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A study was conducted to evaluate the 300,000-byte version of the
C=81 AGAJ74 helicopter simulation program'a capability for predic-
tion of performance, rotor dynamic loads, and stability for soft-
in-plane hingeless rotor halicoptera. Available test data were
compiled for the BO-105 single-rotor helicopter to provide a basis
for evaluation of computer program analytical results. Results
indicated good correlation for trim and performance, and reason-
able correlation for main rotor alternating flap bending moments.
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20. ABSTRACT (continued)

Poorer correlation was obtained for main rotor chord and shaft
bending momenta. Poor agreement was obtained for response to
control inputs in hover and at 100 knots; this may have been

due to selection of too large a numerical integration interval.
Approximately the same damping was indicated by test and analy-
8ls for aesrvelastic ltabilitx. Attempts to compare C-B8l results
for control power and stability derivativas with analytical re-
sults from Boeing Vertol's ¥-32 computer program were not success-
ful, BSignificant differences were attributed to restraint of
blade flapping in C=B8l during these computations,

R

FIED

SECUMITY CLASMFICATION OF THIS FAQE(When Data l‘nmod)

et ek b 0 il B o v A k2o e o\l i i s bt




T

BUMMARY

A study was conducted to evaluate the capability of the 300,000-
byte version of the C-Bl AGAJ74 Rotorcraft Flight sSimulation
Program, developed by the Bell Helicopter Company, to predict
performance, dynamic loads, and stability for hingeless rotor
helicopters, Available test data for the BO~105 hingeless rotor
helicopter were compiled. Basic data describing rotor blade
asrodynamic coefficients, fuselage aerodynamic coefficients,
mass and inertia data, rotor blade modal data, geometric data,
horizontal stabilizer aerodynamic data, and control system data
were also compiled.

The BO=~105 helicopter has a four-hladed soft~in-plane hingeless
main rotor, and was initially designed for about 4400 pounds
gross weight, Data were available from early flight tests con=
ducted in West Germany in mid=1970 by Messerschmitt=Boelkow-
Blohm (MBB), manufacturer of the BO~105, Data included trim
versus airspeed, and main rotor blade and shaft loads in hanked
turns and during pullup and pushover maneuvers. A limited
amount of performance data was also available, Data from more
recent tests conducted at Boeing Vertol were also available for
blade loads in level flight. Unpublished data were available
from tests conducted by MBB to evaluate aeroelastic stability.

C-81 computer program runs were made for flight conditions cor=-
responding to f£light test conditions. Analytical results for
trim versus airspeed were in good agreement with test data.
C~81 main rotor flap bending moments versus blade radius were
in reasonable agreement with test data for alternating, l/rev,
and 3/rev content. The analytical main rotor blade 5/rev flap
bending moments versus blade radius were well below test values,
This is probably due to the simplified induced velocity dis=-
tribution used in the 300K version of the C~81 program. Main
rotor blade alternating and l/rev chord bending moments near
the blade root were overpredicted by C-81.

Power required versus speed in level flight, maximum rate of
climb, and speed for maximum rate of climb were in agreement
with data reported by MBB. For banked turns, predicted main
rotor blade root flap bending moments and longitudinal cyclice
were in reasonable agreement with test data, while predicted
main rotor shaft bending moment, root chord bending moment,
and lateral cyclic were not.

The agreement between analytical and test results was poor for
pullup and pushover maneuvers when the maneuver option was
used in C=8l1. More pitch=roll coupling was indicated by




; analysis results than by test data. A numerical integration
R interval of 30 degrees was used in these calculations. This

C was only about 3.1 integration intervals per period of the
highest frequency blade mode and may have affected some of
these results, Becauge of high computing .osts for the maneuver
cases, the integration interval could not be reduced to the
By recommended 10 integration intervals for the period of the high-

R est frequency mode, i.e., the 3.87/rev main rotor blade first
h torsional mode.

Results for collective pitch dumps at 80, 100, and 123 knots
Y ghowed good agreement for vertical accelerations and the cor=-
4 rect trend for pitch attitude versus time. '

Stability analysis results for dynamic pitch stability period
o} and time to double amplitude were not in good agreement with

R test data. An attempt to compare C-81 results for stability

k. derlvatives and control power with Boeing Vertol's Y=92 trim

! program results was aborted due to differences in assumpticus
$ about rotor blade flapping. Programming changes to allow this
W conparison have been developed by Bell Helicopter Co, These

- changes were not received in time for incorporation in the C=-Bl
g program and rerunning the stability derivative cases.

; Aeroelastic stability was evaluated by comparing decay of chord
ﬁ : bending momenta after excitation by sinusoidal cyclic control
| inputs. C-8l results showed aboui. the same damping of air reso- !
nance modes as was indicated by test data.

As a result of this study, minor changes to the C=~Bl program
are suggested to account for differences in rotor blade center
of gravity and aerodynamic center along the blade radius.
These affect blade torsion moment calculations.

Results indlcate that C=-81 18 a useful tocol for predicting trim k
and performance data for a soft-in-plane hingeless rotor heli-

copter, The predicted envelope of alternating flap bending

- locads versus radius can be roughly predicted by ¢-8l1, while the

g alternating chord bending moment at the root cannot,

Lt A st o e L

8 Time to prepare input data was not excessive conaidering the '

3 potential capability of the C-8l1 program. Documentation of the . !

3 C-81 program was quite good and was very helpful in accomplish= 5
ing the extensive task of compilation of input data for the
BO-.1.05 ]

Computer running costs are considered to be excessive for the

maneuver analysis.
ﬁ " The available test data used to evaluate C=8l were incomplete J
S in some instances. Shaft bending moment data reported by !MBB d
!
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may not be the resultant shaft bending in maneuvers. A spe-
cific test program to obtain a data base for evaluation of hel=-
icopter and rotor simulation analytical programs is recommended.

Additional work should be conducted to evaluate Llade load
prediction capability, particularly at low ailrspeeds. The
blade load evaluation should be done using the 600K version

of the C=-8l1 program which employs a more detailed rotor~-induced
velocity description,

Only a limited amount of blade and pitch link load evaluations
were conducted in the time available under the present study.
Further evaluation of loads by harmonic content and effecti nf
airspeed, gross weight, and altitude should be studied.
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PREFACE

This study was conducted for the Eustis Directorate, U.S.
Army Alr Mobility Research and Development Laboratory, under
Contract DAAJO02-74~C=0051, Technical monitor for the Eustis
Directorate was G. T. White III.

The study compared analytical results from the C=81 300K
AGAJ74 helicopter simulation program with test data for a
hingeless rctor helicopter. (The C-81 program was developed
by Bell Helicopter Company, partially under contract to
Bustis Directorate.) Analysis and test results are compared
for performance, dynamic loada, and stability fq‘ the BO=-105
goft-in=-plane single~rotor helicopter.

P. J. Tarzanin was project manager and J. A, Staley was project
engineer at Boeing Vertol Company. !Mary Haley of Boeing
Computer Services provided computer programming support and
valuable experience from use of earlier versions of the C-81
computer program. Aerodynamic data for the BO=-105 cambered
airfoil blade was compiled by J. McMullen and L, Dadone of the
Vertol Aerodynamics group., V. Capurgo assisted in compiling
fuselage and rotor blade aerodynamic data. J. Fries provided
support in comparison of stability derivative data from C-81
and Boeing Vurtol's ¥Y=92 trim program. C. Chen conducted the
analysis for aeroelastic stability and computed main rotor
blade coupled flap=-lag-torsion modes. J. Davis and I. Alansky
agsisted in evaluating stability and control results. Test
data were provided by MBB for comparison with analytical
ragults,
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1. INTRODUCTION

l.1 C-8l1 PROGRAM DLVELOPMENT AND USE

The helicopter flight simulation program referred to as C=81
wag evolved over the years, since the early 1960's. The pro-
gram was developed by Bell Helicopter Company. Portions of
the development were funded under contract to the Eustis
Directorate, U.S. Army Alr Mobility Research and Development
Laboratory (USAAMRDL). 'The analytical model which evolved
included:

o Six rigid-body fuselage modes

® Two rotors

e Up to 8ix blade modes

e Up to seven blades per rotor

® Two pylon degrees of freedom per rotor

® Unsteady rotor aerodynamics

e Time-variant aercelastic rotor analysis

® Automatic control package

e Capability for analysis of an isolated rotor (wind
tunnel model)

¢ Aerodynamic surface and control surface, and external
stores or aerodynamic brake representations

® Multiple airfoll representation along the blade span

® Induced velocity downwash distribution as a function
of advance ratio, inflow ratio, blade station, and
blade azimuth

e Rotor wake at each aerodynamic surface

® Alternate numerical inteygration methods

® Alternate trim procedures

12
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These features are described in detail in References 1, 2, and
3 for the 1974 version (Version AGAJ74) of C=-8l.

The program computes aircraft trim, stability derivatives and
control power, and time histories of aircraft and blade motions
and loads during maneuvers. The AGAJ72 version (1972 version)
of the program was used by Boeing Vertol for computation of
aircraft g loading and control loads duxing maneuvers and for
evaluation of aervelastic stabllity. Boeing Vertcl has also
provided data for input to C=8l in proposals for new helicopters
submitted to the Army in recent years.

1.2 CURRENT VERSION OF THE C=81 PROGRAM

A revised version of the pruyram, AGAJ74, was scheduled for
release in mid=1974, This program was to include capabillity

for reading into storage five sets of rotor blade C., Cpr and

C,, aerodynamic tables as well as a set of rotor-indHced velocity
dlstribution tables., MThese latter tables would be a function
of (1) advance ratio, (2) inflow ratio, (3) radial station and
(4) rotor harmonic; consequently, the table would be four=-
dimensional with a storage requirement for 16,000 constants.
This version of the program would require 600,000 bytes of com-
puter storage. This storage requirement was too large, however,
for practical use on computer facilities available to Boeing
Vertol. Wlith computer facilities available in mid=1974, the
600,000-byte storage requirement would have limited computer
use to weekend operution.

A smaller version of the program requiring only about 300,000
bytas of storage was also avallable. This version was limited
to storage for two airfoil tablea and used simplified equa-
tions bullt into the program for computing the rotor=induced

1. Davig, J. M., Bennett, R. L., Blankenship, B.L., ROTORCRAFT FLIGHT
SIMULATION WITH AEROELASTIC ROTOR AND IMPROVED AERODYNAMIC REFRESENTA-
TION, Volume I--Engineer's Manual, Bell Helicopter Company; USAAMRDL
Technical Report 74~10A, Eustis Directorate, U.S. Army Air Mobility
Research and Development Laboratory, Fort Eustis, Virginia, June 1974.

2. Davis, J. M., Bennett, R. L., Blankenship, B. L., ROTORCRAFT FLIGHT
SIMULATION WITH AEROELASTIC ROTOR AND IMPROVED AERODYNAMIC REPRESENTA-
TION, Volume II-User'e Manual, Bell Helicopter Company; USAAMRDL
Technical Report 74=-10B, Eustls Directorate, U.S. Army Air Mobility
Research and Development Laboratory, Fort Eustis, Virginia, June 1974,

3. Davis, J. M., Bennett, R. L., Blankenship, B. L., ROTORCRAFT PFLIGHT
SIMULATION WITH AEROELASTIC ROTOR AND IMPROVED AERODYNAMIC REPRESENTA-
TION, Volume III--Programmer's Manual, Bell Helicopter Company;
USAAMRDL Technlcal Report 74-10C, Eustis Directorate, U.S. Army Air
Mobility Research and Development Laboratory, Fort Eustis, Virginia,
June 1974,
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velocity distributions, The simplified computation of rotor-
induced veliocity would result in a reduced capability to com-
SN pute higher harmonic blade and hub vibratory loads but was
probably adequate for calculation of trim and blade loads
through the third harmonic.

1.3 PLAN FOR EVALUATION OF C-8l FOR HINGELESS ROTOR AIRCRAFT

Under Contract DAAJ02-~74-C-0051, Boeing Vertol would conduct a
: program using the 300,000-byte version of C=81 "to examine and

5. evaluate the capability of the Rotorcraft Flight Simulation

b, Program C-81 (AGA74 version) to predict performance, dynamic

! loads, and stability of hingeless rotors." This would be ac-

; complished by comparison of selected flight test data with cal-
i culated results for the BO-105 hingeless rotor aircraft.

’g 1.4 BO=105 DESCRIPTION

The BO-105 helicopter, shown in Figure 1, is a single-rotor
5-peat hellcopter with a soft-in-plane hingeless main rotor,
fiberglass main rotor blades, and two free-turbine engines.
Layout studies of the helicopter were begun in 1962 by T

x Messerschmitt-Boelkow~-Blohm (MBB). A fiberglass four=bladed Y
rotor was subsequently developed, and the first flight test of f
the ailrcraft took place in 1967.

—_

o e B o

j Data recorded by MBB during 1971 f£light testing of the V4 air-
craft were made available to Boeing Vertol as part of a licens~- !
ing agreement with Boeing Vertol for sales of the aircraft in !
the United States. This test aircraft had two Allison 250-Cl8 ’
free-turbine engines with 270 maximum continuous horsepower o
each, at sea level standard, Translated MBB reports provide L
performance and maneuver data from these tests, Additional b
‘ testing was conducted at Boeing Vertol on aircraft 850, Level
; flight blade load data were obtained during these tests, T

1.5 TERMINOLOGY

5 . In general, Boeiny Vertol terms are used throughout this
q . report. Corresponding terms used in C-8l1 documentation are
l ' © as followsti

Boeing Vertol C=81 |

Flap bending Beam bending i

Chord hending, lag bending Chord bendin :

o Longitudinal Fore/Aft (F)i) i
EA %
" "
i E §
, ‘|

k._ !
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P 1.6 SIGN CONVENTIONS

g The sign conventions shown in Table 1 will be useful

r{ in interpreting results presented later in thise report.

A TABLE 1, SIGN CONVENTIONS

Y | :
i} Parameter Positive Direction :if
-

E Lateral cyclic Down right .

;ﬁ_ F/A cyclic Forward : “f

ﬁg ‘ mail-rotor collective Nose right
ﬁ ' Pitch attitude Nose up

R M R R E et PO e

é : Roll attitude Roll right

. vaw attitude Nose right
i
i

R IR TN R A

u
'l
b
' E: |
* ]
3 ‘
) b
\
:
\
5 1
3
S b
4 3
i .
. 1
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Figure 1, BO-105 Three-View Drawing.
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2, PROGRAM IMPLEMENTATION AND INITIAL RUNNING EXPERIENCE

Both the 600,000~ and 300,000=-byte versions of the AGAJ74 C-B81 ‘
program were provided to Boeing Vertol by the Army on magnetic :
tape. Updates to the 300,000-byte version were also provided j
on cards, :

The 300,000=byte (300K) version was put on the Boeiny Computer
Services IBM 360/65 computer, and the test case provided with i
the computer tape was run. Discrepancies were initlally found ,
between answers provided on tape and answars for the test case
obtained by Boeing. All updates were then made to the program,

some minor revisions to test case input were made, and the tesat

case was then run successfully.

In latar operation of the C-8l program, the program would not
trim with the soft torsion mode associated wiih the fiberglass
cambered-uirfoil main-rotor blade. This was resclved by making
a minor modification in the iterative calculation of elastic
effacts in the subroutine which calculates compatible thrust,
induced velocity distribution, and elastic deflectlons.

4
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3. DATA COMPILATION

3,1 TEST DATA

Many reports containing data on BO-105 ailrcraft tests conducted
by MBB in Germany had been provided to Boeing Vertol under
licensing agreement for sale of BO-105 aircraft in the United
States. Many of these reports have been translated and are
maintained in files in the BO-105 project office at Boeing
Vertol, The translated reports were reviewed to identify test
data which could be used as a basis for evaluating C-8l for
analysis of hingeless rotor aircraft performance, dynamic loads,
an? stability. (Typical data are given in References 4, 5, and
6.

bRt

ER et

Rttt

The form of data presented in these reports was usually smoothed
data as opposed to raw data. In order to obtain some raw or
unfliltered data, coplas of oscillograph traces for test points
for aircraft V4, Plight 372, were requested from MBB, The test
conditions requested were for aircraft pullups and pushovers

at 100- and ll0=knot nominal airspeeds. Data requested and
received included main rotor blade, rotor shaft, and pitch

- link loads, and aircraft control posiltions, attitudes, speed

v and altltude.

o YRS

\ In addition to data documented in MBB reports, raw data in the
f form of pen recorder traces was avallable for air resonance

t tests conducted by MBH; these included rotor blade bending

] moment decay after excitation with sinusoidal qyeclic inputs.

Finally, main rotor blade load data were also available from
level flight tests on aircraft 850 conducted at Boeiung Vertol
in early 1974. !

: A set of flight test data was chosen to minimize the number of
3 aircraft configurations to be studied while at the same time -
obtaining the desired variety of flight conditions and measured

4, BO=105 FLYING QUALITIES ASSESSMENT, Report D212-10024-1, Boeing Vertol : :
Company, Philadelphia, Pa., 1971. -

5, Teleki, A., BO=-105 V4 FLIGHT TESTS8, 4th Sectlon from March 24, 1970 to B
Sept. 18, 1970, Messerschmitt-Boelkow-Blohm GmbH Report No. D14-619, i
10 Dec. 1970. (l'ranslated by Boeing Vertol Company)

6. Teloki, A., BO=105 LOAD MEASUREMENTS OVER THE TOTAL FLIGHT ENVELOPE
(FAR SECT. 27.307, 27.309, 27.321, 27.1509), Messerschmitt-Boelkow- 3
Blohm GmbH Report No., D14-58l, 5 Oct. 1970. (Translated by Boeing
Vertol Company)
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parameters, The selected data include level-flight ai.craft
trim characteristics and blade loads data for a speed range
from hover to 123 knots. Data were available for banked-turn
sustained-g trim points from 1.0 to 2.5 g. Maneuver daia
include longitudinal, lateral, and yaw control response in
hover and at 100 knots, and pitch dumps at 80, 100, and 123
knots.

3.2 BASIC AIRCRAFT DATA

Basic aircraft data included weight and inertia data, fuselage
aerodynamic data, and rotor hlade aerodynamic and modal data.
Table 2 summarizes some of these basic data, A complete list-
ing of typical data decks is given in Appendix A. The follow=-
ing is a discussion of most of the C=8l input data blocks in
the order that they appear in the C-B8l input data deck.

Input data requirements for the AGAJ74 version of C-8l1 are
diacussed in Reference 2. The input data are divided into a
logical series of data blocks; the first blocks are logic
blooks.

3.2.1 Input Control Logic

The program was run with input for a full helicopter simula=-
tion, One airfoil table was read in for the main rotor except
in preliminary check runs, where the C-8l1 internal 0012 airfoil
tabgea were used for both maln and tail rotors, Eguations for
a 0012 airfoil were generally used for the tail rotor. Either
four or six mode shapes were read in for the main rotor (see
discussion of main rotor modal data), and no mode shapes were
read in for the tall rotor (rigid teetering rotor assumed).
Rotor~induced velocity tables were not read in since the 300K
version of C=81 was being used, The number of rotor airfoil
aerodynamic subgroups was two (one each for the main and tail
rotors), NoO pylon data or wing data were read. One set of
stabilizing surface group data was used for the horizontal
stabilizer. The vertical fin aerodynamic characteristice are
included with the fuselage aerodynamic characteristics. No
1et. stores/brake, or supplemental rotor control data were
nput., Maneuver data were read in for cases where maneuvers
wera conducted.

3.2.2 Analysis Logic

The flight condition indicator was varied depending on whether
a trim for level flight, banked turns, or vertical g maneuver
was being computed. The trim selector was generally used to
hold yaw during trim for speeds at 60 knots or below and to
hold roll for trim at speeds above 60 knots. The partial

19
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. TABLE 2. BASIC AIRCRAFT DATA
Fusalage
e Aerudynamic Center
i Btation line (inches) 100,38
k- Butt line (inches) 0
' Waterline (inchs) -1.88
3 Fusslags |nertia
Rolling, |, (slug—ft?) 1268
i Pitahing |, (shg=tt?) 7
Yawing, |5, (slug~tt 3203
:, Praduct, 1., (slug—tt®) 280
;‘ Main Rotor Grou
i Numbar of bisdes 4
‘,g' ‘ Type Hingeless
Radius (feet) 1.1
A Blade chord {Inchus) 10,64
‘ : Blade twist, linear (degress) -8.0
.". t Normal RPM 428
";v ' Shaft tilt, forward (degraes) 3.0
' , Alrfoil section 23012
it
| Tail Rotor
3 Numbar of bladus 2
4 Radlus {teet) e
K- Blade chord (Inches) 1.0
i Blade twist (degrens) 0
Normal RPM 2349
Alrtoll saetion 0012
. Elevator ,
i Area {square fest) an
Aupect ratio 8,08
3 Center of pressure
; ’ Btation lina (inches) 277.45
Butt line (inches) 0
Waterline (inches) 28,84 .
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derivative matrix was generally computed at every fifth itera-
tion in the trim solution to save running time, but was comput=-
ed at every iteration if convergence to a trimmed solution was
difficult to achleve. Unsteady aerodynamics were not activated,

g The quasi~-static, time~variant trim was used for the main rotor
b for cases where either time history solutions or steady-state

! blade loads were required. This type of trim analysis computes
A blade ealastic deflections at higher harmonics at the trim con-
: trol setting based on only l/rev blade alastic deflections

: (quasmi-static trim). The time-variant analysis was aleo acti-
‘ vated during maneuvers. Fully coupled main and tail rotor
equations were used for trim throughout. Force and

moment summary, partial derivative matrix, and optional trim

g page were printed during the trim analysis. Blade element

3 : data were also printed for trim.

3.2.3 Stability Analysis and Miscellaneous Logic .'

All options were off for stabllity derivative analysis, This _
produced stability derivative and control power analyses for A
a fully coupled main rotor, tail rotor, fuselage system, : a

3.2.4 Algpfoll pata Tables ‘

! The BO~105 originally used a 0012 symmetrical airfoil mection ,
for the main rotor blade. The main rotor blade was later 'y
changed to a 23012 cambered airfoil section. The bladae with o
the cambered airfoil section was on the aircraft for the BO-105 e
£1ight test data which was chosen for comparison with C-8l
analytical results. Airfoil dats were compiled from Reference
7 to provide 1lift, drag, and pitching moment coefficients for !
the 23012 cambered airfoll in the ¢-81 input format. (These
tables are Boeing Vertol designation Numbex 666), The referance

; ’ airfoil test data are for Mach numbers up to 0.85 from small ,

: negative angles of attack to angles of attack of 10 to 15 de-
grees, Airfoil characteristics of a v23010-1.58 alrfoil (Boeing

, Vertol Table 294, Refaerence 8) were used to establish trends
of data at angle of attack and Mach number conditions not
covered by the Reference 7 tests. TFigures 2 through 5 show
plots of the resulting airfoil table data at small and large / .

i . angles of attack.

Rt et s L e e e e e

7. Dadone, L., HELICOPTER DESIGN DATCOM -~ VOLUME I (In preparation for
U.8. Army Aviation System Command; to be released in 1976), Boeing
Vertol Campany, Fhiladelphia, Pa.

Dadone, L., McMullen, J., UPDATED AIRFOIL CHARACTERISTICS FOR ROTOR

L‘\ B .
B PERFORMANCE CALCULATIONS (1972) , Report D210-10529-1, Boeing Vertol
' Company, Philadalphia, Pa., Vertol Division, 27 Sept. 1972.
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Coefficients at Small Angles of Attack
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3.2.5 Main Rotor Data Group

This block of data consists of main rotor blade weight and
inertia distributions and modal properties. Modal data were
available for the BO-105 0012 symmetrical airfoil main rotor
blade when the AGAJ74 version of C-8l was first received at
Boaeing Vertol. 1Initial check runs with this veraion of C=-8l1
ware made with this set of modal data and with the 0012 air-
foil table which is buillt into C=-8l. Modal data were then gen-
erated for the 23012 airfoil blade. Difficulty was encountered
in obtaining a trimmed solution with 23012 blade modes and the
23012 aerodynamic coefficients. Conseguently, many early runs
were made with the combination of 23012 aerodynamic data an?
0012 blade mode shapes., The 23012 blade had a softer first
torsional mode and higher coupling between flap and torsion.
Mass and inertia properties for the cambered airfoil blade are
shown in Table 3) stiffness properties are shown in Table 4.
Modal properties for the symmetrical and cambered alrfoils are
listed in Tables 5 and 6., The mode shapes for the cambered
airfoil blade are shown in Figures 6 through l2. These
coupled flap-lag-torsion mode shapes wera computed using
Boaeing Vertol Program Y~-71 (Reference 9), Blade stations are
at every 5 percent blade radius starting at the blade root

for C~81 input. A finer distribution of stations was used at the
tip and root in the Y-71 analysis to obtain a better definition
of mode shapes and natural fragquencies,

3.2.6 Fuselage Group

This set of data inocludes aircraft weight, cg, inertia, and
fuselage asrodynamics. Weight and cg data are a function of

the flight test condition., Since inartia data were not available
for each test condition, nominal values were taken as re-

ported in Reference 4., The values of Ixyx, Iyy, and Iz are

taken around an axis system parallel to the ¥uselage waterline,
butt line, station axis system. The product of inertia, Iyx,,

was not available, but was estimated to be 250 alug-ftz.

The center of pressure ("fuselage data reference point") was
taken from Reference 10, a report on BO~105 aerodynamic test~
ing. Fuselage coordinates used in this analysis are all ref=-
erenced to station zero, the most forward point on the aircraft,
as shown in Figure 13. The cg reference location defining a

9. Rinehart, S.A., COMPUTER PROGRAM Y-59 USER'S REPORT PROGRAM DOCUMENTA-
TION FOR PREDICYTING WHIRL FLUTTER, FREE VIBRATION AND FORCED RESPONSE
OF A PROP~ROTOR SYSTEM, Rochester Applied Sclences Associates, Jan.
1971,

10. Davenport, E., Data Report: BVWT 039; AERODYNAMIC BO~105 TAIL ROTOR
"KICK" INVESTIGATION USING THE 1/4 SCALE BO-105 STATIC MODEL, Report
D212-10005~1, Boeing Vertol Company, Philadelphia, Pa.,, 28 Feb. 1970,
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TABLE 3, MAIN ROTOR BLADE MASS DISTRIBUTION DATA(23012)
INPUT FOR C-81 )

Blada Station Waight Beamwise |nertis Chordwlqllnmll !
Number {Ib/ln.) {inclb-sec2/in,) {in.lb-sse*/in,) !
1 3.3603 0.0000 0.0178 !
2 2.6024 0.0000 0.0480
3 07707 0.0000 0.0310
4 0.2821 0.0000 0.0022
8 0.2889 0.0000 0.0038
8 0.3080 0.0000 0.0080
7 0.3000 0.0000 0.0080
8 03080 0.0000 0.0080
8 0.3080 0.0000 0.0050
10 0.3080 0.0000 0.0080
1" 0.3080 0.0000 0.0060
12 0.3080 0.0000 0.0050
13 03080 0.0000 0,0060
14 0.3080 0.0000 0.0060
16 0,3080 0.0000 0.0080
18 0,3080 0.0000 0.0080
17 0,3080 0.0000 0.0080
18 0.3080 0.0000 0.0050
18 0.3080 0,0000 0.0080
] 20 0.3084 0.0000 0.0080
P Total Blade Blade Tip Weight = 0,00 LB Flapping Insrtin/Blade =
Walght = 161.8 Slug-ft
114.36 b




TABLE 4, MAIN ROTOR BLADE (23012) MASS AND STIFFNESS PROPERTIES® USED IN

PROGRAM Y-71 TO COMPUTE MODE SHAPES AND FREQUENCIES : f
. Y M M IX, 12 ysc @l Elp ap slw
. §TA (in) (n)  Obsec?)  (bdnowncd)  Gn) (108 bind  (10810an2)  (10B1bin2) '
. in,
py* . "
g 1 18338 0.0  0.000018 0.000087 - - - - e
2 18040 -0011 0.00386  0.024123 0.744 1,62 2.38 9.4 ' Bt
3 183,70 A 0007732 0.048430 A A | i
4 17430 ) N 0
6 16438 i;{
6 18470 1
7 14630 L
8 135,38 g
i 9 12668 Y
10 116,02 e~
1N 108.36 o
. 12 98,69 H.ag
. 13 87.02 =
b 14 7138 | iy
= 15  6n.¢8 1%
. 18 5801 ' Y \ \} \ ' i '}
i, 17 4834  -001t 0007702 0.048439 0,744 1,62 2,38 58.4 B
3 18 3887 -0%594 0.008672 0.020085 0734 1.82 2,62 678 i1
¥ 19 28,0 0593 0.007884 0.016086 0.110 218 322 38.0 }
'{‘ 20 1834 -0,088 0.030821 0.682600 6460 32 3,08 38.1 0
21 8.67 -0368 0084402 0.344870 0t 4,08 13.60 8.6 3
', 22 2468  -0.670 0,038313 0.0 0. 410 201.00 2040
! 23 0.08 0.0 0.0 0.0 0.y 4,10 860.00 888.0
Note:  Inthe Y-71 program, masses are lumpaed at statinng; stitfness propurties are between stutions; moments of o
: inertin are about the mas centen, LA
Legand: r = blads radius
; ™ = mass oftset from pitch axia, positive toward leading sdge b
i ' M = |umped mass o
X,1Z = lumped pitch and lag bending Inertias (assumed squal; Hap Inertla sesumed sousl to zero) o
Y&C = ghear cantar affset from pitch axis, positive toward lsading edge vy
) 6J = torglonal rigldity
d ' Elpiap * flap bending rigidity oo
L El_ag = legbending rigidity S
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forward, neutral, or aft cg is the rotor reference axis (RRA).
This is the station where the main and tail rotor drive shafts
b intersect and is at station 100.4 referenced to the nose of
the aircraft. .

Aerodynamic data for the fuselage were available from tests
reported in Reference 10, These data were avallable ag aero-

e dynamic tables of force and moment coefficients for the body

- axis system. They were first transformed to the wind axis

o system, and were then processed through the Government-provided
, ASBl2A computer program which generated coefficients for equa-
¥ . tions which were curve fitted to the data as a function of yaw
: and pitch angles of attack. These egquations are used in the

L AGAJ74 version of C-8l; ASB1l2A punches the eguation coefficients
: on cards in proper format for input into C-81. The program
also makes a direct comparison of the value of the aerodynamic
coefficients computed by the equations versus the raw input
wind tunnel test data.

Typical resulting curves of aerodynamic coefficients obtained
using the curve fit equations and errors relative to the wind
tunnel data are shown in Figure 14, The raw data are equal to I
: the computed values plus the error. The coefficients are used 'y
fo for the low or nominal angle of attack range, which was speci-
b fied to be +15 degrees. The built-in high-angle equations

P were specifled at angles above +30 degrees. The two solutions
: are phased together when the angle of attack is at an inter-

( mediate value. Data were specified to be for forward flight

| conditions,

j 3.2.7 Rotor Aerodynamic Group o

This group generally contains data for use in eguations which

describe airfoil aerodynamic coefficients as a function of )
‘ angle of attack and Mach number, Although more detailed data
i are contained in aerodynamic tables, inputs foxr the simpler

equation representation are still required since they are used

1f one of the unsteady aerodynamic options is activated. Tho

initial plan was to read in a cambered airfoil table for the

main rotor and use thé built-in 0012 airfoil table for the :
| tail rotor. However, as implemented at Boeing Vertol, the
P program would not run while simultaneously using the read~-in
i table for the main rotor and the built-in 0012 table for the

tail rotor. (The program had been run successfully using the

built-in 0012 tabhle for both the main and tail rotors, and had i

also been run successfully at the Eustis Directorate, reading

in a table for the main rotor and using the bullt-in 0012 4
; table for the tail rotor). As a solution to this problem, a :
Lon read-in airfoil table was used for the main rotor while the
P equation approach was used for the tail rotor. Aerodynamic
: coefficients were computed in C-8l1 based on aerodynamic data
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N as represented by the 23012 cambered airfoil tables for the
3 main rotor. The built-in 0012 table and definitions of co-
W efficients given in Reference 2 were used to compute coeffi-
cients of equations for the tail rotor.

@ ! 3,2,8 Main and Tail Rotor Groups

; Data in these sections inoclude geometric and other physical
i data and are presented in Appendix A. Blade and inertia data :
' are indicated tc be zero for the main rotor but are computed §
3 internally from the input mass distribution. The main rotor
s is hingeless while the tail rotor is a teetering type.

3.2.9 Stabilizer and Rotor Controls Group

Input data for the horizontal stabilizer are shown in Appendix
4 A, Input data include location, surface area, aerodynamic

: data, and basic control data. The control duta include ranges
of stick and pedal motions in inches and degreaes.

i
ﬁ 3.2.10 Iteration lLogic Group

# ; This group of inputs includes data which control step sizes
! and allowable errors used in the process of obtaining a

' trimmed solution. A trial set of values is input for trim in i
L another input group, the Flight Constanta Group. These values : :
h are for airoraft attitudes, control settings, flapping angles,
ii and main and tail rotor thrusts. The trim procedure computes
y net values of the six components of forces and moments acting
on the helicopter for these initial estimates of the trimmed
condition., Nonzero values of forces and moments are the trim
errors, FPFigure 15 shows a sample output for the first itera-
tion of a trim case.

Perturbatlons are then made in each independent variable used

in the trim analysis, and a partial derivative matrix is formed

showing the sensitivity of forces and moments on the fuselage )
to each variable. This matrix, along with the values of errors,

is used to compute the trimmed sclution. The magnitudes of

changes which can ba made in collective, cyclic, and airoraft

attitudes are limitad to small values, however, since the

problem is nonlinear and corrections which are too large may

be computed. '

—

S U WU g L SR T, "

Appendix A lists values input to the Iteration Logic Group
which gave successful trimmed solutions for the BO-105 hinge-
less rotor airoraft, The starting maximum correction limit is
2.0 degrees. The minimum correction limit is 0.15 degree. The :
maximum value of "variahle damper" in trim was set at 500 (lb _ !
: or ft-lb), If aircraft moment and forne errors are above this o
; error, the maximum correction remains at the initial value of ;
2.0 degrees.
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Once errors are less than 500 (lb or f&-1lb), the "variable
damper valua" and correction limits are cut in half, Hope-
fully this process leads to a solution where "allowable errora"

; j are satisfied,

v This method appears to have a disadvantage in that only a
single number is used, This "variable damper" number is the
value of the error which controls the adjustment of the maximum
trim correction; it applies to both force and moments. Two
numbers should he used: one for forces and one for momentsa,
When one number is used, moment errors will dominate the method
of adjusting variables to achieve a trim, Corractions are made
to improve moment errors while errors in thrust remain large.

3.2.11 Flight Conatants Group

As noted earlier, this group contains data for initial guesses

at the trimmed conditions for controls, alroraft attitude, and
- rotor thrust. These data also include forward velocity, later-
' al velocity, rate of climb, and altitude and atmospheric data.

* Engine rpm and power available are ualso given. A large number

was used for power available to avoid an automatic cutoff of ,
tha program at a power~limited condition., Availa®le puwer is o
indicated in the discussion of performance results. Typical P
data ara shown in Appendix A,

3.2.12 Maneuver Input Data

Many options are available in the maneuver portion of the pro=

gram, Cases actually run included response to control motlons
following a trimmed solution. Data for control motions are

ghown in the saection on maneuvers, and typical data are pre-

sented in Appendix A, These are essentially tables of rates

of movement of controls (collective, cyclic, and or pedal)

versus time. The output of the program showa the integrated ,

effect of thase rates.
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4. C-8l ANALYSIS PLAN

A list of computer cases and a computer run plan were developed
based on available test data, The plan generally called for
running a series of trim cases first, Where related stability
analysis and control response cases were to be run, the trim
followed by stability analysis option or the trim followed by

maneuver option was run using the previously run converged trim

results as initial estimates for the trim condition,

Table 5, which presents data for test conditions and test/
analysis comparision, lists the cases in the original computer
run plan. Cages are divided into three categories: trim,
maneuvers, and stability. Trim includes performance and loads
as well as cases run to obtain initial conditions for maneu=
vers., Stability cases include cases run to evaluate aero~
elastic stabllity, Not all cases run are listed in the
computer run plan, Test cases were run initially to check out
the computer program and data decks.,

Additional cases that were run but not included in this
original run plan include spead sweeps for control positiuns,
aireraft attitude, and power required versus airspeed, In
some instances, such as trim cases for olimbs, descents, and
curvilinear flight, more cames than planned were run to
achieve tha final trimmed condition. This was neceasary since
only a small variation in g level, for example, could be made
until a trim at the desired g level was achleved.

"Manauver" casea M13, M1l4, M15 and M16 were run as trim cases
for a vertical g maneuver, This was done in an attempt to

obtain an approximate simulation of the flight teat conditions
which include pullups at 2.0g after a high rate of descent and

pushovers at 0.0g after a high rate of climb, These were run as
trim caser since a matinfactory quasi-static, time-variant trim

could not be obtained to provide initial conditions to enter
into transient maneuvers.
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PR
I 5. COMPARISON OF C~8l RESULTS WITH TEST DATA
¢

This section presents a comparison of test and C-81l analysis
results for trimmed f£light conditions, response to control
inputs, aexcelastic stability, and stability derivatives and
control power.

BT TR

5.1 TRIMMED FLIGHT CONDITIONS

S

5.1.1 Level Flight

5.1.1,1 Trim Versus Airspeed--Figure 16 shows test and analy-
gls results for maln rotor lateral and longitudinal cyclic and
collective, tail rotor collective, and aircraft pitch attitude
varsus airspeed. Results are shown for speeds from hover to ; |
120 knots. The main rotor was represented by the first four

modes of the 23012 cambered airfoil blade. Test results are

from Reference 4, Main rotor control settings calculated by X
C~8l are in good agreement with test results. Greater dis-
agreement is seen between test and analysis data for pitch ‘ :
attitude and tail rotor collective setting. The simplified L
repraesentation of the tail rotor using a rigid blade and aero=- ey
dynamic equations instead of more detailed 0012 airfoil tables i
probably accounts for the difference in tail rotor collective '
setting. Cyclic values are swashplate angles; main rotor N
collective is shown at .7R (root collective minus 5.6 K
degree twist).

f
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5.1,1.2 Level Flight Blade Loads~~Level flight main rotor i
blade loads data were availabie from flight tests conducted at '
_ Boeing Vertol on aircraft $50. Data for Flight 6 were harmon-

: ically analyzed for flap bending gages located at 10, 14, 34,

! 50, 67, and 88 percent radius and onc chord bending gage lo-

] Tated at "0 percant radius. Speeds of 61 and 118 knots were

selected for simulation with ¢-81. !

Figure 17 shows a comparison of alternating flap bending
moment versus hlade radius at 61 and 118 knots. Test and
analysis results are generally in agreement in trend versus
igdius,tbut C-8l results are higher than indicated by test near
e root. '

Figures 18 and 19 show a comparison of C-81 and test waveforms
(moment versus blade azimuth position). These waveforms were
reconstituted from the first eight harmonigs of C=-81 analyais
and test results, Zero azimuth corresponds to & blade in the
aft position. C=81 results indicate significant 2/rev flap
bending moments at 10 percent blade radius not indicated by
test data; the C-8l result is higher than the test data. At
50 percent blade radius, wavefcrms are in reasonable agree=-
ment: the predominant moment is at l/rev.

£
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Pigure 20 shows l/rey and 2/rev flap bending moments versus
blade radius at 61 knots, One/rev moments are in reasonable
agreement, while C-81 predicted 2/rev moments are high compared
to test data. Figure 21 shows corresponding data at 118 knots.
One/rev moments are in reasonable agreement, 2/rev results are
in better agraement, but C-8l results are higher than test
results at the root,

Figure 22 shows a comparison of test and analysis results for
third harmonic flap bending moments versus blade radius at 61
and 118 knots. Moments are in reasonable agreement near the
root but are not in good agreement along the outboard half of
the blade. This is probably due to the simplified downwash
repraeasentation in C-81,

FPigure 23 shows a comparison of fifth harmonic flap bending
moment data at 61 and 118 knots, The C=B8l prediction is well
below the test data, Thie is again probably due to the sim=-
plified downwash representation used in the 300K version of
C-Bl.

Figure 24 shows C-8l alternating chord bending moment data
versus radius at 61 and 118 knots, One test data point is also
shown near 10 percent blade radius. Thoe C=8l test results
appear to be much higher than test data, Similar results are
indicated by the l/rev chord bending moment results in Figure
25,

Figure 26 shows a comparison of test and analysis alternating
pltch link loads vs airspeed., Pitch link loads show a large
overprediction at low speed (3 to 1) and large underpredic-
tions at high speed (1 to 2), 1In addition, the predicted wave-
form is predominately 3/rev, while the test data is almost
totally 1l/rev. It is clear that the predicted control system
loads could not be used for demign. The C-8l analysis was run
with unsteady aerodynamic options off.

The version of C=B8l used in this atudy has the following limi-
tations which may affect loads predictions: 1) 20 blade maas
stations are used at fixed increments of five percent blade
radjus; for good loads predictions, a finer breakdown of
stations iy generally required near the blade root and near

the blade tip; 2) the program had a limitation on number of
blade modes of mix blade modea per rotor blade; for higher har-
monic blade loads predictions, more than thrae flap bending
modes are required in addition to the blade lower torsion and
lag bending modes; capability to use five blade flap bending,
two blade torsion, and two lag bending modes should be provided
for a four=bladed rotor; more modas may be required for rotors
with a higher number of blades; 3) the program does not account
for shear center and mass center variation with radius in com-
puting torsional moments along the blade; this may affect
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pitch link load computation; 4) the torsional moment summation
along the blade radius is affected by the rotor blade center
of gravity/aerodynamic center relationship; rotor blade aero-
dynamic coefficient tables uaed in C=-8l and other rotor
analysis programs are usually established by tests which assune
that the aerodynamic center ls at the quarter chord; in C-81,
the aerodynamic force and pitching moment are computed at the
mass center using aerodynamic lift and moment coefficients
definaed at the guarter chord); no information is input into C-81
defining the chordwise location of the mass center sc that the
aesrodynamic pltching moment coefficient could be computed
about the mass center; predictions of trim, stabllity, and
loads are expectad to be very sensitive to differances in
aerodynamic center and mass center of the order of 1 percent
of the blade chord; this may not be a significant problem
for the C-8l analysis of the BO-105 23012 camberedw
airfoil blade since the blade center of mass is only about 0,1
percent (0.0l11 inches) aft of the quarter chord (i.e., outboard
of the blade cutout); and 5) the simplified downwash repre-
sentation used in the 300,000=byte version of C-81 is not
adequate for computing vibratory loads above the third har=
monic; use of the simplified representation of the downwash
may be the explanation for poorer agreement of test and analy=-
giadvibratory moment results in the outboard portion of the
ade,

5,l.1.3 Power Reguired--Results obtained from C=8l for power
required versus alrspeed are shown in Figure 27. The condi=-
tion is for a gross weight of 4409 pounds with a mid ¢g at sea
level standard., Test data were not readily available for com-
parison with C=81 resultm, Power required data were reported
in Reference 1l for this condition and are shown for comparison.
C=81 generally predicts the same power reguired as the data

in Reference 1l in hover, at transition and ut high apeed,

hut C=81 results are lower than those given in Reference 1l
at speeds between hover and transition and between transition
and high spead. The lowar C~H#l results may be due to options
which wera not activated such as radial flow, unsteady asro-
dynamics, etc.

5.1.2 Banked Turns

Figure 28 shows a comparison of analyasis and test results for
main rotor cyclic control settings, main rotor root bending
moments, and resultant shaft bending momentm. Test data are
from References 5 and 6 for 1.45 to 2.lg banked turns. Analy-
sis results are from cases T20 to T25 for 1.4 to l.8g banked

1l. Welland, B. F., DEVELOPMENT AND TEST OF THE BO=-105 RIGID ROTOR
HELICOPTER, Paper No. 200 presented at 24th Annual National Forum
Proceedings, Washington, D.C., May 1968.
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turns. C-8l1 banked turn cases were run using the multiple
case option for trim, With tliie option, several cases for
trim can be run in a single computer run. One or more of the
flight constants can be changed for each successive case, and
. the trim results for the previous case can be used as tle

. guess for the new trimmed cveondition. Banked turn cases were
b run at l.1, 1.2, 1.3, 1.4, 1.5, 1.6 and 1l.8g in wWhis manner,
‘. An attempt to trim at 1.9g was not successful. Apparently

i the increment in g level from 1.8 to l.93 was too large. The
o computer time reqguired to run the cases for l.l to l.8g and
the attempt at l.9g was approximately 20 cpu minutes on an
IBM 370-158 computer. Because of cost of computer time, addi=- !
tional runs at banked turn g levels above l1l.8g could not be Co ¥

made.

Test and analysis results are in good agreement for longiltudi=- 4 s
| nal cyclic control. Analysis resulte are not in good agree-
8 ment with test data for lateral cyclic. Test and analysis

i results are in good agreement for alternating flap bending

i moment at 10 percent blade radius. The prudicted chord bend-
i ing moment at 15 percent blade radius is much higher than the
\ test moment at l4 percent blade radius. Analysis results for
- shaft bending moments are lower than indicated by test re-

b sults, The analysis shaft bending moment result was computed
i from the harmonic content of the blade root flap bending mo= o
- ment in the C-8l trim output. The test result may include a i
i | portion of moment due to in-~plane hub loads. Reference 6 doedl :

;ﬁ not discuss the test instrumentation.

ﬁ; 5.1.3 Climbs and Descents ; ﬁ

f Figure 29 shows power required computed using C-81 at 40, 54,
p and €0 knots ver.us rate of climb and rate of descent. The !

y h~rgepower available from the two Allison C=18 engines for o
g this flight condition is assumed to be 90 percent of continu-

5 ous rated power or 405 hp. Figure 29 indicates that minimum ,
power required is at 54 knots, which agrees with test results i
nf Reference 12. C-8l results in Figure 30 indicate a maximum i
rate of climb of 900 fpm. The test results reported in Refer- =
ence 12 indicate considerable scatter in test data with a E
maximum rate of climb at 54 knots of from 700 to 925 fpm, ‘

P I TR Sy

e

i 5.1.4 Flight Envelope ' ‘

The upper portion of Figure 31 shows C=8l results for power o
ragquired near maximum sved as a function of density altitude.
Analysils points were run atv 140, 150, and 160 knots at 5000,

T‘ 12. Daske, D., BO-105 V4/S4 PERFORMANCE FLIGHTS, Messerschmitt-Boelkow-
" Blotan GmbH Report D122-13/70, 1970. (Translated by Boelng Vertol

: . Company)
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7500, and 10,000 feet density altitude., These results were
extrapolated to speeds near 130 knots. Curves for 90 and 100
percent power available at these flight conditions (from data
in Reference 13) were cross-plotted against these curves. This
cross-plot yielded a curve for maximum airspeed versus density
altitude. These results are plotted in the lower portion of
Figure 31 against curves for Vg and maximum speed (based on
military power and transmission limits) taken from Reference 4.
C-81l results indicate less power required than results previ-

: ously published for the BO-105 aircraft: Reference 4 indi=-
cates a speed limit of about 132 knots at 634 horsepowar while
C-81 results indicate that this epeed can be achieved with

; about 470 horsepower. These results are consistent with the

v low prediction by C=8l for power reguired at 120 to 140 knots

indicated in Figure 27,

3
A
¢

R T T

5,2 CONTROL RESPONSE

3
& Data wera reported in Referaence 5 for response to longitudinal,
lateral, and tail=-rotor control inputs in hover and at 100

& knots., Test results were also reported for pitch dumps near
i 100 knots. These results included aircraft attitudes and

. rates, main rotor shaft bending moment, and vertiocal accelera-
\ tion versus time, [
- The C=81 simulation for these cases was made by first running 18
E A quasi-static, time-variant trim followed by a time-variant i}
: maneuvar., The integration interval was Ay = 30 degrees, and o
¢ maneuvers were generally run for about 2.0 seconds real time. o
! Main rotor blades were represented by four "0012 blade modes" '
(First and mecond flap, first lag, and first torsion modes)
with the highest natural freguency at 3.87/rev for the torsion
mode. This gave only 3.1 integration intervals per period for :
the 3.87/rev mode, which is less than the 10 integration inter- ‘
vale per shortest mode period recommended for numerical inte-

i gration. However, computar run time and corresponding computer
[ cost were overriding considerations, and the integration
interval could not practically be reduced.

Rl i et

Cost for a 2-second maneuver was running near $200 per case for
a Ay of 30 degrees at 425 rpm, For 10 integration intervals
per highest frequency mode period, the cost of one computer run
would have increased to about $650. Results obtained with this
integration interval (30 degrees) were generally not satisfac-
tory. However, one case was repeated with a l5-degree integra- !
tion interval (6.1 integration intervals per higheat mode i
period) without any significant effect on analytical raesults. o
|

]
", 13. MODEL SPECIFICATION No., C731-E, COMMERCIAL TURBO SHAFT ENGINE ;
MODEL 250-Cl8, Detroit Diesel Allison Division of Ganeral Motors E

Corporation, Sept. 1970. k
k|
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o

Thus, any dlsagreements between test and analysis results can-
not be entirely attributed to the large integration interval.

In one series of cases (2.0g pullups and 0.0y pushovers after
high rates of c¢limb and high rates of descent), a satisfactory
guani-utatic, time=varient trim could not be achieved for de-~

ining initial conditions for the maneuver. These were then
run as trimmed cases, since the 2.0 or 0.0y conditions were
held for about 2,0 seconds,.

The trim could not be defined at the baginning of the maneuver
since test data were not recorded for the mtart of the maneu-
ver., The time histories for the test data which were avall-
able generally included aignificant rates of change of air-
speed, high rates of climb or demcent, and high pitch rates.
These conditions prevented running guasi-~static, time-variant
trims followed by the pullup or pushover maneuvers with C-81,
Cases were run as quagi-static, time~varient trim cases near
2,0 or 0.,0g vertical acceleration conditions; results are com-
parad to test data in goneral for the maneuvers in Figures 37,
38 and 39 and in detail at timea where the mircraft was at a
tteady g condition with a nearly zero rate of climb in Figures
41, 42, and 43,

5.2.1 Pullups and Pushovers "

Figures 32 through 35 show analysis and test results for pull-
ups and pushovers in hover and at 100 knots. Main rotor and
tall rotor collectives were held constant during these ma=-
neuvers, Control variation was input as a table of rate of
change of control versus time. The primary input was longitu=-
dinal eyclic with a slight variation in lateral cyelic input
in most cases. The C-8l steady valuee for control (values at
time equal to zero for the maneuver) are whatever raesulied
from the €=81 trim solution.

Fligure 32 shows the resulting longitudinal and lateral cyclic
output from C-8l for a pullup in hover., The variations with
time agree with the test data for longitudinal and lateral
¢yclic, indicating that the rate of change of control position
versus time was input correctly into C-8l. A steady error of
about one degree in lateral cyclic is indicated, but this is a
discrepanoy for control position in trim and should not affect
the maneuver solution.

Resulting pitch attitude, roll attitude, pltch rate, roll rate,
and yaw rate as computed by (-8l are compared with test results
reported in Reference 5. Pitch attitude cowputed by C~8l1 has
the correct trend, but the computed magnitude is higher than
that indicated hy test data. The test data indicates no roll,
while the analysis results indicate significunt roll motion.
Calculated values of pltch rate are in reasovnable agreement
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Figure 32, Pullup in Hover.
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with test results except for an initial discrepancy after the
control motion began. Roll rate shows significant valuas while
test data indicate no roll rate. A change of yvaw rate is
indicated by the analysis results in a direction opposite to
that reported for test results.

It should be noted that test results shown are assumed to be
"amoothed" data, as opposed to raw data. The raw data for test
control motions may contain higher frequency components not
ghown in the smoothed data. A comparison of smoothed and raw
data for control motion is presented in a later saction of this

report,

Figure 33 shows similar results for a pushover in hover. Rate
of change of control inputs for the analysis matoch test data
reasonably well, Pitch attitude and pitch rate analytical
results follow trends of test reaults, but are not in good
agreement with test data, Test data show very little change
of pitch attitude or pitch rate, while analysis results show
a rapld buildup of roll rate which results in a significant
roll displacement, Very little response in yaw was indicated
by test and analysis results,

Results in Figures 32 and 33 are for an integration interval
corresponding to an azimuth increment of Ay = 30 degrees.

This integration interval is only 3.l intervals per period of
the highest freguency blade mode used in the analysis. The
recommended integration interval corresponds to 10 intervals
per highast blade mode period. This would be an inorement of
about 10 degrees of blade azimuth., Case M3 for the pushover
in hover was repeated with an azimuth increment of 15 dagrees
for the first second of the maneuver, Raesults are essentially
the same as obtained with the 30-~degree azimuth increment, as
can be seen by comparing Figures 33 and 34, Consaquently, the
30-degree azimuth increment was used for all remaining maneu-
ver cases.

Figures 35 and 36 show test and analysis results for a pullup
and a pushover at 100 knots. The longitudinal oyelic initial
condition offmset is the result of a trim position iterated to
by C«81 which is slightly different from flight test. Analy-
sis results in Figure 35 for a pullup at 100 knots indicate a
possible inntabilgty in the numerical integration scheme with
large pitch, yaw, and roll rates occurring. It should be
noted that C-Bl results were printed at only every 0.059 sec-
ond, Analytical results for pitch attitude and roll attitude
are not in good agreement with test data.
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Figure 36 shows analyeis and test results for a pushover at
100 knots. The trend of analysis results for pitch attitude
and rate are in the correct directions compared to test data,
Significant roll coupling is indicated by analysis results but
not by test data. Very little yaw response is indicated by
both test and analysis results,

Figures 37 through 43 show analysis and test results for addi-
tional pullup and pushover maneuvers at speeds near 100 knots, |
Data for these tests was reported in Reference l4. Data for
mast moment, pitch attitude, engine speed, vertical accelera-
tion, control inputs, etc., were "smoothed" data, however.
Copies of oscillograph traces of raw data were requested and
received from MBB for direct comparison with C=81 output.
Test data indicated high rates of climbs, descents and pitch
rates which did not permit achieving satisfactory initial con-
gitionl for running a C-8l maneuver analysis to simulate these
ests,

An attempt was made to use the trim analysis to simulate the
steady ¢ conditions achieved in the pullups and pushovers
sinve these g levels were held for about 2.0 seconds. This
approcach was successful for cases M1l3, Ml5, and M1é for a
pullup at 100 knots and a pullup and pushover at 110 knots,
respectively, as indicated in Figures 37, 38, and 39, Results
were not satlsfactoxy for the 0.0g pushover at 100 knots. For
case Ml4, at .l59 vertical acceleration, the gquasi-static,
time-variant trim gave a l/rev shaft bending moment of 32,500
in=1b (based on root fl'f bending moments on two opposite
blades). This is much higher than the results indicated by
test data in Figure 38, Relatively large root flap bending

moments were indicated at all harmonice, e.g., 16,000 in=1lb at !
3/rev, The quasi-static trim results for pitch rate and

fore/aft cyclic were reasonably good as shown in Figure 38,

Figures 37, 38, and 39 show data from Referencs 14 for a pull=

up and pushover at 100 knots and a pullup at 110 knots., Fig- )
ure 40 shows raw data from oscillograph traces for the 2.0g

pullup at 110 knots. These data should be compared with data

in Figure 39, The longitudinal eyalic, in particular, has

higher frequency content not seen in the "smoothed" data.

The trim analysis was used to simulate the maximum or minimum .
g condition achieved in the maneuver, The trim sclution was
assumed to simulate a time where zero rate of climb was achieved.

14. Glockl, TERRAIN FOLLOWING MANEUVERS, Messerschmitt-Boelkow-Blohm
GmbH Report D14=765, Aug. 1971, (Translated by Boeing Vertol
Company)
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NOTE: CASE M2
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Figure 35. Pullup at 100 Knots (Sheet 1 of 2).
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Figure 36. Pushover at 100 Knots.
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NOTE: CASE M15
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Figure 40. Raw Test Data for 2,0-G Pullup at 110 Knots.
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General trim results for C-8l for cases M13, Ml5, and Mlé are
compared with test data in Figures 37, 38, and 39. Engine
speed, vertical acceleration, rate of climb, and airspeed were
input values, while mast moment, pitch rate, and fore and aft
cyclic were computed by C-81,

More detailed time history data for loads are shown in Fig-
ures 41, 42, and 43 for shaft bending moment, blade bending
moment, and vibratory pitch link loads. The test shaft bend=-
ing moment data are from a 0=-180 degree shaft bending gage.
The C-81 shaft bending moment result would be valid for a
bending gage located at any azimuth on the shaft (and rotating
with the shaft) except for a shift in phase, since the C«81
revult is for a trimmed condition. The test shaft bending
moment would also be valid for a gage located at any shaft
azimuth if the trimmed assumption is valid, i.e,, if tran~
sients have decayed, and the maneuver is stabilized at a
steady g pullup or pushover conditilon.

FPigure 41 shows data for a 2.0g pullup at 100 knota, C-8l1 and
test flap bending moments are in reasonable agreement, Pre-
dicted chord bending moment and pitch link load are high com-
pared to test, Predicted shaft bending moment is low compared
to test, although the test shaft hending moment does not appear
to have achleved a steady-state value,

Figure 42 shows test and analysis results for a 2.0¢g pullup at
110 knots, Root flap bending moments are in reasonable aygree-
ment and root chord moment is slightly lower for analysis than
for test. Pitch link load is higher for analysis than for test.
Test shaft bending moment is higher than analysis, which is
surprising since the flap bending moments for test and analy-
sls were in reasonable agreement.

Figure 43 shows test and analysis results for a 0.0g pushover
at 110 knots, Flap bending moment amplitudes are in rough
agreement; analysis chord bending moment and pitch link loads
are lower than test., Shaft bendiny moment is in rough agree-
ment with test.

5.2.2 Lateral Control, Left and Right

Figures 44 through 47 show analytical and test results for
response to lateral cyclic control inputs in hover and at

100 knots. Figure 44 shows results for a right lateral ramp
input in hover. Trends for analysis results for roll rate and
roll attitude are in reasonable agreement with test data, but
predicted roll rate and roll attitude magnitudes are higher
than indicated by test. Analysis results for pitch rate and
pitch displacement are slightly higher than indicated by test.

The analytical value for yaw rate is higher than shown by
test.
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. Figure 47, Left Lateral Cyoclic Ramp lnput at 100 Knotas.
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Figure 45 indicates test and analysis responses for a left
lateral ramp input in hover. Analysis results for roll rate
i and roll attitude are lower than indicated by test. Signifi=-
gy cant pitch rate and attitude are indicated by analysis but not

by test. Analysis results also show a buildup in yaw rate not
shown by test data.

Figure 46 shows results for a right lateral ramp input at 100
knots. The analytical results show a roll rate which does not
achieve and maintain the final rate indicated by test data.
This results in a lower roll attitude indicated by analysis
than indicated by test., Test pitch rate is essentially zero,
while the analysis results show a significant buildup in pitch
rate and a resulting significant pitch attitude not indicated
by test data. Test and analysis yaw rates were small and in
reasonable agreement,

Figure 47 shows response to a left lateral control input at
100 knots. Analysis and test values for roll rate are in
reasonable agreement up to about 1.25 seconds; resulting
analytical roll attitude is in reasonable agreement with test
data, Significant pitoh rate and a resulting buildup of pitch
attitude are indicated by the analysis, while test results
indicate very little change of pitch rate or pitch attitude.
Yaw rates are in rough agreement.

The analytical results for response to lateral inputs shown in

y this section and for response to longitudinal control inputs

4 shown in Section 5.2.1 generally show significant pitch-roll

4 coupling not indicated in the test data. This result may be
related to the fact that the hingeless rotor first flap natural

a frequency is near 1l.13/rev,.

4 5.2.2 Directional Control, Left and Right \

Figures 48 through 51 show responses to tail rotor inputs in
e hover and at 100 knots. Figure 48 shows response to a right
, pedal input in hover. Results show a discrepancy between test
. and analysis yaw rates. The test yaw rate shows no response
8 for about 0.5 second and is obviously not in trim. The analy-
R sis shows an immediate buildup of yaw rate which continues at .
about the same yaw acceleration. Once the test yaw rate does
start to build up, it increases for about 0.5 second at about
E ' the same rate as the analytical yaw rate. The test yaw rate
; then begins to show a lower yaw acceleration than analysis re-
sults.

e

el %

; Analytical low-frequency values of pitch and roll rates are in

1 reasonable agreement with test data. The analytical roll rate

. shows an oscillation with about a 0.3-second period. Analysis

K and test pitch attitudes are in reasonable agreement, but the
roll attitude builds up to a slight positive value not indicated
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Figure 48. Right Pedal Ramp Input in Hover (Sheet 1 of 2).
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by the analysis. Figure 49 shows response to a left

pedal input in hover. The analysis yaw rate does not follow
the expected yaw rate indicated by test. The computer

run results were examined, and it was deteimined that justh
after the maneuver started, there was an immediate buildup in
main rotor thrust without any buildup in main rotor collective
(main rotor collective was held constant). This resulted in a
corresponding buildup in main rotor torque which caused the
resulting error in yaw rate., The cause of this buildup in main
rotor thrust is not understood, but might be associated with e
numerical integration instability., Remaining anal/sis re:ults
in Figure 49 are questionable due to this error in t.. ust.

Figure 50 shows response to a right pedal input at .00 knots.
The analysis values for yaw rate generally follow the test
values, but a higher frequency oscillation in the analysis
values for yaw rate is indicated. Analysis values for roll
and pitch rates show significantly higher freguency oscilla-
tions. Analyeis values for roll attitude are not in good
agreement with test results.

Figure 51 shows response to a left pedal control input

at 100 knots. The trend for yaw rate analysis results is
similar to test results for the low-frequency content, but

the analysis amplitude is lower; a high-frequency component

is indicated in the test raesult, The analysis results for
pitch and roll rates show large components of high=fregquency
oscillations, Variation of roll attitude with time is in
rough agreement for analysis and test results, while variation
in pitch attitude is not in good agreement.

5.2.4 Pitch Dumps

Pigqures 52 through 54 show test and analysis resulta for main
rotor collective pitch dumps at 80, 100, and 123 knots, In-
puts for main rotor collective and longitudinal cyclic are
shown.

Flgure 52 shows inputs and resultas for a Eitch dump at 80 knots,
A greater change in pitch attitude is indicated by analysis than
by test. Test and analysis results for vertical acceleration
are in reasonable agreemant.

Figure 53 shows inputs and response for a pitch dump at 100
knots. Again, the pitch attitude change predicted by the
analysis 1s greater than indicated b{ test, although the trend
is in agreement. Vertical acceleration results are in reason-
able agreement.
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Figure 50. Right Pedal Ramp Input at 100 Knots (Sheet 1 of 2). “
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Figure 54 shows inputs and responses for a pitch dump at ;23
knots. Results for pitch attitude and vertical acceleration
are in reasonable agreement.

5.3 STABILITY AND CONTROL POWER

Two types of stability analyses were performed. The first
stability analyses were performed following a tiimmed flight
condition to obtain results for stability derivatives and con-
trol power. These C-8l1 results were compared with resulte
obtained from Boeing Vertol's ¥-92 single-rotor helicopter
trim program (Reference 15), Pitch stability was also evalu-
ated by comparing C-81 atability analysis results with test
data for period and time tc double amplitude. The second
analysis included an aercelastic stability investigation dur-
ing transient or maneuver flight. In the maneuver, a full
cycle of sinusoidal longitudinal and lateral cyclic excitation
was separately introduced to excite the first chord mode of
the main rotor. Decay of blade chord bending moments was then
evaluated to determine the degree of stability of coupled
rotor-airframe modes (aercelastic etability).

5.3.1 Dynamic Pitch Stability

Figure 55 shows a comparison of test and analysis results for
dynamic pitch stability. Test data are from Reference 5 for
speeds from about 65 to ll0 knots. Two C-81 stability analy=-
ses were run at 60 and 100 knots. The results show time to
double amplitude and period for pitching motion. The C-81
result for period of pitching motion is in reasonable agree-
ment with test data of 60 knots but is more than twice the
test value at 100 knote. The C-81 result for time to double
amplitude is low by a factor of more than two at 60 knots and
appears to ba too high at 100 knots. Apparently, the total
rotor/fuselage aerodynamics are not indicating the same pitch
damping and pitch stiffness for test and analysis results.

5.3.2 Stability Derivatives and Control Power

Stability derivatives and control power were computed using
C-81 for hover and 10U knots. Stability derivatives are the
changes in aircraft forces and moments per unit change in

aircraft translational velocities and aircraft rotational rates.

Control power is the change in aircraft forces and moments per
unit change in control position.

15. Memorandum 8-7433-1-234, SINGLE ROTOR TRIM AND STABILITY ANALYSIS,
IBM Program Y-92, Boeing Vertol Company, Philadelphia, Pa., Sept.
1973,
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Stability derivatives were also computed using Boeing Vertol's
Y¥-92 single hingeless rotor helicopter trim program, which uses
a rigid blade equivalent hinge offset method to represent the
hingeless rotor. The same fuselage aerodynamic data tables
used to derive C-81 fuselage aerodynamic equation coefficients
ware used in ¥Y-92 for the fumelage aerodynamica. However,
after stability derivatives and control power results were
obtained from the two programs, significant differences were
notad when comparing results., The differences were found to
be due to a difference in the definitions and assumptions made
in the two programs,

In C~8l, the stability derivatives and ccantrol power are com-
puted based on the assumption that rotor flapping does not

change; i.e., rotor flapping components are independent degrees "
of freedom, In Vertol's ¥-92 program, the assumption is made '
that the main rotor is free to flap in response to changes in

aircraft velocities, rates, and control positions. This yields .
fundamental differences, particularly in the stability deriva- 4
tives and control power for pitch and roll moments, , S

A change in the C-81 program was provided which would make C=-8l v
Lo give results with blades free to flap. However, this change I
I could not be incorporated into C=8l1 at Boeing Vertol in time , !
o to provide results for an appropriate comparison with ¥Y=-92 T
1 | results under this mstudy. Results which were obtained from
. ' C~81 with blade flapping restrained and from ¥-92 are docu-
mented in Tables 8 through 13 for use in any further study

] which might be made of this problem., The large differences in
i pitoch moment due to longitudinal (F/A) cyclic and roll moment o
7 due to lateral cyclic should be noted. - - :

5.3.3 Aerocelastic Stability

Aercelastic atability (mometimes called air resonance due to L
_ its counterpart, ground resonance) refers to the stability of :
s modes where blade lead-lag motion is coupled with fuselage
motion, particularly aircraft roll. Unpublished test data was
, available for the BO~105 to evaluate aercelastic stability;
these tests were discussed ih Reference 16.

L In recent years, a considerable effort has been devoted to the
- study of aercelastic stability of hingeless rotor helicopters.
C-81 has been used by Boeing Vertol in the study of thiws prob=
lem. In the BO-105 aercelastic stability tests, about 10 :
cycles of sinusoidal lateral and longitudinal cyclic excita- g
= tion were separately introduced at a freguency which would '
, excite the main rotor first chord mode. The excitation would

T e 16. Lytwyn, R. T., Miao, W., Woltsch, W., AIRBORNE AND GROUND RESONANCE
, OF HINGELESS ROTORS, Presented at tha 26th Annual National Forum,
American Hellcopter Soviety, Washington, D.C., June 1970.
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TABLE 8. STABILITY DERIVATIVES IN HOVER
(4740 POUNDS GROSS WEIGHT; CASE 87)

0. Force Computer Alrcraft Velocities and Rates
'y or Program
£ Moment No. u W Q v P A
E
b A c-81 -0.0564 0.0403 0.248 -0.0302 -2.08 ~-0.0871
i m Y92 -0,0208 0.0113 1,67 0.0008 -0.63 ~(.074
b,
£ 3 C81 0.0843  -0.234 0.774 00368 00883 .69 i
i m Y82 0.00841 —0.206 -0.84 -0,0070 -0.0M 2.36 ' PE
5, M c81 0.0142  -0.0167  -0,104 0.0070 0,085 0.028 v
z lyy Y-B2 0.028 -0.0047 -3.88 -0,0082 ~0.038 -0,038 !
\\ Yy .81 0.0138  ~0.0080 0.0873  -0,0884 -0.884 137 "-'?
} m Y82 -0.0046 -0,0033 -0.86 -0.028 ~2,06 0.17
; e 81 00082 -0.0040 0083  -0031  ~0.37 0.81
Ixx Y82 ~0,020 ~0.0017 0.13 -0.074 ~i09 ~0.28 '
N ] ~0.0178 00082  -~0.082 0.048 0.28 -1.38 Ca
! 122 Y82 0.0017 0.0038 0.23 0.0084 0.14 -0,38 -
f |
J — . — .
v t
[ UV = longitudinal valocity, fps P » roll rate, rad/weo m = airoraft mass, sluy )
V = lutaral valocity, fps Q = pitch rate, rad/sec |
: w vertical velogity, fps R »  yawrata, rad/usg lyy = alroraﬂflteh inartis, S
s sug~ft v
d x = lomgitudinal fores, Ib L =  rolimoment, ftlb Ixx ™ lll'ﬂtlf'{‘l" inertla, ‘
y = lateraltorae, Ib M = pitch moment, ftIb slug-ft
¢ = vertical force, b N = yawmoment,iftib Izz * olrm:t,)lw inertla, !
slug-ft =
) '
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. TABLE 9. STABILITY DERIVATIVES AT 100 KNOTS
(4740 POUNDS GROSS WEIGHT; CASE $8)
-
.
i Foros Computer Aircraft Valocities and Rates
p: or Program
i Moment No, v w a v e R
X X T -00338  -0043 032 00083 0488 0173
L m Y92 ~0.0478 0,010 218 00020 -~0.49 ~0.087
i L c-81 0063  -1.087 0808  -~0,0020  ~0.796 3,88
m Y-92 -0013  -0.791 0.2 0.0008  -2.3 1,82
M c:81 ~0.0000 -0.0378 -0854  -0.001%  ~0.0838  0.0080
i lyy Y92 0,028 00188 420  -00012 086 0,044
! m Y92 00172 -00022 087  -0024  -0.784 0.778
L XY -00008  -0.023 0077  -0.082  ~0.480 0.688
K Ixx Y82 00018  -0,020 0000  -0.082  =~8.21 0,301 '
N_ XY -0008  -0,0080 00484  0.0711 062  -1.418 |
- 2z Y92 -0013  -0.0137  -0.187 00218 -0.8%8  -0.887 i
1%
3 IR
5 '\ e
1 } l !
‘.‘ | .
Y ;
1
L
. B
4 " ; §
o
1
i
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TABLE 10. CONTROL POWER IN HOVER
{4740 POUNDS GROSS WEIGHT; CASE 87)

BTN ———— et e e —————————r e — ———

Computer Main
Foros or Program Rotor Longitudinal  Lateral
Moment No. Collettive Cyelle Cyelic Pedal
X Fores c81 0.628 0484 —0277 0.0344
Y82 0.263 0.788 -00208 04272
YF o8l —0,0883 0273 0.474 an
oree v.82 ~0.0514 0.018 0.788 -173
ca Z13.68 0.172 0.118 ~0.728
2F
oree Y.92 8,60 0.00173 0,004 -0.012
Yew Momant Y 0.708 —0.0211 00290  -3.40
s Moman Y82 0.880 ~0.00808 0.0365 1,60
Biteh Moment c8t —0.187 —0.0877 00542 —0.0996
tah Moman v.02 0182 0,080 0.2080 0.0780
il Moment c81 ~0.143 0.147 0.2520 228
oft Moman Y.82 ~0,186 0573 2711 ~1.15

A I P ek

NOTE: Valuesare divided by appropriste mass or {nertie values and are in units of ft/m2 or mi/un2 per inch :
of control motion. - — ;
TABLE 11, CONTROL POWER IN HOVER %
, (4300 POUNDS GROSS WEIGHT; CASE 88) I
1 —_—
i Computer Mein 0
) Force or Program Rotor Longitudinel  Latersl A
a Momant No. Collactive Cyclic Cyclic Pudal b
' X Force c81 0.2 0483 ~0.204 ~0.0017 |
Y-82 0.312 0.798 =0.024 ~0.137
3 Y Force c-81 -0.0836 0.286 0.408 418 j
: Y82 ~0.0408 0.028 0.782 -1.80 -
- 2 Force c-61 ~18.26 0.048 -000338  -0.0034 o
Y82 -0.32 0.0988 -0,00084 -0.0181 : ‘q
Yaw Moment C-B1 0,860 -0.0124 -0.0198 ~3.48 4
Y02 0.884 0.0082 0.0377 187 !
Pitch Moment c-89 -01n -0.0847 0.602 ~-0.004 '
Y82 -0,182 =0.974 0.208 0.088
Roll Moment C-81 ~0.133 0.138 0.240 2.28
Y-82 013 0.580 2.868 -1.13 i
2or

NOTE: Valum 5" divided by eppropriste aircraft mams or inartia valuss and sre in units of ft/sec

cad/sec® per inch of control motion,
e e et e

o T A SRR e
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TABLE 12. CONTROL POWER AT 100 KNOTS

{4740 POUNDS GROSS WEIGHT; CASE 88)

— . — ———— ]

Computer Main
Force or Program Rotor Longitudinal  Lateral
Momant No, Collactive Cycile Cyclic Padal
X c8t 0512 0.133 -0.323 0117
oree Y92 0,346 0777 00807  -0.023
¥ Force Y 0,888 0378 0.343 A
Y02 ~0.244 0.130 0.600 2.2
: cal 2184 401 0.902 Y
Z Forss Y82 -0.117 2,82 0.804 0.021
Yow Momert Y 0.482 00102 0.4 “a02
me Y.02 0,378 00313 00144 21
itch Momant Y ~0.188 ~0.0138 0.0600  -0.0448
oh Moman Y.02 0,882 1,08} 02028 00388
Roll Moment Y —~0.420 0.203 0.104 2,68
‘ Y.62 -0.724 0,626 278 -1.83

NOTE: Valums !n divided by appropriate aircraft mass or inertia vaiues and are in units of ft/m2 or

rad/se

per Inch of control motion,

TABLE 13, CONTROL POWER AT 10u KNOTS

{4300 POUNDS GROSS WEIGHT; CABE 810)

Computer Main
Force or Program Rotar Longitudinal  Latersl
Momant No, Collvctive Cyellc Cyslie Padal
X For c-81 0,597 0.134 -0.380 ~0.118
o Y.62 -0.279 0,788 -00117  -0.043
Y Fores (] -0.,687 0.383 0.361 4.87
Y82 -0,228 0.120 0.824 -2.82
Z For C:81 -16.94 442 0.988 -1.38
oree Y.52 -12.8 312 0638 0,018
Yaw Moment c81 0.436 -0.074 -0.129 -4.02
Y82 0.38 0.021 -0.014 2.08
c81 -0.160 ~0,0104 0.0827 -0.044
Pitch ™ t
e Momen Y92 0.884 ~1.081 0.166 0,033
Roll Moment c-81 -0.388 0.101 0.183 268
Y-82 -0.883 0.813 .70 -1.62

NOTE: Values are divided by approprinte siroeatt masa or inertia values and are in units of ft/snc? o rad/ucz

peri

nch of control motlon,

—_— e ——— ]
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be terminated and the rate of decay of blade flap and lag

bending moments and aircraft pitch and roll motion would be
observed.

}
!
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!
!
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.
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Figure 56 showa C~81 results for the time histories of flap

bending moment, chord bending moment, aircraft pitch, and ,
aircraft roll after a full cycle of +1 degree of lateral cyclic i
at a frequency of 2,0 Hz. The cycle of lateral cyclic is

introduced just after the maneuver computation in C=81 is

started, This sinusoidal cyclic is superimposed on the trim

value of lateral oyclic. Of the four parameters monitored,

chord bending moment decay after the full cycle of lateral

cyclic is the best indicator of the degree of atability.

) Before the lateral cyclic was introduced, thera was a back=

: ground level of l/rev chord bending moment, The transient

L response at the chord mode frequency of about 0.7/rev is super= '
¢ imposed on this l/rev oscillation, and the signal which results

§ . has a beat at the difference frequency. The anvelope of thease

¢ superimposed 0.7 and l.0/rev oscillations will decay at the

E rate of decay of the 0.7/rev oscillation. Thus the decay of
i

: the envelope determines the degree of stability of the air
5 . resonance moda.

_ The decay of the C-8l chord bending moment indicates 2.26 per~ b
- cent critical damping at 55 knots. Corresponding test results H
: are shown in Pilgure 57, whera lateral cyclic input and flap .
and chord bending moments are shown. Chord bending moment

1 decay curves indicate a critical damping ratio of 3,37 per- |
r ¢ent. Figures 58 through 63 show similar results for decay lii
‘ after longltudinal cyclie excitation at 55 knots and for : ‘

lateral and longitudinal oyclic excitation at 110 knots. Test
data were averaged for damping on two opposite blades. b

Figure 64 summarizes C-81 and test results for alr resonance
mode damping values based on decay of chord bending moments.
Possible reasons for the differences batween test and analysis
reasults for aercelastic stability include: 1) a different
e test value of inherent blade modal damping than the 1.0% .
‘ assumed in input data for the C-8l analysis, 2) effects of
\ ailrframe flexibility not included in the C=-8l analysis,
' 3) a manual analysis of test and C=-8l data was conducted to
‘ obtain damping results; analysis of the decaying waveforms
should be automated to obtain accurate resulte, and 4) incor=- ,
rect representation of the blade flap/pitch coupling in the o
data input to C-81 for the main rotor blade, -

-
: - e 8 s e e
PPV Y. SN
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FLAP BENDING MOMENT, 0% R

NOTES

(1) CASES)

(2) 65 KNOTS

{3)  95% RPM

(4)  3000-FT DLASITY ALTITUDE
(8) +1DEGREE LATERAL CYCLIC

LAG BENDING MOMENT, 0% R

2,26% CRITICAL

L

10 ROTOR CYCLES ———-——-' TIME

or ROLL POSITION

40
30
1000 0
IN-LB 10
' 0
~10
-20
LATERAL 1 "\
cyoLic 0
(DEG) -1 »
I wasec |
PITCH POSITION
1|5I
DEG
0FG -1
10k
-2
]
05}
-3
0-
1[A LATERAL CYCLIC 1
DEG 0 DEG 0
-—1[ V TIME -1
1/2 8EC

) LATERAL CYCLIC

b V TIME

1/2 8EC

Figure 56, C-81 Aerocelastic Stability Results at 55 Knots,
Lateral Cyclic Excitation.

115

5 . v T A3




“UOT3IeITOXY OT[o&)

Teaajeq ‘sjouy GG je s3Tnssy AJTITIqelS OTISPIS0ISV ISOL  “£G aambtg

AMANNWNNNANNWWAAMAMAMAMWAAANMANNNAAVNANL,

4 %81 1LN3mOn V14

MBI A RAMANVVANAANAAARAANAAAAMANN

O1LVY SNINVYO %IEE 4 %51 't V18 ‘IIHROR QH0HS

AANEIIAAFRARANAAAANAANANANMANAAAANAANANANAA,

SMIANVA SVAL # %51 "1 30V LG NON GHOHI

1NIN0JINOI ATWL ISIVIIE | 30V1E 404
G3NIRY1130 38 108 TIN02 SNARYD 310N

SIAI HOIDE 01 —

IMIAD IvHIIvi
1S3V &)
ZHET LY NOUVLIDAE ITIAD TVEIIVIIIETICLT o)
JONLTIV ALISHI0 14080 {£)
nusITw @
SIOMNSS (L)
S3108

1l6

Bt g A Ll L




PO - S

-
-

e

NOTES

(1l CASES3
{2) 66 KNOTS
{3) 9B% APM

{4}  3000-FT DENSITY ALTITUDE
{8) % 1DEGREE LONGITUDINAL CYCLIC

850
L)

1000 30
IN-LB 20

30
1000 o,

IN-LB 10

0
-10
-20
LONGITUDINAL !
CYeoLIC 0
(DEQ) -1

08 p

FLAP BENDING MOMENT, 0% R
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1/2 3€C 10 ROTOR GYCL“—————J TIME
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(1} J
OEG 8 |-
10p
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1Pk 1
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Pigure 58. C=81 Aerocelastic Stabllity Results at 55 Knots,

Longitudinal Cyclic Excitation.
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NOTES
(1) CASES2 (4)  +1DEGREE LATERAL CYCLIC
{20 110KNOTS (6)  3300-FT DENSITY ALTITUDE
. (3) 425 RPM (100%)
: 80 p  FLAP BENDING MOMENT, 0% R
1000
IN-LB
.Le
- 50 ¢+ LAG BENDING MOMENT, 0% R 2.87% CRITICAL DAMPING
40
o 30
1000 2
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Bt .
! 25 [
. 30l
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Tne b M
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Figure 60. C=8). Aocroelastic Stability Results at 110 Knots,
Lateral Cyclic Excitation,
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NOTES
{1} CASES4
{2) 10KNOTS

{3}  100% RPM
() +1DEGREE LONGITUDINAL CYCLIC

80
FLAP BENDING MOMENT, 0% R
1000
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1000
2
IN-LB
1
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0
FA 10
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C-81 Aeroelastic Stability Results at 110 Knots,
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Longitudinal Cyclic Excitation.
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NOTE: CASES 51,82, 83, AND 84

LATERAL EXCITATION
TEST AVERAGE,
1k TWO ELADES
CRITICAL o—
DAMPING 2}
(%)
c.81
1-
o Jr_._l 3 | (1 i § [ | (]
0 40 50 80 i 80 80 100 110 120
AIRSPEED (KNOTS)
TEST AVERAGE,
o F/A EXCITATION Lt
3_ H
CRITICAL / —9
DAMPING 2 b C-81
(%)
1-
0 ___A__L o 3 ) § [l i 1 __a
¥
0 40 50 60 0 80 80 100 110 120
AIRSPEED (KNOTS)

Figure 64, Summary of Test and C-~81 Air Resonance Mode
Damping Results.
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6. CONCLUSIONS AND RECOMMENDATIONS

The 300K version of C-81 was used to study loads, performance,
and stability of the BO-105 hingeless single-rotor helicopter.
Analytical resulte were compared with available flight test
data, and where no flight tect data were available, with re~
sults from Boeing Vertol analytical programs. Conclusions and
recommendations are as follows,

6.1 AIRCRAFT TRIM

Alrcraft trim for level flight was predicted reasonably acour=-
ately by C-8l. Test and analysis results for main rotor later-
al and longitudinal cyclic, main and tail rotor collective, and

;ircraft pitch attitude were good for speeds from hover to 120
nots.,

6.2 MAIN ROTOR BLADE LOADS, LEVEL FLIGHT

For a hingeless rotor, this program generally provides falir
flap bending moment predictions, although chord bending moment
and control load predictiona are poor.

The flap bending moment predictions are good for l/rev and gen-
erally poor for 2/rev and larger. For hingeless rotors, the
l/rev component of flap bending moment is by far the largest.
Therefora, the flap bending moment amplitude is dominated by
the good l/rev predictions, resulting in good correlation of
calculated flap bending moment amplitudes with test results.
However, due to the poor higher harmonic bending moment pre-
dictions, care should be exercised when using this program for
hingelass rotor blade design. This is especially critical
when the blade design has a flap natural frequency near an
integer multiple of the rotor speed, and the possibility of
large higher harmonic loads is of concern. This higher har-
monic deficlency may be due to the simplified rotor downwash
representation used in this version of C=-8l.

Alternating and l/rev chord bending moments were significantly
overpredicted, and could not be used for hingeless rotor blade
design.

Pitch link loads showed a large overprediction at low speed
(3 to 1) and large underpredictions at high speed (1 to 2).
In addition, the predicted waveform is predominantly 3/rev
while the test data are almost totally l/rev, It is clear that
the predicted control system loads could not be used for design.
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6.3 POWER REQUIRED IN LEVEL FLIGHT

C-81 computations for power required in level flight

are in agreement w.th results reported in Reference 1l at
hover, 60 knots, aad 140 knota, but C-8l results are lower
than reported in Reference 1l at 30 and 90 knota.

6.4 BANKED TURNS

For banked turns at 1.4 to l.8g's, C-8l predicted main rotor
shaft momente are generally lower than indicated by test data
by about 30 percent., Predicted main rotor blade flap moment
at 10 parcent radius and longitudinal cyclic are in reasonable
agreement with test data. The predicted chord bending moment
at 15 percent radius is about 2 to 3 times higher than test
data. Lateral cyclic predicted by C=-8l is different from test
data by about 1.0 to 2.0 degrees. This may be due to the low
torsional stiffness of the BO-105 main rotor blade and the
blade chordwise cg/aerodynamic center differences not ac-
counted for in the C~8l program.

6.5 RATE OF CLIMB AND FLIGHT ENVELOPE

C-81 results indicated a maximum rate of climb of about the
same value and at the same speed indicated by test data, For
the BO~105, C~81 indicated about the same flight envelope near
maximum speed as that reported in Reference 4.

6.6 CONTROL RESPONSE

C-81 analyses for reaponse to longitudinal, lateral, and tail
rotor inputs in hover and at 100 knots indicated:

l. 8ignificant pitch/roll coupling not reported in test
data. This may be due to blade chordwise cg/aero-
dynamic center differences not represented in C-81,

2. Apparent numerical integration instability when using
an integration interval of Ay = 30 degrees with the
highest frequency main rotor mode at 3.87/rev,

Results for pitch dump cases at 80, 100, and 123 knote showed
reagonable agreement for vertical acceleration, and generally
larger changes in pitch attitude than indicated by test. This
again may be due to blade cg/aerodynamic center differences
not represented in C-8l.
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6.7 DYNAMIC PITCH STABILITY

Resulta from the C-8l1 stability analysis for dynamic pitch
stability at 60 and 100 knots indicated:

l. A predicted pitching frequency of more than twice the
test value at 100 knots; better agreement at 60 knots.

2, A predicted time to double amplitude of about half the
test value at 60 knots; better agreement at 100 knots.

The above differences may also be due to blade chordwise
¢g/aerodynamic center differences not accounted for by C-81.

6.8 STABILITY DERIVATIVES AND CONTROL POWER

Comparison of values from C-81 for stabllity derivatives and
control power with reaults from Boeing Vertol's Y-92 trim pro-
gram showed significant differences. These differances are
attributed to the fact that blades are not allowaed to flap
during these calculations in C-81 (i.e., the values of blade
flapping are held at the trimmed condition), while blades are
allowed to flap during these caloulations in ¥-92, Program-
ming changes were provided for the ¢=81 program to allow blade
flapfing response to control inputs and aircraft motions in
stability derivative and control power calculations, but they
were recelved too late to make program changes at Boeing Vertol
and to rerun stability derivative cases.

6.9 AEROELASTIC STABILITY

Damping of air rasonance modes was avaluatad by introducing
sinusoidal cyclic excitation at a freguen¢y near the main
rotor blade first chord mode natural fregquency. Damping was
determined from the rate of blade chord bending moment decay
after the excitation was terminated. At 55 and 110 knots,
damping indicated by C-81 results was approximately the same
as indicated by test data.

6.10 GENERAL COMMENTS

l. C-8l appears to give good results for trim and per-
formance.

2. Blade load calculations at freguencies of 4/rev and
higher might improve with a better induced-velocity
representation (which could be obtained using the
600K version of C-81).

3. Time history (maneuver) casus were expensive to run,
and results probably would have been improved with
reduced integration interval (long running time).
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5.

6.

¥y. C=8l input sectinn termed Iteration Logic Group,
will " sets the comput.r program trim solution con-
veryanre parameters, should be discussed in more
detais. in the C-8l user's manurl. Separate inputs
for force and moment should be specified for the
variable damper in the Iteration Logic Group. This
term defines the maximum error allowed in force or
moment balance about the fuselags ng before the
trim correction limit is halved. 8ince the moment
error is likely to be numerically larger than the
force error, the moment error will dominate in this
test to determine when the maximum allowed correc-
tion for collaective, ayclic, etc., is halved in the
trim analysis.

The program does not appear to have the capability
to account for a chordwise variation in elastic
axis, og, and aerodynamic center with blade radius.
These variations affect caloulation of bhlade tor-
sional moments, torsional deflections, trim, pltch
link loads, and aerodynamic moment about the mass
center., If the mass and aerocdynamic centers are not
coincident, a trancfer of aerodynamic cocefficients
should he made to compute the aerodynamic pitching
moment about the mass center, The cg/aerodynamic
center differences may affect maneuver and trim cal-
culations,

Manuales provided with the C-8l program were gener-
ally well written, A fairly good understanding of
the program and its use resultes after reading the
program manuals and initial use of the program, More
detailed flow diagrams should be provided along with
equationa and derivations for each subroutine.

Computer run time was typically as follows
(IBM 370~158 computer) s

Computer CPU Time

co ti -~ d
e Quaesi~static, time-variant trim 208
e Quasi~-static trim followed by a

stability analysis 176

e Quasi-static, time~variant trim
followed by a 2,0-second maneuvaer,
30-degree integration interval at
425 rpm 776
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9.

A limited mamount of data was available for evaluating
the sensitivity of analytical resulte to helicopter
input data. <Cases run to obtain results for compari-
son with test data were generally run to match speci=
fic flight test conditions rather than to study
effects of variations in helicopter parameters. C-8l
cases which were run included variations in gross
welight and cg. Figure 65 shows effects of gross
weight variations from 4300 to 4750 1lb on trim.
Figure 66 shows effects of a og variation of from
2.95 inches forward to 3.9 inches aft., These sensi-
tivities may be used to asseas the effects of any
assumed errors in reported test values for groas
weight and cg location on test versus analysis trim
comparisons,

The engineering time required to prepare the BO~105
basic input data deck for C=8l1l ias summarized below.
Timea are based on rezeiving new documentation for a
new version of the program, generating new blade
modal data, and converting existing fuselage wind
tunnel data to C-8l input data., 8&ince more than one
person worked on preparing input data, some duplica=-
tion of time was requirsd for studying program doou-
mentation. Five engineers were involved in preparing
various portions of detailed input to the C=8l pro=
gram for the BO-105 analysis,

TASK MAN=HOURS,
a. Read documentation to understand 80

program methods being used and
detailed input data reguirerents.

b. Prepare airfolil tables from test data, clo}

¢. Process wina tunnel fuselage data and 80
convert to C=8l input format.

d. Define fuselage weight and inertia

data. 20
e. Define main rotor blade modal data, 40
£f. Prepare rotor airfoil aerodynamic sub- 40

groups (this set of input appeare to
be almost entirely redundant if airfoil
tables are used, and it is suggested
the program compute these constants, if
they are required, from airfoil tables).
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TASK MAN-HOURS

g. Prepare data for main rotor group, tail 60
rotor group, stabllizing surface, con~-
trol linkage, lteration logic, and
flight constants.

Total 400

The time required to froparo data would be consider-
ably less after familiarity with documentation and
experience in running C~81 had been gained, Each
data item listed above might require more or less
time depending on the availability and status of data
required, For example, 1f airfoil tables existed in
punched card form in the detail required for input to
C=8l but not in the correct format, a small computer
program could be written to convert these data to
C=8l1 input data on punched cards. 1In such a case,
less engineering time would be required to prepare
airfoil tables than indicated above,

6.11 RECOMMENDATIONS

The following recommendations are made for further validation
of the C-8l program for hingelesms rotor helicoptexrs in areas

where differences between test and analysis results occurred
during this study:s

1,

The 600K version of C=8l1 with input induced-velocity
tables should be used to compute higher harmonics of
blade flapping moments; these are important for com-

puting vibratory hub loads on hingeless rotors with
four or more blades.

The changes to C-8l1 which will allow computation of
stabllity derivatives and control power should bhe
implemented (they are available), and results with

these changes should be compared with other available
results,

The program should read in data for rotor blade chord-
wise mass cg and aerodynamic ceanter offsets, and
should make use of these in blade load and maneuver
calculations,

Additional testing of a hingeless rotor helicopter
should be considered to obtain a specific data base
for evaluation of helicopter simulation programs.
This test program should include a comprehensive set

of data for performance, rotor system loads, and
stability.
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R Uy

The causes of discrepancies between test and analysis
for maneuvers should be more thoroughly evaluated,
The time history (maneuver) portion should be made
more efficient (lower run time) so that its use could
hecome more practical,

Additional work should be conducted in the area of
level-£flight blade load analysis and correlation with
test data; additional test data are available for the
BO=105 from tests conducted at Boeing Vertol. Analy=-
sis should cover the entire BO~1l05 speed range, par-
ticularly low speed, where loads tend to be high.
Only a brief avaluation of the capability of C=81 to
predict blade and pitch link load data was possible
under the current study. A more detailed atudy should
be conducted of the harmonic content of loads, and
variation of loads with airspeed and cg position,
gross weight, and altitude (Cp/0).
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APPENDIX A

INPUT DATA AND LISTING OF INPUT DATA DECKS
FOR SAMPLE CASES

A portion of the definitions and corresponding input data

used for the BO-105 C-81 analysis is presented in this Appen=-
dix. The definitions of input data are reproduced from the

C-81 user;s manual, Refarence 2 of this report. Tables A-l,
A-2, and A-3 list C-81 input data decks for typical trim, ma-
neuver, and stability runs; cases Tl0, M3, and 88, respectively.
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CARD 0 Input Group Control Logic (14I5 format)

IPL (1) Switch for reading reduced data deck (0 = off)
(2) Number of airfoil data tables ( = 0, 1, 2, 3, 4, or 5)
(3) Number of M/R mode shape inputs (0 = none)
(4) Number of T/R moda shape inputs (0 = nona)
(5) Switch for reading rotoreinduced velocity distribution
table (0 = off)
! (6) Number of Rotor Airfoil Aerodynamic Subgroups
i (=1, 2,3, 4, or 5)
%" (7) Switch for deleting rotor groups (0 = off)
? (8) Switch for reading rotor pylon cards (0 = off)

oo O

& (9) Switch for reading wing inputs (0 = off)

(10) Switch for reading Stabilizing Surface inputs (0 = off) =
3 (11) Switch for reading Jet Group (0 = off)

L (12) Number of Store/Brake subgroups ( = 0, 1, 2, 3, or 4)

1?1 (13) Switch fgr reading Supplemental Rotor Controls subgroup
o (0 = off

i (14) Switch for reading maneuver input groups (0 = off)

o OO0, OO0O0O »

CARD 07 Analysis Logic (1415 format)

IPL  (15) Flight)condition indicator (0 = turn or unaccelerated 0
_ flight
- (16) Euler angle iteration selector for TRIM (0 = holds yaw 1
angle constant)
] (17) Switch for computing partial derivative matrix 3
(0 = every fifth iteration)
(18) Control variable for main rotor steady-state aerodynamics]
(19) Control variable for tall rotor steady-state aerodynamics2
(20) Switch for activating unsteady rotor aerodynamic options 0

(0 = off)
(21) Switch for specifying which rotor can use the time- 1
- variant (TV) analysis (0 = none; both rotors use quasi-
o static (QS) snalysis)
b (22) Switch for activating TV analysis in TRIM and MANU 0
? when IPL(21) ¥ 0 (0 = QS trim followed by TV trim and
maneuver)
(23) %ontrol ;ariable for rebalancing main rotor in TRIM 0
b 0 = off
& (24) %ontrol gariable for rebalancing taill rotor in TRIM 0
- 0 = off
3 (23) Print control for trim iteration data (0 = minimum output)l
! (26) Print control for optional trim page (0 = page omitted) 3
a (27) Print control for blade element aerodynamic data 3
(0 = none)
(28) Switch for locking fuselage degrees of freedom in 0

maneuver (0 = unlocked)

LIN
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i

CARD 08 Stability Analysis and Miscellaneous Logic (1413 forﬁat)

IPL  (29) Switch for fuselage coupling in STAB (O = uncoupled)
(30) Switch for pylon degrees of freedom in STAB (0 = off)
(31) Switch for rotor degrees of freedom in STAB (0 = off)
(32) Switch for rebalancing rotors in STAB when IPL(31) = O
(0 = rebalance)
(33) Output control for STAB matricaes (0 = print only)
(34) Output selector for STAB diagnostics (0 = off)

[o X =] oOWwWwoOor

(36) Print control for inmput data (0 = print all input data) 0
(37) Switch fgr reading Rotor Wake at Surfaces (RWAS) tables O
(0 = off

(41) Rotor fold indicator (0 = unfolded) 0 ,
(42) Switch for shifting cg with rotor folding (0 = no shift) 0
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2.4 FUSELAGE GROUP (include only if IPL(1) = 0)

3 — -
L ' CARD 20 Fuselage Group ldentification Card {
- i
:)S— . 2.4,1 BRasie InB!tl l
- CARD 21
|
o XFS (1) Gross weight (1b) 4362, i
e (2) stationline (in,) 100.39 : 5
¢ (3) Buttline Location of fuselage  (in.) 0. ' ke
3 (4) Waterline data relerence point (in.) =1,86 B
i (5) Stationline (in.) 96,80 3
¥ (6) Buttline T.ocation of center (in,) 0. if
i (7) Waterline of gravity (iny) 6.9 ﬁ
CARD 22 ]
[il » ,',-'
. XFS  (8) Alrcraft rolling inertia, Ixx (slug-Ft‘) 1268, ]
,} (9) Alrcraft pitching inertia, Iyy (alug-rtd) 3479, i
§ (10) Alrcraft yawing inertla, Igzp (slug-ftz) 3203, ’
s (11) Alrcraft product of inertia, Ixz (slug=ftd) 250, i
- (12) Porce and moment equation use Indicator, LGF 0. s
- (13) Phasing Angle (Nominal/Phasing) (deg) 13, 1
= (14) Phasing Angle (High/Phasing) (deg) 10, Y
! 2,4,2 Aerodynamic Inputs (Wind Axis) E
Gards 23 through 2E contain the coefflcients for the High Angle and Nominal i
Angle Bquations, The asterisk (%) indicates the input {s considered & o
necessary onej see Sectlon 3.4, i
? 2.4,2.1 Coefficlents for LiTt Equations an
3 CARD 23 x j
i XFS %(15) L/q at v, "9, " 0% (Fwd, FLL,) (ttz) -2.8103 y g
E (16) L/qaty = 180°, g = O° (Rwd, FIt.) (eedy ) ‘
(17)  Approx. peak L/q for 0° <g < 90°, § = 0 (redy »
L (18) Value of g, for Ars(17) (deg) #
(19) L/qat 4 = 0%, 8 = 90° (Vert. Flt.) ) L
(20) L/q at Ww w 90°, Bw = 0% (Sideward Flt,) (ftz) v {
L (21) d(L/q)/0N,, (£t%/acg) 0026886 o
3 v
i NOTE: Values not shown are left blank on input data cards; . |
1 asterisk items are considered necemsary according to ﬂ ‘
- Reference 2. S
- i
J
‘..4 N |:1
Lo .
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CARD 24
§ XPS (22) d(L/a)/d(w,D) (s¢%/deg?) 0,003743 |
*' %(23) B(L/q)/d8y lift curve slope at y§ = o° (ftz/deg) 0.569222 :
(24) B(O(L/Q)/ON, 08, (£t2/deg?) 0.00013
(23) B/, 38, (£t2/aeg®)  0.000032
(26) d(L/q)/o(8,7) (£t2/geg?) =0,000192
(27) a<b<L/q)/bww>/b<e %) (£62/deg®) -0,000003
(28) &(L/q)/5(8%) (£t%/deg®) =0,000166
2.4.2,2 c«!tiuicngl for Drag Equations
CARD 25
XFS %(29) D/q at ¥, = 6, = 0° (Fwd, Flt) (e¢?)  9.1025
(30) D/q at V¥, = 180°%, 8, » 0° (Rwd. F1t) (re?)
| (31) n/q at ¥, » 90°, 6, = 0° (Sideward Plt) (£t?)
N (32) D/q at 8, = -90° (Ascending Vertical Flt) (ft’)
; (33) D/q at 6, = +90° (Descending Vertical Flt)  (ft?) 0,017826
: (34)
| (35)  B(D/q)/dV, (rt%/deg) 0.028920 ]
CARD 26 i
XFS %(36) a(n/q>/b(¢w2)x varlation of drag with k
v 2at e, w0 (re2/deg?) ;
*(37) B(D/q)/dBy,s variation of drag with 8, ]
vy = 0° <r:2/deg> -0.158123 .
(38) B(D//BY/E, (re2/aeg®)  0.000702 ,
(39) d (/) (Y, e, (ftz/dez ) 0.000083 .
#(40) o(n/q)/b(e )| variation of drag with e i
] at ¥, o " (¢t%/aeg?) 0.006891 i
W) B 3%, (rt?/0eg”) 0,000023 ¥
(42) D(D/q)/b(e x’) (ftz/degs) -0.000177 b
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2.4,2,3 Coofficients for Pitching Moment Equations

CARD 27
XP8 . #(43) Mq at ¥ = 0° (Pwd Flc) (£63) =29.344b
(44) Waq at w - 180°, 6, = 0° (Rwd. F1t) (£e?)
(45) Mmm.mﬂMMfuo <o, <90°, ¥, =0 (ee?)
(46) Value of 0 for XPS(43) (dag)
(47) Waq at ¥, = 0° 18, 90° (Vertical Fit) (£6%)
(48) M/q at vw = 90°, e . 0° (Sideward Fit) £ty

(49) d(WQ)/BY, (¢t%/deg) 0056265

CARD 28

XPs  (30) d(Wq)/d(V,, 2 (fts/dcgz) -0,006806
w(51) b(M/q)/be j static lengitudinal stabllity (Etalde;) 1,5875644
(52) a(b(u/q>/bv )08, (£t>/dag?) -0.010048

(53) n(am/qvm ’))/ae (£t%/deg’) =0,001690

(36) dIVQ)/D(E, 2 (£e3/deg?)  0.031490 }

(53) (o MWaQ)/Be,IAE.D) (£6%/deg>)  0.000402 /
(56) d(M/q)/d(8, !) (ftaldags) 0.010432

2.4.2,4 Coefficients for Side Force Equations

CARD 29
xps (57) Y/qat ¥, =90° @ =0° (stdevard PLt) )
(58) Approx. pcak Y/q for 0%V, < 90°, 8, " o° (ftz)
: (59) Va.ue of *w for XPFS(38) (deg)
j (60) Y/qat ¥ =B, ~ 0° (Fwd Flt) cee?) s.849701
(61) b(Y/q)/bS (££2/dag)=0,032884
(62) b(v/q)/a(e 2 (ftz/dllz)-0.003029
(63) d(¥/q)/d(B,, "3y (ee?/deg’) 0,000373
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CARD 2A

XFS *(b4)
(63)
(66)
(67)
(68)
! (69)
4 (70)

b(Y/q>/b* ) slope of Y va, y_ ut § = 0° (ftzldog) 0.823888

b(b(Y/q)/bB )/b*

a(o(v/q>/o<e ))/bvw

3(¥/q)/d(y,, )
b(b(Y/q)/be ¥, )
b(?/q)/a<vw>
¥(a(¥/q)/8, >/o<v

E ' 2,4,2,3 Goefficients for Rolling Moment Equations
J

CARD 2B

i XFs  (71)
% . (12)
4 (73)
- (74)
§ (73
' (76)
(1)

CARD 20
XFS %(78)

(79)
(80)
(81)
(82)
(A3)
(44)

(tt¥/aeg®) 0.003138
<ctz/a-33) 0.000116
(te /a-g ) ~0,007640
(ft /dlg ) =0.,000038
(ft¥/deg’) 0.001128
¢t2/deg") ~0,000001

/g at ¥, = 90°% 8, = 0° (sideward Fit) (£e)

Approx. peak 1/q for 0 <y, < 90% 8 = 0° (e’

Value of 'w for XPS(72) (deg)

Vqat ¥, =8, = ¢ (P Flt) (ee®) 9.732088

b(llq)/he (£%/dag) ~0,986104

b<1/q)/b(e ) (£6%/d05%) 0.019363
<1/q>/b<e (£e3/deg®) 0.000492

b(l/q)/bvw; slope of
at G - 0°
b(b(l/q)/be o,
b<o<1/q>/a<e >/ow
B(1/Q)/0(,, 2y
B(d(1/q)/8, 2
b(1/0/A D)
5(5(1/q>/ae )

RM curve for *w
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(£63/deg) 1.695225
(£t /deg?) =0.074353
(£e3/deg>) =0,000724
(tt>/deg®) -0.012898
(£t3/deg’) 0.000703
(£63/deg) 0.000603
(£t /deg) =0.000075
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2.4.,2.6 Coefficlents for Yawing Moment Kquations

CARD 2D

XFs  (85)
(86)
(87)
(88)
(89)
(90)
(91)

CARD 2E
XPS %(92)

(93)
(94)
(95)
(96)
(87)
(98)

RN s p T T U1 ks -l B i f-u.«.oﬁ«v-umm.wuum,.duwmmw'mw“-ud,wm(' o
Y B X

N/q at v, = 90°, 8 = 0° (Sidewnrd Flt,)  (£t3)
Approx. peak N/q for o<w < 90° ) 6 . ° (fts)

Value of W for XPS(86) (deg)

N/q at ¥, =8, = 0° (Fwd Flt) (£63) =34.23
b(N/q)/ee (63 /deg) 1,564
b(N/q)/b(G 2y (ee3/deg?)  0.0146
B(¥/a)/5(83) (£¢%/deg”) =c.00321

b(N/q)/W j Slope of YM curve for v,

8, = ° (ft’/deg) ~0.9509

d(B(N/q)/58, )/ 0y, (ft3/d-sz) -0.021176

b(b(N/q)/b(e 2))/w (fts/dezs) 0.000109
b(N/Q)/B(Y,, 2y (£t%/deg?) 0.029939

B (N/q)/8 3, (£t>/deg®) 0.00023

BV AN D) (£:2/dug?) 0, 004625

o(o(n/q)/oe VUM (£t3/4e%) 0.000009
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h 2,5,1 Rotor Alrfoll Acrodynamic (RAA) Subgroup No, L
: CARD 31A
§
é-{ YRR (1,1) Drag divergence Mach number for o = 0 0.84 ;
f } (2,1) Mach number For lower boundary of
| supersonic region 1.27
G (3,1) Maximum CL, normal flow, M = O 1.3
" (4,1) Coefficlents of Mach number in ~0,7
3 (5,1 ( maximum Cp equation, normal Qs
g, (6,1) {low 0.
& (7,1) Maximum C,» reversed [low, M = 0 0.7
‘j, CARD 31B
1\
YRR (8,1) Slope of Lift curve for M a 0 (/deg) 0,095
. N Coufficients of M for (/deg) '
i (10,1) f Lift curve siopa in sub- (/deg) 0.047%
i (11,1) sonic reglon © (/deg) 0.
W (12,1) CD for o mw 0, M= 0 0.01
: (13,1) } CoelficLents of & In non- (/deg) 0.
‘- (14,1) divergent drag aquation (/deg2) 0,00004
] CARD 31C
- YRR {15,1) Coefficlent in supursonic drag equation 0.04
: (16,1) Maximum nondivergent Cy 0. 34
g (17,1) ‘'Thicknass/chord ratio 0,098
. (18,1) Control variable for using data table 1,
(19,1) Drag rise coefficient (/deg) 0.
(20,1) Coefficlent of yaw angle in Mach 0.2
' number equation
4 ¢21,1) Lrponent in Mach aumbar cquatlon 1,
y" for yuw ! flow
f CARD 31D -
YRR (22,1) Contflclents of y for Mach (/dﬂﬂz> 0. 3 ‘ 3
(23,1) }Critical in ateady C (/dug) 0. !
: (24,1) equation 0. 4
§ (23,1) Gy o1 g = 0, M= 0 0. b
4 (26,1) 0, ;
S (27,1) 0, !
L (26,1) Maximum value of yawed flow angle (deg) 0. .
CAND JE
' YRR (29,1) Zero lift line orientation at M = 0, (deg) 0
% : normal flow 0. _
) (30,1) } Coefficlents for zoro 1ift line orientation (dey) 0, :
(31,1) as a function of Mach number (deg) 0. .
(32,1) (deg) 0. g
- (33,1) BSwitch for UNSAM yawed flow effects (0 = off) 0, -
- (34,1) 0, 4
’: '\“ (35’1) _‘_

'
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2.5.1 Rotor Alrfoll Aerodynamlc (RAA) Subgroup No, 1 (Tail Rotor)
CARD 32A
YRR (1,1) Drag divergence Mach number for & = 0 0.79
(2)1) Mach number for lower houndary of 1.06
gsuperaonic region
(3,1) Maximum Ct, normal flow, M= 0 1.334
{4y1) Coefficlents of Mach number in 0.8334
(3,1) maximum C; equation, normal -4.924
(b,1) flow 3,883
(7,1) Maximum Cy» reversed flow, M= 0 0.78
CARD 328
YRR (B,1) Slope of 1ift curve fort M = O (/deg) 0,11
(9,1) Coefficients of M for (/dag) 0.02468
(10,1) z 1ift curve slope in subh- (/deg) =0.1956
(1L,0) sonic reglon (/dag) 0.3779
(12,1) CD for ¢ m 0, M= 0 0.008
(13,1) } Coefficlents of @ in non- (/d"i «0,00099
(l4,1) ) divergent drag equation (/deg” 0,00278
CARD 32¢
YRR (15,1) Coefficient in suparsonic drag equation 0.04
(16,1) Maximum nondivergent C 0.4
. (17,1) Thickness/chord ratio 0.12
A (18,1) Control variable for using data table 0.
{ (19,1) Drag rise coefficient (/deg) 0.028
(20,1) Coefficient of yaw angle in Mach 1,
number aquation
(21,1) Exponent in Mach numbar equation 1,
for yawed flow
CARD 32D
YRR (22,1) Coafficients of g for Mach (/deq2) -0,002488
(23,1) Criticul in steady C, (/deg) ~0.009456
(24,1) equation 0.82
(25,1) Cy for o= 0, M= Q
(26,1)
(27,1)
(28,1) Maximum value of yawed flow angle (/deg) O,
i CARD 32E
YRR (29,1) Zero lift line orlentation at M = 0, (deg) O,
normal flow
(30,1) } Confficlents for pero lift line (deg) 0.
(31,1) orfentation as a function of Mach number (deg) O,
(32,1) (deg) O,
(33,1) Switch for UNSAN yawed flow effects (0 = off) 0.
(3“’1) Oo
(33,1) N
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2.6 MAIN ROTOR GROUP (omit if IPL(7) = 1 or 3)

CARD 40 Main Rotor Group Identification Card

CARD 41
XMR

CARD 42
XMR

CARD 43
XMR

CARD 44
XMR

P ¥ o Vo W W e
~ O WL
Nt N ol sl NtV Nt Nl

P o W W W

(el ol ol e ey
W~ Oovm
Nl e N il Nl ol NV

Numbar of blades

Unduraling (in,)
Radius (tt)
Chord (ONLY if constant) (in.)
Total twist (ONLY 4f linear) (dag)
Flapping stop location (deg)

Stationline | Location of mast pivot {in,)
Buttline point for mast tilt and (in,)
Waterline conversion maneuvers (in,)
Blade weight (ignoved if IPL(3) ¥ 0) (1b)
Blade inertia (ignored if IPL(3) ¥ 0) (slug-tel)
Rotor to engine gear ratioc (Rotor RPM/Engina RPM)

Station riumber for blade moments (0.0 = hub)
Hub-type indicator (0,0 = gimbalad)

Flapping stop apring vate (fe~1b/deg)
Flapping spring rate (ft~1b/deg)
Reduced rotor Fraguency for UNSAN option (/rev)
Lead=lag damper (1benec/fL)
Hub extent (te)
Precone (dag)
Pitch change axis location (0.0 = 23% chord) (chordy)
Pitch-flap coupling angle, &3 (deg)

Drag coafficient for hub

Coefficient for tip-vortex affect (0.0 = off)
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0.

16.11
10.64
-8,
90.

98,444
61.20
0.

0.
1,

2.3
0.

0.013

10,
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CARD 45

XMR

CARD 4t
XMR

CARD 47
XMR

(29) Tip sweep angle (+ aft) (deg) 0.
(30) Shift in ac at tip (+ aft) (in,) 0.
(31) Moment arm of pitch=link attach point (+ fwd) (in.) =6,48
gJZ; Distanca Erom hub to pitch=horn attach polnt  (in.) 6,66
33

{34)

(3%)

(36) Rotor nacelle weight (lb) 0.
(37) Stationline Location of rotor nacelle (in.) O,
(38) Buttline canter of gravity (in.) O,
(39) Waterline (,an) 0.
(40) Rotor nacelle differentinl flat plate drag avea (£t%) 0.
(41) Distance from mast pivot point to rotor nacelle (ft) 0.

aerodynamic center

(42)

(43) Control phasing (deg) =10,
(44)  B/A mast tilt (+ fwd) (teg) 3,
(48) Loteral mast tilt (+ right) (deg) 0.
(46) Mast length (+ up) (re)y o
(47) Incremental torsional inertia of thast (nl,ug-ftz) 0.
(48) Torsional spring constant of mast (re-1b/dog) 0,
(49) Torsional damping vatio for mast 0,
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e 5

2,7 TAIL ROIOR GROUP (omit If IPL(l) # 0 or if IPL(7) = 2 or 3)

T s

T

CARD 51

i XTR
I‘éj
¥
ha
)
Pc(
;
i
i

;‘ CARD 52

Lﬁj; XTR
i

CARD 53

| XTR
b
»

' CAKL 54

XTR

(28)

CARD 50 Tail Rotor Group Identification Card

Number of blades

Undersling (in,)
Radius (ft)
Chord (ONLY if constant) (in,)
Total twist (ONLY if linear) (deg)
Flapping stop location (deg)
Stationline § Location of mast pivot (in,)
Buttline } point for mast tilt and (in.)
Waterline conversion maneuvers (in.)
Blade weight (ignored if IPL(4) 4 0) (1b)
Blade inertia (ignored if IPL/4) ¥ 0) (slug-ft2)
Rotor to engine gear ratio (Rotor RPM/Engine RPM)

Station Number for blade moments (0,0 = huY)
Hub-type indicator (0,0 = gimbaled)

Flapping stop spring rate (Ft-1b/deg)
Flapping spring rate (ft-1b/deg)
Reduced 1otor frequuncy for UNSAN option (/tev)
Lead-lag damper (1b-3ec/ft)
Hubt cxtent (ft)
Precone (deg)
Pitch change axis location (0,0 = 25% chord) (chords)
Pitch-flap coupling angle, 81 (deg)

Drag coefficient for hub

Coefficient for tip vortex effect (0.0 = off)
Sidewash coefficient (deg/deg)
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3.115

7.05

0.0001
90.

335.
-12.5
68.7
4,851
0,487
5,527

0.

0.
0.
1,
00
0.

0.

45,
0.
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CARD 55

XTR

CARD 36
XTR

CARD 37
XTR

(43)

(45)
(46)
(47)
(48)
(49)

Tip sweep angle (+ aft) (deg) o0,
Shift in aerodynamic center at tip (+ aft) (in.,) O,
Moment arm of pitch-link attach point (+ fwd) (in.) 0.
Distance from hub to pitch=horn attach point (in.) o,
Rotor nacelle weight (1b) O
Stationline Location of rotor nacelle (in,) O,
Buttline center of gravity (in.) 0.
Waterline 2 0.
Rotor nacelle differential flat plate drag area (£t°) O,
Distance from mast plvot point to rotur nacelle (ft) 0,
Control phasing (deg) O.
F/A mast tilt (-+ fwd) (deg) =4
Lateral mast tilt (= 290 fu. tail rotor) (deg) =90,
Mast length (ft) O
Incremental torsional inertia of mast (slug-£t?) O,
Torsional spring rate of mast (ft-1b/deg) 0,

Torsional damping ratio of ast

148




s -

ey

2.9.1 Stabilizing Surface Group No. 1 (include only if |tPL(10)] > 1)

CARD 70 Stabilizing Surface Group No. 1 Identification Card

2,9.1.1 Basic Inputs

CARD 71
XSTB1

CARD 72
XSTB1

CARD 73
XSTBL

(17)
(18)

(19)
(20)

(21)

Stabilizing Surface Area (£e%)
Stationline Location of center (in,)
Buttline of pressure for the (in.)
Waterline stabilizing surface (in.)
Incidence angle (deg)
Effective dihedral angle (+ up) (deg)
Sweep angle of quarter chord line (+ aft) (deg)

Geumetric aspect ratio of surface

Spanwise efficiency factor

laper ratio

Tail-boom bending coefficient (rad/1lb)
Dynamic pressure reduction at

surface due to fuselage

Downwash at surface dus to wing (deg)
Control surface deflection (deg)
|Coefficients for a change in lift (/des)
jcoefficient as a function of (/deg<)
control surface deflection

JCoefficlents for change in maximum (/deg)
jlift coefficient as a function of (/deg)
control surface deflection

|Coefficients for change in profile (/de
jdrag as a function of control (/deg!z

surface deflection
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8.71
277.45

25.84
0.

0.
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CARD 74

XSTBL (22) | Coefficlents for change in surface (/deg) 0.
(23) | pitching moment coefficient as a (/deg4) o,
function of control surface deflection
(24) lCoefficients for downwash at (deg) o,
(2%) surface due to the fuselage (deg/deg) 0.
(26) | (deg/degd) o,
(27) | Coefficients for sidewash at the (deg/des) 0.
(28) | surface due to the fuselage (deg/deg®) o,
CARD 75
XSTBL (29) Effect of Rotor 1 wake on the surface 1,
(30) Velocity at which surface starts to
enter Rotor 1 wake (KTAS) =3.
\ (31) Velocity at which surface ia com-
A pletsly in the Rotor 1 wake (KTAS) O,
i (32) Effect of Rotor 2 wake on the surface 0.
i (33) Velocity at which surface starts to
i1 enter Rotor 2 wake (KTAS) 1,
i (34) Velocity at which surface is com-
f; ; pletely in the Rotor 2 wake (KTAS) 2.
{ I (35)
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CARD 130 Controls Group Identification Card

2.12,1 Basic Controls Subgroup

CARD 131 i
b XCON (1) Range of collective stick (in.) 9. s
R (2) Collectiv. pitch for Rotor 1 with stick (deg) 6. {
b full down (BM = 0)
3 (3) Range of collective pitch for Rotor 1 (ﬂM = 0) (deg) 16. '
:l (4) Rotor 1 collective pitch lock indicator ‘
b (# 0 for locked) 0. !
| (8) Rotor 1 root collective pitch if XCON(4) ¥ O (deg)
a (6) Change in Jet Thrust with collective stick (1b/in,) 0.
?; position '
¥ (7N
b CARD 132
g XCON  (8) Range of F/A cyelic stick (in.) 12,12
.. (9) Rotor 1 F/A cyclic pitch with stick full aft (deg) -4,7
i (10) Range of F/A cyclic pitch for Rotoxr 1 (deg) 14,
. (11) Rotor 1 F/A cyclic pltch lock indicator 0.
y ! (B O for locked)
. (12) Rotor 1 F/A eyclic pitch if XCON(1l) # 0 (deg) O,
b ; (13) Change in Jet Thrust with F/A cyclic stick (1b/in.) O,
g position
") (14)
CARD 133
1 XCON (15) Range of lateral cyclic stick (in,) 8.65
4 (16) Rotor 1 lateral cyclic pitch with stick (deg) -5
1 full left
(17) Range of lateral cyclic pitch for Rotor 1 (dey) 10, !
; (18) Rotor 1 lateral cyclic piltch lock indicator 0.
(# 0 for locked)
(19) Rotor 1 lateral cyclic pltch if XCON(18) ¥ 0  (deg) o,
' (20) Change in Jet Thrust with lateral cvclic (1b/in,) o,
g | stick position
(21)
CARD 134
XCON (22) Range of pedals (in.) 4,34
(23) Rotor 2 collective pitch with pedals full (deg) 6.00
right
- (24) Range of collective pltch for Rotor 2 (deg) =40,
! (25) Rotor 2 collective pitch lock indicator
(¥ 0 for locked) 0.
" (26) Rotor 2 collective pitch 1f XCON(25) § O (deg) O,
. 527; Change in Jet Thrust with pedal position (lb/in.) 0,
\ 28
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2.13 ITERATION LOGIC GROUP

i CARD 140 Tteration Logic Oroup Identification Card .

; CARD 141 :
XIT (1) TIteration limit for TRIM 20, N
(2) AY of rotor(s) for time-variant trim (deg) 0 B
(3) Limitar for change in average rotor-induced i
valocity (ft/sac) 0y i
Egg Partial derivative increment for STAB 0.5 °
(6)
(7)
CARD 142
XIT (8) Minimum value for main rotor Flapping angle
correction limit (deg) 0.2
(9) Minimum value for tail rotor flapping angle
correction limit (deg) 0.2
(10) Maximum value for ume of varisble Jamper for
. main rotor (ft-1b) 15000,
: (11) Maximum value for use of variable damper for
tail rotor (fe-1b) 15000,
(12) Starting value for TRIM correction limit (deg) 2,
(13) Minimum value for TRIM correction limit (deg) 0.1%
(14) Maximum value for use of variable damper
in TRIM (1b or ft-1b) 500,
CARD 143
XIT (1%) Allowable error in F/A force balancs {1b) 12,5
(16) Allowable error in lateral force balance (1b) 50.
(17) Allowable error in vertical force balance (1b) 50,
(18) Allowable error in pitching and yawing
moment balance (ft-1b) 100,
(19) Allowable error in rolling moment balance (ft-1b) 100, '
(20) Allowable error in main rotor flapping
moment balance (fte1lb) 500.
(21) Allowable error in tail rotor flapping
i moment balance (ft=1b) 500,
|
L1Y 1
i 1
!
)
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2.14 FLICHT CONSTANTS GROUP

NOTE: There is no CARD 1350 because there is no
" Group Ldentification Card for Flight Con-
stants Group.

CARD 151
XFC (1) Forward velocity (ground reference) (kt)
(2) Lateral velocity (ground reference) (kt)
(3) Rate of climb (ground reference) (Et/sec)
(4) Altitude (geometric) (ft)
(5) Euler angle yaw (heading angle) (deg)
(6) Euler angle pitch (deg)
(?) Euler angle roll (deg)
CARD 152
XFC (8) Collective stick position (%)
(9) F/A cyclic stick position %)
(10) Lateral cyclic stick position (%)
(Ll) Pedal position %)
(12) g level
(13)
(14)
CARD 1353
XPC (13) Main rotor F/A flapping angle (deg)
(lo) Main rotor lateral flapping angle (deg)
(17) Tail rotor F/A flapping angle (deg)
(18) Tail rotor lateral flapping angle (deg)
(l19) Main rotor thrust (1b)
(20) Tail rotor thrust (1b)
(21)
CARD 154
XFC (22)
(23)
(26) Maximum engine horsepower available (hp)
(25) Engine RPM (rpm)
(26) Atmospheric logic awitch (0,0 = Std. Day)
(27) Pressure altitude (ft)
(28) Ambient temperature (°C or °F)

NOTZ: END OF TRIM OR TRIM-STAB DECK.
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0,

0.
1636,
0.

1,17
'0393

39,
50,
39,
32,

0.

0.
1636.
0,
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