 179th Aviation Company and is
located at Ft. Carson, Colorado, nearly 6000 ft above sea level. The
safety criterion that this unit uses pertains to single-engine emergency
operation, for which they wish to |limit the sink rate at best climb air-
speed to no more than 500 fpm. The use of a single criterion strikes a
balance between the quantity of information that would be useful and the
quality of Information that this based on changeable ambient conditions
and unreliable gross weight information. |t will be shown later that rate
of climb at best airspeed is least sensitive to measure errors, so it
represents a good choice from that point-of-view.

To focus further on what is needed, Table | presents criteria for
assuring successful takeoffs for the various takeoff modes used by Army
helicopters. (The information also applies to landing insofar as the types
of modes and performance data of interest.) The table lists the general
conditions that prompt the use of a particuiar mode, the nominal procedures
fol lowed in executing the takeoff, and the information and nominal limits
that can be used to estimate the capability of the helicopter to execute
the takeoff. The information listed is a composite of the procedures for
the helicopters reviewed in the study.
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Figure 5. Takeoff and Landing Data Card for CH-47C.
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Table 1| and the takeoff and landing checklists clearly indicate the
types of information that should be furnished to the pilot--hover capa-
bilities, climb capabilities, obstacle clearance distances, and power
margins. Required accuracy is examined next.

2.4 ACCURACY REQUIREMENTS

None of the previous etftorts described in Section | include any deri-
vation ot the accuracy that should be required of a welght and balance or
LPI system. In most cases, however, a target or "required" accuracy of
+1 percent is quoted. Usage of the | percent number appears to be a rule
of thumb; if accuracy Is within 1 percent, it is probably more than ade-
quate; if it Is not within | percent, then someone will have to determine
it it is sutficient.

in this study, an attempt was made to derive a realistic accuracy
requirement for the LPI system. LPI performance was considered in its
refation to satety and cargo transport efficiency. In considering satety,
the relation between LPl1 error and predicted performance in the varlous
takeoff and landing modes was derived. The results show that errors as
large as about +3 percent® can be tolerated without making special allow=
ances such as increasing required performance margins,

In conslidering cargo transport efticiency, the approach taken was to
assume that a cargo allowance would be made equivalent to the maximum pos-
sible LPI error. The results show that the present 37 percent eftficiency
level can be raised to 99 percent for LPl accuracy to within 3 percent,

Finally, the accuracy required for the c.g. computation, based on
Cegs limits, was used to set an independent requirement on weight measure-
ment accuracy. A required c.,g. accuracy between t1 and *+3 in. Is recom-
mended for helicopters in the CH-47 and CH-54 class. To achieve this
accuracy, gross welght measurement accuracy to within +1 to +3 percent is
requireds A target accuracy ot t1 porcent is recommendoed.

It i35 concluded that LPI system accuracy to within 3 percent Is
cons Istent with application objectives and that gross weith measuremant
accuracy to within +1 percent is desirable, although degraded accuracy to
+3 percent may be acceptable.

2.4.1 Accuracy Levels Commensurate With Yakeoff and Landing Performance
Marqins

Each of the various takeotf and landing modes of the hellcopter has,
in general, a designated performance margin that is a criterion tor the
adequacy of performance capability relative to that mode. For oxample, tor
the Instrument takeoff mode for the CH-47C, the operator's manual specifles

TAIl arrerc N 5 2
All errors and tolerances described here are equivalent to percentages of
vehicle maximum gross weight, unless stated otherwise.
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a 15-percent power margin at a 10-ft hover for executing that takeoff.
Similarly, the equivalent of a 15-percent power margin at a 2-ft hover is
specified for contined area takeoffs of the UH-1H, whereas only about a
7-percent margin is designated for a normal takeoff. Errors in the LPI
system can be related to the above performance margins to determine accu-
racy levels that are commensurate with those margins.

Table 2 lists the effect of errors in the LP| system on resulting per-
formance capability estimates. For example, the vertical rate of climb
capabl lity of the helicopter is calculated from maximum power avallable for
the measured ambient conditions, the measured gross weight of the vehicle,
and the vertical rate of climb performance characteristics of the vehicle.
| f the measured gross weight were in error by | percent, then the calculated
vertical rate of climb would be in error by 70 to 100 fpm, depending on the
helicopter type. (The tabulated effects were developed from data for the
UH-1, CH-47, and CH-54.) The last two entries in the table are for reference
only and show the | percent values of takeoff weights of the study helicop-
ters in pounds, and the changes in lift capability produced by various wind
vaelocities.

In the basic |ift performance calculation procedure, performance capa-
bility is calculated from measurements of vehicle gross weight and ambient
pressure and temperature. In Table 2, the effects of LPIl errors are tabu-
lated for a | percent error in weight measurement, or its equivalent. The
relative etfects of ambient temperature and pressure errors vs gross weight
errors are given below:

ab at AGH
P P Gw
In-torque limited regime 1/3 -1/3 1.0
Out=~of-torque limited regime 1.0 -1.1 1,0
where P = ambient pressure
T = ambient temperature (in absolute units)
GW = measured gross weight

In the torque-timited regime (transmission torque limit), maximum avail-
able power Is fixed at the transmission torque limit and is, therefore, not
a function of ambient conditions. The result is that in this regime, errors
In pressure and temperature have a relatively smal! effect on the performance
estimate. The above tabulation shows that a l-percent error in pressure has
only one-third the effect of a l-percent error in the weight measurement in
that regime.

Outside that regime, where maximum regime power .is less than the
transmission limit, maximum available power is a function of ambient condi-
tions and a l-percent error in pressure or temperature is approximately
equivalent to a l-percent error in gross weight. For the CH-47C and
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TABLE 2

EFFECTS OF LPI ERROR ON PERFORMANCE ESTIMATES

Performance Variable Eftect or Equivalent of | Percent LP| Error*
Vertical rate of climb 70 to 100 fpm

Rate of climb at best 40 to 55 fpm .

airspeed

Single~engine rate of 25 to 40 fpm

climb at best airspeed

Distance to clear 50-ft 1.6 to 3.2 percent change in distance
obstacle (max perform-
ance takeoff)

HOGE capabi lity I percent change in weight capabllity

HOGE ceiling capability 620 to 850 ft change below 7000 ft density
altitude, 290 ft change above 7000 ft density

altitude
HIGE capabi lity 0.6 to 1.3 tt change in height capability at
5 ft
Power margin 1.5 porcent change (for 1 percent weight error)

Takeof f weight (maximum) Ut=1H: 95 Ib; UTTAS: 200 Iib;
CH=-47C: 460 Ib; CH=-54B: 470 Ib

Wind velocities tor UH-1H: 5, 13, and 20 knots
| percent, 5 percent, CH-54B: 7, 15, and 20 knots
and 10 percent changes CH-47C: 8, 19, and 28 knots
in 1ift capability (for

HOGE)

* | percent error in weight measurement or In estimation of basic lift
capabi lity.
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CH-54B, the torque-limited range extends up to about 7000-ft density

altitude, so most of the time temperature and pressure errors have a
relatively small effect.

Table 3 lists LPI accuracy levels that appear consistent with the
per formance margins designated for the varlous takeoff and landing modes.
The first column in the table lists the performance capability and the
typical performance margin prescribed for that mode (based on procedures
tor the study aircraft). The second column lists the LP| error equivalent
to the performance margin. Finally, the third column |ists a suggested
max imum allowable LP| error that appears consistent with the extent to
which the performance margin could vary without compromising safety.

The most stringent requirement appears to be the vertical takeoff and
landing modes. The normal minimum performance margin standard for vertical
takeoff is 300 fpm climb capability, and 100 fpm is defined as the overload
limit (l.e., If a vertical climb rate of 100 fpm cannot be achieved, the
aircraft is overloaded for that mode). This Implies a tolerance of 200 fpm
which transliates to an LPI tolerance of +2 to +3 percent, depending on the
speclflic hel icopter.

Also listed in Table 3 is the single-engine sink rate |imit used by
the 179th Aviation Company as a takeoff criterion for the CH-47C and a cor-
responding suggested LP| tolerance based on that |imit. The sink rate
criterion appears to be matched to the landing gear Impact |imitation of
sink rate no greater than about 450 fpm (this |imit approximates the
limits for all the study helicopters). Here again, vertical landings
impose the more stringent requirement, a maximum LP| tolerance of +2 to
*3 percent appearing consistent with the condition,

Reviewing the tolerances developed in Table 3, it appears that the
LP! system could be used without making allowance for error if the total
system error were limited to approximately +2 to +3 percent. With larger
errors (or with a more conservative approach), some allowance for error
could be required in using the LPl system to determine loading capabil-
itys In other words, some degree of cargo carrying capability, or effi-
ciency would be sacrificed to compensate for LP| errors In order that
safety would not be compromised.

2.4.2 Maximum Utilization of Helicopter Cargo Capacity

Applied Technology Laboratory analysis of statistics on U.S. Army
hel icopter cargo operations shows that the average hel icopter cargo load
weighs about 37 percent of the hellcopter's maximum payload weight
capacity. Installation of 'lift performance Indicators will not neces-
sarily improve cargo carrying efficiency, but one can derive the degree
of accuracy that would be required in the Indicator system to support a
certain level of efficlency. This is done below,
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TABLE 3

LP! ACCURACY LEVELS COMMENSURATE WITH TAKEOFF
AND LANDING PERFORMANCE MARGINS

Per formance Capabi|ity
and Nominal Margin

Equivalent LP| Error®

Suggested Max Tolerances:
Marqin and LP| Error¥*

Normal hovering takeoff,
7 percent power margin

Obstacle clearance take-
off, 15 percent power
margin

Instrument takeoff,
15 percent power
margin

Rolling takeoff,
500 fpm climb

Vertical takeoff,
300 fpm climb

One engine climb rate,
500 fpm sink rate
[ imitiees

Landing gear limitations:

Vertical landing

Normal landing

7 percent (power
available)

15 percent (power
available)

15 percent (power
available)

1.8 to 2.5 percent
per 100 fpm (climb
at best alrspeed)

! to 1.5 percent per
100 fpm

2.5 to 4 percent per
100 fpm (climb at
best alrspeed)

+3.4 percent power margin
+2.5 percent LP| error

+4.5 percent power margin®**

+3 percent LPI error

+4,5 percent power margin%¥#

43 percent LPI error

#120 to 165 fpm
+3 percent LPI error

+200 fpm

+2 to +3 percent LP| error

+100 fpm

+2.5 to 4 percent LP! error

ground contact at sink rate <450 fpm

! to 1.5 percent per
100 fpm

1.8 to 2.5 percent
per 100 fpm

4200 fpm

12 to +3 percent LPI error

4200 fpm

+3.6 to +5 percent LP| error

GCA landing mode: 500 fpm rate of climb desired for missed approach
(see rolling takeoff)

NOTES:

* Where LP| error considered as gross weight measurement error or error
In estimation of basic lift capability, unless otherwise indicated.
** Pl error expressed as percent of gross weight.
#%% Fquivalent to 5- to 10-percent increase in distance to clear 50-ft

obstacle.

##%%* Single engine failure emergency.

criterion by 179th Aviation Co., USA.
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I+ the LP! system were used as the basis for loading the helicopter,
then it would be possible to assure safe operation by allowing for the
maximum possible error in the indication. For example, if the maximum
arror possible were 500 |b, then the safe maximum load would equal the
maximum load capacity minus 500 Ib. Figure 7 summarizes this approach
and defines an effectiveness factor equal to the percentage of the maxi-
mum load that could be carried after allowing for LPl errors. Maximum
payloads are listed for the helicopters, and the effectiveness factors
for the helicopters are plotted as functions of LPl error in percent.

Under these ground rules, it can be seen that the 37 percent loading
could be raised to 95 percent with LPI| errors limited to no greater than
about 3 percent. Achieving high levels of cargo carrying effectiveness
does not appear to impose a severe accuracy requirement.

2.,4.3 MWeight Measurement Accuracy Required for C.g. Calculation

The general form of the calculation of the longitudinal location of
the vehicle c.gs is
+
e xl(wl + wg) + xz(w3 wh) .
cg w]+w2+w3+wu
where Xc¢g is the location of the c.g. (from the longitudinal reference
point), X, and X2 are the distances to the forward and rear struts, W

and W2 are the measured weights on the forward struts, and W; and W, are
the measured weights on the rear struts.

Ignoring the independent effect of ground slope on the c.g. measure=-
ment, errors in c.g. are obviously related to errors in the separate ’
weight measurements. |f a distribution of errors in the individual
measurements Is assumed, then c.ge. error can be related directly to
gross weight error. This has been done for the CH-47 and CH-54 as .
shown below:

C.g. Error/GW Error

Error Distribution (in./percent)
CH=-47C
All error in main (fwd) struts 0.75
All error in rear struts 1.95
Equal percentage errors 1.0 to 1.15 . |
CH-548

All error in main (rear) struts 0.5
Alt error in nose strut 2.4
Equal percentage errors 0.8
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The equal percentage error distribution is most likely, so the c.g.
error sensitivity Is taken as 1.0 in. per percent error in gross weight.

The c.g. limit ranges at minimum weight for the CH-47C and CH-54B
are 48 in., and 26 in., respectively. At maximum weight, the ranges are
15 in. and 18 in. Maximum errors in c.g. beyond about 7-1/2 and 9 in.
(respectively) at maximum weight conditions appear to make the measure-
ment of questionable value because one could not be absolutely sure that
the c.g. was within limits. |f the errors were distributed normally and
the actual c.g. locations were distributed uniformly, then 13 percent of
the c.g. locations actually within limits would appear out of limits, and
13 percent of the out-of-limit locations within 3¢ of the c.g. limit
boundaries would appear within limits. Thus, although this degree of
accuracy is not as bad as it might first appear, it is still probably
intolerable.

It appears that an accuracy on the order of +3 in. is tolerable.
This would cause about 4 percent of acceptable c.g. locations to appear
unacceptable. Viewed another way, the limit could be contracted an
inch on either side to restrict exceedances of the original limit to no
more than about 1 in.

A target accuracy of *+1 in. Is recommended, at maximum weight with
degraded accuracy at lower weight levels consistent with the expansion

of the allowable c.g. range, as illustrated below for the CH-47C and
CH-54B.
Weight Allowable
Range C.g. Location Range Target Accuracy
(Ib) (in.) (ind) {in.)
CH-47C < 28,550 301 - 349 48 3.2
33,000 310 - 338 28 1.9
44,800 319 - 336 17 1.1
246,000 320 - 335 15 1.0
CH-548B <30,000 323 - 349 26 1.5
38,000 326 - 346 20 el
>42,000 328 - 346 18 1.0

For equal weight measurement error distribution (the most |ikely
distribution), c.g. error sensitivity is approximately 1 in. per per-
cent error in gross weight. Therefore, based on required c.g. accuracy,
the commensurate gross weight accuracy required Is to within 1 to 3
percent, with 1 percent a desirable target accuracy.

2.5 LIMITATIONS AND CONSTRAINTS
Signiticant limitations and constraints applicable to the use of the

LPI are identified heres In general, constraints are factors such as
geographic location of an aviation unit that affect the potential value
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of the information provided by the LPI system. These factors do not have
a direct influence on the design of the LPI, but they could influence Army
policy regarding implementation.

Limitations are factors (other than technological) that affect the
accuracy to which helicopter performance capability can be estimated or
that affect the extent to which the performance capability is effectively
utilized. Effective utilization is principally a function of pilot
technique.

The limitations and constraints, although significant, do not com-
promise the potential utility of the LPI system concept.

2.5.1 Constraints Imposed by Mission, Terrain, and Policy

The LPI system will be most useful under the following conditions:
Mission=-long range, heavy cargo
Region--high density altitude (e.g., high desert)

Takeoff and landing sites--confined area (e.g., mountainous
terrain)

Unit policy--maximum load per LPI

Mission determines the type of load, and the type of load determines
the need for LPI, at least to a certain extent. Cargo loads, particularly
internal cargo loads, present a more challenging situation for the heli-
copter pilot for the following reasons:

(1) Gross weight and c.g. can be estimated more accurately for per-
sonnel or armament than for cargo.

(2) Personnel loads are standard and require only superficial weight
and balance checking.

(3) Personnel loads can exceed the gross weight capabilities of the
vehicle only at extreme density altitudes (e.g., CH-47C two-
engine HOGE capability equals maximum gross weight with troop
load at about 15,000~ft density altitude; with one engine out,
sink rate is within acceptable !imits up to about 15,000-ft
density altitude).

The LPI| system will be of more value in regions of high density
altitudes because of the diminished performance margins available. For
example, there is a 10,00C~-1b difference between HOGE capabilities at
sea level and 12,000 ft density altitudes for the CH-47C.

Local terrain conditions also exert a strong influence on performance
capabi lity because they determine the takeoff or landing modes that can be
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used. For example, with no operational restrictions, the CH-47C can take
off at its top gros