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ABSTRACT

The objective of this report is to document a mathematical model for
the real time flight simulation of a generic tilt-rotor aircraft which can
be used in support of aircraft design, pilot training, and flight test-
ing. The mathematical model was originally developed by Bell Helicopter
Textron (BHT) under NASA Contract NAS2-6599 for the XV-15 tilt-rotor re-—
search aircraft. A real-time version of this model was implemented by
Computer Sciences Corporation (CSC) on the NASA Ames Research Center (ARC)
Flight Simulator for Advanced Aircraft (FSAA). Systems Technology, Inc.,
(STI) was given the task under NASA Contract NAS2-11317 to develop,
document, and validate a generic tilt-rotor mathematical model version of
the BHT mathematical model for XV-15 and generic tilt-rotor simulation on
the NASA ARC Vertical Motion Simulator (VMS).

The generic tilt-rotor mathematical model development and documenta-
tion effort required that the following specific tasks be completed: (1)
restructuring of the original BHT report by (a) updating the list of sym-
bols, (b) rewriting the input/output format, (c) developing a cross
reference between the VAX 11/780 and Sigma 8 versions of the generic
model, and (d) modifying or adding equations to the mathematical model in
several deficient areas; (2) programming, checkout, and validation of the
generic tilt-rotor mathematical model; and (3) simulation support.
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SECTION I

INTRODUCTION AND BACKGROUND

The objective of this report is to document a mathematical model for
the real time flight simulation of a generic tilt-rotor aircraft which can
be used in support of aircraft design, pilot training, and flight test-
ing. The mathematical model was originally developed by Bell Helicopter
Textron (BHT) under NASA Contract NAS2-6599 for the XV-15 tilt-rotor re-
search aircraft (Ref. 1). A real-time version of this model was
implemented by Computer Sciences Corporation (CSC) on the NASA Ames Re-
search Center (ARC) Flight Simulator for Advanced Aircraft (FSAA).
Systems Technology, Inc., (STI) was given the task under NASA Contract
NAS2-11317 to develop, document, and validate a generic tilt-rotor mathe-
matical model version of the BHT mathematical model for XV-15 and generic
tilt-rotor simulation on the NASA ARC Vertical Motion Simulator (VMS).
The first release of this development effort was completed in October

1983.

The generic tilt-rotor mathematical model development and documenta-
tion effort required that the following specific tasks be completed: (1)
restructuring of the original BHT report by (a) updating the list of sym—
bols, (b) rewriting the dinput/output format, (¢) developing a cross
reference between the VAX 11/780 and Sigma 8 versions of the generic
model, and (d) modifying or adding equations to the mathematical model in
several deficient areas; (2) programming, checkout, and validation of the

generic tilt-rotor mathematical model; and (3) simulation support.
A. RESTRUCTURING OF THE REPORT

The tilt-rotor mathematical model equations, as originally derived,
represented the kinematic, dynamic, and aerodynamic characteristics of the
XV-15 rotor, airframe, and flight control system. A description of the
development of the mathematical model, in its original form, is pfesented

in Ref. l. The equations presented in that report are, in many instances,

TR-1195-2 (Rev. A) 1




revised in this report to provide an improvedAgeneric model as based on
XV-15 flight test data. The equations of this improved generic tilt-rotor
mathematical model are provided in Appendix A of this report. The XV-15
input data array taken from Ref. 1 has also been significantly updated aﬁd
restructured to the generic mathematical model input format and is pre-

sented in Appendix B of this report,

All pages from the original BHT mathematical model report (Ref. 1)
which remain unchanged are presented in this report with the Bell report
number, 301-099-001, located in the lower left-hand corner. New or cor-
rected pages are identified by the STI report number, TR-1195-2, Pages
that have been revised for this edition of the STI report are labeled
TR-1195-2 (Rev. A).

Appendix C of this report contains a cross reference, developed by STI
and CSC, of the mathematical model input data array and the associated

computer variable names used in the Sigma 8/VMS version of the program,

B. IMPLEMENTATION OF THE GENERIC TILT-ROTOR
MATHEMATICAL MODEL ON THE VAX 11/780
AND SIGMA 8/VMS COMPUTERS

The initial version of what is now the generic tilt-rotor program was
developed in the 1970s by BHT for use as an offline XV-15 tilt-rotor anal-
ysis tool. A version of this program, IFHC80, was delivered in 1980 to
NASA ARC in a non—-generic form for use with the XV-15 only. This program
is based on the XV-15 tilt-rotor mathematical model of Ref. 1 and was used
as a checkout tool prior to BHT XV-15 simulations. A user’s guide and
programmer”s guide, Refs. 2 and 3, were delivered for use with this

program.

STI used the IFHC80 program, as requested by the XV-15 Tilt Roﬁor
Project Office, as a basis for development of the generic tilt-rotor simu-
lation program (GTRS) described in this document. The GTRS program has
been implemented on the NASA ARC VAX 11/780 computer, and the effort has
involved an extensive reformatting and recoding of the IFHC80 program”s

complete input/output structure and format. In addition, several computer
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programming errors were corrected during the creation of the GTRS pro-
gram. During development of both the original version and Revision A of
GTRS, informal discussions were held between STI and BHT in an effort to
define areas of similarity which might be maintained between STI”s GTRS
program and versions of a generic tilt-rotor program that have been de-
veloped by BHT for their internal use. As a result of these discussions,
STI has adopted some FORTRAN coding supplied by BHT for use with the GIRS
program. Almost all of this code is related to the input and internal
storage of aerodynamic data so as to maintain commonality between BHT and
NASA in the way in which tilt-rotor aerodynamic data is described for use
in the program. During the debugging and checkout of the STI GTRS pro-
gram, BHT was notified of the coding modifications and changes that would
be required for any future use of the BHT-supplied FORTRAN code. This was

because some of the STI code was developed before some of the BHT code.

A user”s guide and a programmer”s guide have been written for the
VAX 11/780 version of the GIRS program and were originally available as
Refs. 4 and 5, respectively. Both of these reports are now superseded by
Revision A versions with the same titles (their release date is the same
as the release date of this document). Appendices I and J of Ref. &4 pro-
vide a cross reference between the input data and computer variable names
and the equations in the original version of this document for both the
vAX 11/780 and Sigma 8/VMS* computer versions of the generic tilt-rotor
mathematical model. The Sigma 8/VMS version has not been released in a
Revision A upgrade. All information contained in Refs. 4 and 5, other
than that supplied in Appendices I and J, is intended to apply to the STI-
developed VAX 11/780 version of the GTRS program only, unless otherwise
specified, even though there are many similarities among the STI-, CSC-,
and BHT-developed versions of the mathematical models and the associated

versions of computer code.

*The Sigma 8 version of the GIRS program was developed by CSC under a
separate contract and is used presently for real-time simulation of the
XV-15. GTRS is also an off-line version developed by STI for use on the
VAX 11/780 computer.
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C. VALIDATION OF THE GENERIC TILT-ROTOR
MATHEMATICAL MODEL

The original XV-15 mathematical model (Ref. 1) was validated by BHT
through the use of wind tunnel tests, other computer programs, and limited
flight tests. Work accomplished by STI has been directed toward valida-
tion of the GTRS program using the earlier XV-15 data base as well as the
extensive flight test data base which is presently being developed with
the XV-15. Both the VAX 11/780 and Sigma 8/VMS versions of the GTRS pro-
gram have been used in the validation effort. Output from both of the
simulation programs has also been compared for numerous flight conditions
in order to ensure that both programs yield the same calculated results.
While conducting the validation study with flight test data, the following
limitations/deficiencies were identified by STI.

1. The prediction of hover performance was originally
found to be clearly overly optimistic (helicopter and
airplane forward flight performance was only slightly
over predicted).

2. In-ground effect rotor modeling was unacceptable for
rotor power calculation.

3. In-ground effect pitching moments were not predicted
as observed in flight test.

4., The calculated hover in-ground effect rolling moment
instability was excessive and of too high a frequency
in comparison with flight data.

5. Spinner drag modeling was discovered to be implemented
incorrectly.

6. Pylon drag modeling (including wing-pylon interference
drag) was determined to be inadequate.

7. A static Bl rigging offset term was not included in
the control system model so that the rotor controls
could be rigged like the XV-15.

8. The XV-15 20-degree flap position (and associated
aerodynamic tables) was not available for selection by
the pilot with the model (this flap position is one of
the three normal XV-15 flap positions)
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9. Simulated trimmed sideward flight data did not
correlate well with XV-15 flight test data.

10. Short takeoffs and landings were found to require too
much distance (possibly due to the lack of a wing in-
ground effect model and inaccurate rotor/wing flow
field modeling while in ground effect).

11. Questionable input data values were identified for
elevator, rudder, and aileron effectiveness as well as
the Q-loss value at the respective control surfaces
(as observed through correlation of aircraft
simulation response to flight test response for the
same control input).

12. Values for the XV-15 inertias were demonstrated to be
out of date (airframe modifications and flight test
instrumentation weights and 1locations were not
included in the calculated inertias).

BHT was notified of each these model 1limitations/deficiencies.
Modifications were made to the GTRS program or input data values which
resolved all of the limitations/deficiencies except for the deficiencies
involved with short takeoffs and landings. An investigation into the STOL
deficiency was beyond the scope of effort STI was tasked to accomplish at
that time. Interim results from the mathematical model validation effort
are presented in Ref. 6. The final report (Ref. 7) for the contract
provides a more detailed discussion of the results from the validation

effort.

D. SIMULATION SUPPORT

STI provided engineering support to NASA and CSC for the initial
generic tilt-rotor simulation validation effort that was conducted at NASA
ARC from January to April 1983. The support to NASA was provided in order
to aid in the evaluation of the XV-15 data input configuration (in the
generic mathematical model format) and to modify the model as required.
Both open— and closed-loop evaluations of the model were conducted using
NASA and military XV-15 pilots. CSC support was provided to aid in
implementation and checkout of the generic model on the Sigma 8 computer

and the VMS. Major off-line simulation efforts were conducted in 1983 and
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1984 to investigate improvements to the mathematical model and to
correlate results with flight test data taken specifically for simulation
validation purposes. Other off-line validation efforts have been
conducted using the VAX 11/780 version of the program beginning in 1983
and continuing to the release of this report. Some of these efforts have

also involved work with tilt-rotor configurations other than the XV-15.
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SECTION II

STRUCTURE OF THE MATHEMATICAL MODEL

The generic tilt-rotor mathematical model structure is presented in
the block diagram shown in Fig. 1. The mathematical model differs from
that of a conventional fixed-wing aircraft in that there are added
requirements to represent the dynamics and aerodynamics of the rotors, the
interaction of the rotor wake with the airframe, and the rotor control and
drive systems. The rigorousness of the mathematical model of the tilt-
rotor aircraft was constrained by two factors. One factor was the
requirement to keep the computational loop time to less than 70 ms in
order to maintain a real time simulation. 1In order to achieve this, it
was necessary - to limit the rotor representation to steady, linearized
aerodynamics having a uniform inflow and to approximate the rotor
following time. Rotor stall and compressibility effects were used only to
define a 1limit for the maximum rotor thrust coefficient as a function of
advance ratio. This rotor mathematical model is satisfactory for most
handling qualities studies but may be inadequate to evaluate flight
conditions or maneuvers where stall, compressibility, or rotor dynamics

are significant.

A second factor constraining the rigorousness of the mathematical
model was the lack of sufficient experimental data on rotor wake—airframe
aerodynamic interactions, such as the downwash (or upwash) of the rotors
at the horizontal tail. The model of the rotor wake—airframe interaction
was initially based on a limited amount of data from tests of a powered
model of a tilt-rotor aircraft similar to the XV-15. Tests were subse-
quently completed using a powered model of the XV-15 to obtain detailed
information on the rotor wake-airframe aerodynamic interactions. This
data was used to update the simulation and refine the model for this
important characteristic of a tilt-rotor. Other revisions were made to
the mathematical model during the aircraft development in order to reflect

design changes in the aircraft, corrections to the mathematical model, and
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additions or improvements to the mathematical model. This latest revision
provides the most recently updated documentation of the mathematical model
in its generic tilt-rotor form. Many of the changes to the Revision A
version of the mathematical model involve improvements that are

incorporated as a result of correlation with XV-15 flight test data.
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SECTION III

A GENERAL DESCRIPTION OF THE MATHEMATICAL MODEL
AND INPUT DATA REQUIREMENTS

This section describes the mathematical models of the generic tilt-
rotor aircraft components——the rotors, the airframe, the control system,
the engines and drive system, and the automatic flight control systems
(Subsystems 1 through 9, and 17 through 20 in Fig. 1)--and the input data
requirements for those components. The equations of motion used with the
mathematical model (Subsystems 10 through 14 in Fig. 1) are the same as

those found in Ref. 8.

Earth-, body-, wind-, and mast—-axes systems are used in the generic
tilt-rotor mathematical model. The rotor flapping, forces, and moments
are calculated in a "wind-mast" axis system, while the airframe aerody-
namic forces and moments are calculated in a wind—-axis system. Forces and
moments from the rotor and airframe are then resolved into the body-axis
system for solution of the aircraft equations of motion. The flight path
of the tilt-rotor is described with reference to earth-fixed axes with the
orientation given by the Euler angles ¥, 0O, and ¢, in that order of rota-
tion. Details on individual subsystem sign conventions are provided in

the following sections.
A. SUBSYSTEM 1: ROTOR AERODYNAMICS

1. Rotor Forces and Moments

The mathematical model of the rotor is similar to that described in
Refs. 9 and 10, except that it is derived in a mast—-axis system (the
theory in Ref. 9 is based on an axis system perpendicular to the axis of

no flapping, i.e., the tip-path-plane, and that of Ref. 10 is based on the
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axis of no feathering) and contains provisions for prop-rotor character-
istics such as nonlinear twist, flapping restraint, and pitch-flap
coupling. The mast—axis system and sign convention used for the rotor are
shown in Fig. Al-1 (in Appendix A). The rotor flapping, forces, and mo-
ments are calculated in the "wind-mast" axis system (;1, Eﬁ, ii 3;, and Y)

and are then transformed into the mast-axis system (al, bl’ T, H, and Y).

Major assumptions that are made in the rotor mathematical model

include:

1. Average values for the lift-curve slope and profile-drag
coefficient are used over the entire span of the blade.
These are adjusted to approximate the rotor thrust- and
power—-required characteristics,

2. The blade angle of attack, a,., 1s approximated by sin Ops
Substitution of sin a_. for a. in the blade element equations
makes it possible to éévelop equations for rotor forces with-
out restricting blade pitch, 6, and inflow angle, ¢, to small
angles.

3. Blade flapping with respect to the mast is considered to be
small so that the small angle assumption can be made, and
harmonics of flapping greater than one-per-revolution are
ignored.

4., The blade flapping due to cyclic inputs is assumed to occur
instantaneously, i.e., the flapping equations assume that the
rotor is in an equilibrium condition. This assumption was
made because of limits imposed by the computation time of the
simulation computer. Differential equations for blade flap-
ping that would properly account for the rotor following time
were determined to require a solution time in excess of that
allowable for real time simulation. Furthermore, there is a
transport lag, between the time that a control input is made
at the simulator cab and the time that an aircraft response
is updated at the cab (by the motion and visual systems), of
from one to two frame times. By neglecting the rotor fol-
lowing time in the equation of motion, this transport lag is
approximated by the cab-control input to computer time lag;
for example, in hover, the rotor following time is 0.08 sec
compared to an average computational lag time of at least as
much as 0.075 sec using the Sigma 8 computer with the VMS
located at NASA ARC.
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5. Blade stall and compressibility effects are approximated by
limiting the maximum rotor thrust coefficient as a function
of advance ratio and by arbitrarily modifying coefficients in
the rotor power required equation (i.e., rotor profile drag
is increased as a function of the cubes of the rotor inflow
and advance ratios multiplied by empirically adjusted
coefficients).

2. Rotor-Induced Velocity

The rotor-induced velocity is computed by calculating the induced
velocity of an isolated, out-of-ground effect rotor and then modifying the
induced velocity to account for the side-by-side rotor effect, the tandem

rotor effect (in sideward flight), and for operation in ground effect.

The mean value of the isolated, out-of-ground effect rotor—induced

velocity is approximated using a modified expression from Ref. 1ll.

(QR)C

- 1.5
ST 2 0.6[Cl (legl - 8/3x|x])
0.8662 + qu + 5 5
(Il + 8u") (lc| + 8x%)

Vi

where C = CT/ZB2 (the 0.866 factor on Az has been added to improve power

correlation in hover).

The major assumption made with regard to induced velocity is that it
is uniform over the rotor disk. The main effect of this assumption is
that lateral flapping is underpredicted in the low-speed helicopter regime
(u = 0.05 to 0.2). However, lateral flapping has only a second-order
effect on stability and control characteristics in the helicopter mode, so

this is not a serious limitation.

The side-by-side rotor effect on the rotor—-induced velocity is ap-

proximated using an expression derived in Ref., 12.
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The factor XSS is called the mutual induction coefficient, and it is ob-
tained from Fig. 3.7 of Ref. 12. In the determination of XSS’ the
increased mass flow of the side-by-side configuration is taken into ac-
count, and the rotor wakes are assumed to remain separate if the distance
between the rotor centers is greater than the rotor diameter. The value
of Xgg depends on the direction of rotation, the distance between the
rotors, the advance ratio, and the rotor angle of attack. The value of
Xgg given in Ref. 12 is valid for p greater than 0.15. 1In this analysis,
the value of Xgg for p less than 0.15 has been approximated by providing a
smooth transition between a value of XSS equal to zero at p = 0.06 and the
value at y = 0.15. The term Avis is added to the induced velocity for

the isolated rotor during the induced-velocity solution process.

The added induced-velocity component at the trailiﬁg rotor of the tilt
rotor in sideward flight (the tandem rotor effect) is approximated as a
function of the normalized sideward flight velocity (6}. This component,
AViSF, is then added to the induced velocity for the isolated trailing
rotor, along with the value for AviSS during the induced-velocity solution

process.,

The reduction in induced velocity caused by ground effect is computed

using an exponential expression

Av, = v [1+ (G-l)(ew)]
IGE OGE

1/2

GECON2 (h,/2R)
By and w = cEwasu(uZ + v2) 7. 1f &V «

where G = 1-GECONI1(e
0.001 or G > 1, then G is set equal to one. This form of ground effect
equation is a variation of an equation derived by Hayden in Ref. 13 and
shown in Ref. 6 to provide excellent correlation of the mathematical model
with XV-15 flight test data. The factor eV washes out exponentially the
effect of ground proximity with forward speed. At 30 ft/sec and greater,

the effect is completely washed out.
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3. General Input Data Requirements

The input data requirements for the rotor are described in an organ-
ized format on Pages A-5 through A-12 of Appendix A. The majority of the
required rotor input data values are geometric constants which are self-
explanatory or are rotor- oOr blade-specific parameters which are
configuration dependent [e.g., &3, blade inmertia (1), flapping spring
rate (KH)]. The values for average rotor blade lift-curve slope and drag
coefficient, ay | o and §y 7 9 respectively, should be iteratively deter-

9+ b Bl §
mined using rotor test stand data or other rotor performance programs via
correlation with the generic tilt-rotor program output. If this type of
approach is not possible, or if data does not exist, then input data
values for these parameters should not be input without careful

consideration, because it 1is highly unlikely that any prop-rotor

configuration will have average rotor blade aerodynamic characteristics
similar to the 1low twist and usually single airfoil section

characteristics of untapered helicopter rotor blades.

Input data requirements for determining side~by-side (XSS), tandem
rotor (XSF), and ground effects are obtained using sources such as those
discussed in the previous section. In most cases it would be expected
that the input data used for the XV-15 would be appropriate for most tilt-
rotor investigations. The values for XSS and Xgp are obtained from data
tables in the simulation computer program (plotted in Figs. 2 and 3);
whereas, the coefficients for the ground effect equation (GECON1 and
GECON2) were iteratively determined by curve fitting data (originally
presented in Ref. 14) and then correlating with XV-15 flight test data
(Fig. 4 from Ref. 6).

Input data values for Mach number effects and induced-velocity coef-
ficients have been determined from experience and correlation with XV-15
wind-tunnel and flight-test data. Unless specific knowledge about rotor
characteristics unquestionably indicates that a change is needed in one of

these parameters, it is recommended that XV-15 values be used.
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The tables provided for setting an upper bound limit on usable rotor
thrust coefficient E} are defined as a function of p and Bpe These tables
can be modified from the XV-15 values based upon either analytical or
rotor test data from the rotor which is to be simulated. For simulated
flight conditions not requiring high thrust, e.g., high-g maneuvers, these
tables have no effect on the calculated results and would not be in need

of modification.

B. SUBSYSTEM 2: ROTOR-INDUCED VELOCITIES
(ALSO PARTS OF SUBSYSTEMS 4, 5, 6, AND 14)

The rotor wake-airframe aerodynamic interferences (or rotor-induced
velocities) represented in the generic tilt-rotor mathematical model con-

sist of three parts:

1. The effect of the rotor wakes on the wing lift and drag.

2. The effect of the rotor wakes on the horizontal stabilizer
and vertical fin 1lift and drag.

3. The effect of the rotor wake-airframe-ground interaction in
producing net rolling moment and pitching moment effects when
hovering near the ground.

1. Model Structure

The calculation of the wing aerodynamic forces and moments due to
rotof wake effects is made separately from the forces and moments gener-
ated by the freestream flow. The calculation of the rotor wake effect
involves calculating the area, angle of attack, and dynamic pressure of
the portion of the wing immersed in the wake. Figure A4-1 (in Appendix A)

illustrates the representation of this effect.

The area of the wing immersed in the rotor wake, Siw (shown in
Fig. A4-1) is computed as a function of wake radius, conversion angle,
wake angle of attack, and sideslip angle of the fuselage. The expression
used to compute the wake radius of a hovering rotor as a function of ver-

tical distance from the rotor disk is derived in Ref. 15. Experimental
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data also show that the contracted wake remains stable as it reaches the
wing and horizontal stabilizer surfaces. Therefore, the equation for the
wake radius (Eq. 3 of Ref. 15) has been simplified, since the wing and
stabilizer surfaces are located at approximately 0.4 R below the rotor

disk.

R, = R{0.78 + 0.22 Exp [-(0.3 + 22 /cRF + 60 C..)]}

The rotor-induced velocity at the wing varies with speed and mast tilt and

is given by the following expression:

W = (K +Ku+Ku2+K

2
A+ K%Y (W)
Hew 0 1 4 i

2 3

where the constants K0—4 are determined from powered rotor test data.
Wing loads at high negative incidences caused by the rotor wake at low
speeds are determined using lift and drag coefficient data tables that are
defined up to angles of attack of £ 90 deg. Asymmetric flight at low
speeds, which causes unequal portions of the left and right wing to be
affected by the left and right rotor wakes and which generates roll and

yaw moments, is also taken into account.

The induced velocity at the horizontal stabilizer and the vertical
fins (a function of airspeed and mast angle) is determined by first calcu-
lating the rotor-induced velocity for trimmed flight and then correcting
it for angle of attack and sideslip from data tables based upon wind-
tunnel data. The values calculated are assumed to be constant across the

empennage for the analysis.

When hovering in ground effect (h/D < 2.0), both an unstable rolling
moment and a pitching moment are generated by aerodynamic interaction be-
tween the rotor wake, fuselage, wing, horizontal stabilizer, and the
ground. The rolling moment effect is represented in the mathematical

model by a polynomial equation for the rolling moment as a function of h/d
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and then applied at the aircraft center of gravity. The in-ground effect
pitching moment is modeled as an exponential function of rotor thrust,
rotor hub height above the ground, and airspeed; and the pitching moment
is applied at the aircraft center of gravity. The decision to model this
effect was made following an evaluation of pilot comments and flight test

data first presented in Ref. 6 and later in Ref. 16.
2. Input Data Requirements

The details of the input data requirements are listed on Pages A-34
through A-37 of Appendix A. The coefficients K0’1,2,3’4 are determined
from powered-model wind-tunnel data. The rotor—induced velocity at the
horizontal stabilizer and vertical fins is also based on powered-model
wind-tunnel data. The velocity induced at the tail by the rotors was
derived for the XV-15 by analysis of pitching moment data with the tail ON
and OFF as well as with and without the rotors (Refs. 17 and 18). Data
generated by this method should look similar to the XV-15 data for Bm = 0

.deg presented in Fig. 5, which is plotted from Appendix B, Table 2-Ia on
Page B-22. (Data for Bp values other than 0 deg are not plotted but are
contained in the tables.) Further corrections to data from these tables
(which are corrections for angle of attack) are made for sideslip from
Table 2-1II.

The data used to fit the polynomial equation for the rolling moment
data was measured using a 0.2 scale powered XV-15 wind-tunnel model
(Ref. 17). This data is shown plotted in Fig. 6. The data used to fit
the in-ground effect pitching moment equation is based on flight test data
from Refs. 14 and 16, which is presented in Fig. 7, and compared with the

simulation results using the GTRS program.
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C. SUBSYSTEM 3: FUSELAGE AERODYNAMICS
1. Model Structure

The fuselage, wing-pylon assembly, horizontal tail, and vertical fins
are modeled separately in order to facilitate accounting for the influence
of the rotor wake on the airframe aerodynamics. Equations for the fuse-
lage 1ift, drag, side force, pitching moment, yawing moment, and rolling
moment are referenced to the wind-axis system and defined at the input
fuselage center of pressure. Aircraft angular rates as well as the rotor
wakes are neglected in calculating the fuselage aerodynamic forces and

moments.
2. Input Data Requirements

In general, the wind-axis airframe aerodynamics are extracted from
wind tunnel test data. For the XV-15, this data 1is tabulated 1in
Appendix B on Pages B-26 through B-30. Where wind tunnel data was not
available for the XV-15, characteristics were estimated using Refs. 19,
20, and 21. [For the XV-15, the coefficients in the equations for angles
of attack and sideslip less than or equal to 20 deg are based on wind-
tunnel data. For angles of attack greater than 20 deg, the coefficients
have been approximated.] The values for the coﬁstants LBFO, DBFO, and
MBFO are the same values as those in the data tables at op = Bp = 0 and
must be subtracted out. Otherwise, the equations would add the respective
numbers together twice (once from each of the op and Bp tables), thereby

resulting in double the actual value being used in calculations.
D. SUBSYSTEM 4: WING-PYLON AERODYNAMICS
1. Model Structure
The wing-pylon aerodynamic forces and moments are defined in the local
wind-axis system, Wing-body interference effects are included in the

aerodynamic data.
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Calculation of the wing aerodynamic forces and moments is made up of
two parts: the first part is composed of the part of the wing which is
influenced by the rotor wakes, and the second part, that which is
influenced by only the free stream flow. The mathematical model and all
sign conventions are described and flow charted in Appendix A or in the

previous section of text (Subsystem 2).

The wing-pylon 1lift and drag generated by the free stream flow are
functions of angle of attack, conversion angle, flap setting, and Mach

number. The pitching moment is a function of flap setting.

The wing lateral-directional aerodynamic forces and moments are calcu-
lated using equations for stability derivatives from Ref. 19.
Compressibility effects and the wing loading are included in the lateral-

directional characteristics.

Wing-pylon 1lift and drag coefficients are provided for mast angles of
0 deg and 90 deg and for four flap settings. Coefficients for interme-
diate mast angles and flap settings are obtained by interpolation. Mach
number corrections are made only for the flaps—up airplane mode

configuration.

The angle of attack of the wing is also modified in order to reflect
the induction effect of the thrusting rotors. The expression for the wing

angle of attack is:

c C

+
RFR RFL
MAXz(u, 0.15)

o, = op~ KXRW (xR/W)[ 1¢57.3)

where Xp W the induction coefficient, is a function of the distance be-
tween the rotor and the wing and of mast angle; and Cppgp 1, are the non-
b

dimensionalized rotor force coefficients for the right and left rotors.
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2. Input Data Requirements

The wing subsystem requires more data input than any other section of
the GTRS model. A detailed listing of the input data requirements is
provided on Pages A-45 through A-56 in Appendix A. Constants and many of
the coefficients listed on Pages A-45 and A-46 are either wing geometric
values or can be calculated using Ref. 19. (Other sources for calculation
of wing lateral-directional stability derivatives should also be accept-
able). Values for calculation of the constants in the equation for the
rotor flow field effects on angle of attack are for the XV-15 and, in
general, should be applicable for other tilt-rotor configurations similar
to the XV-15. The constants in the rotor downwash/wing equations for flap
effects are based on wind-tunnel or flight-test data and are used to ad-
just wing download as a function of flap setting. The spinner drag
coefficients were determined for the XV-15 from wind-tunnel test data of
the full scale XV-15 rotor and pylon (shown in Ref. 20). Values for the
pylon interference drag were determined for the XV-15 from flight-test

data and were a correction or addition to the model in order to account

for extra drag due to wing-pylon interference. Significant differences
exist between the "smooth and clean" skin surfaces of the wing tip and the
inside surface of the pylon for the XV-15 wind tunnel model and the sur-
faces around the XV-15 wing-pylon interface. (These differences can
easily be seen in a photograph of the XV-15 in helicopter flight.) This
input variable will probably not be obtainable from wind-tunnel data,
since the pylon drag will normally be included with the wing drag and
input into the wing-pylon tables described in this model. However, in
evaluating a tilt-rotor configuration using this program, it would never-
theless be advisable to use XV-15 input data as a minimum if flight-test
data cannot be obtained. The effect of this parameter can be significant
in the deceleration of the tilt rotor during reconversion to helicopter

mode and is noticeable by pilots in a manned simulation environment.

Coefficients for wing 1lift, drag, and pitching moment should be ob-
tained whenever possible through use of wind-tunnel testing. The XV-15

aerodynamic coefficients which are supplied in Appendix B (Pages B-31
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through B-55) are based on wind-tunnel data for angles of attack up to
stall. At angles of attack above stall, the coefficients are approximated
based on the test data presented in Ref. 2l1. Examples of how data should
look for wing 1ift and drag for the flap/flaperon settings of 0/0 and
40/25 deg are presented in Figs. 8 through 13. The dihedral effect of the
wing-pylon is based on wind-tunnel test data and is a function of angle of
attack and flap setting as well as sideslip. The aileron effectiveness
and yawing moment coefficients are also based on wind-tunnel data (or in
some cases may have to be calculated) and are a function of angle of at-

tack, mast angle, and flaperon deflection.

The wake deflection or downwash at the empennage due to the wing-pylon
for the XV-15 is determined from wind-tunnel data for angles of attack up
to stall. Above wing stall, the downwash is approximated using data for
the high wing-low tail configuration given in Ref. 22. Figure 14 presents
example data for the XV-15 for two flap/flaperon positions at two mast
angles (helicopter and airplane). The downwash at the empennage due to

the rotor wake is discussed in a previous section.

E. SUBSYSTEM 5: HORIZONTAL STABILIZER AERODYNAMICS

1. Model Structure

Detailed input data requirements for the horizontal stabilizer model
are described on Pages A-78 through A-82 in Appendix A. The dynamic pres-—
sure and angle of attack calculations for the horizontal stabilizer model,
as shown in Fig. A5-1, take into account wing-body blockage, mast angle,
the wing-pylon wake, the rotor wake, and the fuselage attitude and angular

velocities.
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2. Input Data Requirements

The constants required for the horizontal stabilizer model on
Page A-79 are geometric in nature and are a function of the empennage
configuration of interest; The value(s) for elevator effectiveness (Te)
can be measured both from a wind-tunnel model (Ref. 23) or from sources
such as Ref. 19. Data table input allows for further correction due to
Mach number effects. The values for change in horizontal stabilizer 1lift
coefficient CLH with sideslip and pitching moment are best determined
from sources such as Ref. 19. The horizontal stabilizer dynamic pressure
loss multiplier (KHNU) is included in the model for the purpose of provid-
ing a simple term to provide the capability to account for the dynamic
pressure loss if detailed wind-tunnel data is not available for mapping
empennage dynamic pressure losses as a function of angle of attack, side-
slip, and airspeed. If this type of data is available, it can be entered
as data tables as described on Page A-79 and tabulated on Pages B-65
through B-68.

The 1ift and drag coefficients for the horizontal stabilizer should be
determined from wind-tunnel test data for angles of attack up to stall
whenever possible. Examples of the data requirement, as measured for the
XV-15 are presented in Figs. 15 and 16. Otherwise, sources such as
Ref. 19 can be used to compute these coefficients. Above stall, the

coefficients can be approximated using data from Ref. 21.
F. SUBSYSTEM 6: VERTICAL STABILIZER AERODYNAMICS

1. Model Structure

The GTRS model assumes an H-tail vertical fin configuration like the
XV-15, and the forces and moments on the left and right fins are computed
separately in order to account for the variation in rotor wake effects
with sideslip. The dynamic pressure and angle of attack at the fins, as

shown in Fig. A6-1, take into account the wing-body blockage, mast angle,
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wing-pylon wake, rotor wake, and fuselage attitude and angular veloci-
ties. Detailed input data requirements for the vertical stabilizers are

described on Pages A-89 through A-94 in Appendix A.
2. Input Data Requirements

The constants required are generally geometric in nature and are a
function of the empennage configuration of interest. The rudder effec—
tiveness factors (rr and Kr) can be measured both from a wind-tunnel model
(i.e., Ref. 23) or from sources such as Ref. 19. The roll and yaw rate
correction coefficients which are a function of sideslip angle are deter-
mined from sources such as Ref. 19, The vertical fin dynamic pressure
loss multiplier (KUNU) is included for the same general reason as was the

horizontal stabilizer coefficient (KHNU).

The lift and drag coefficients of the fins should be determined from
wind-tunnel data for angles of attack up to stall whenever possible.
Examples of the data requirements, as measured for the XV-15, are pre-
sented in Figs. 17 and 18, Otherwise, sources such as Ref. 19 can be used
to compute these coefficients. Above stall, the coefficients are approxi-
mated using data from Ref. 21, The fuselage sidewash factor (1-3¢/58) at
the fins is a function of flap setting, mast angle, fuselage angle of
attack, and sideslip angle. The rotor sidewash factor (KBR) is a function
of the sideslip angle of the fin and the forward airspeed. Both of these
groups of tables are best determined from powered model wind-tunnel
data. If wind-tunnel data are not available, careful attention should be
given to calculation of these parameters, or the XV-15 data values should

be used.
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G. SUBSYSTEM 7: LANDING GEAR
1. Model Structure

Two landing gear model structures are presented in Pages A-103 through
A-122 of Appendix A; however, only the Subsystem 7A structure has been
used for real-time simulation purposes due to computer cycle time
limitations which have resulted in landing gear modeling instabilities
(the model is derived from Ref. 24). Use of the Subsystem 7A model
structure requires careful tuning at NASA ARC; therefore, the input data
provided for the XV-15 is for reference only, since it "works" for the
Xv-15. Any modeling of another tilt rotor would probably require
modification to these coefficients. Therefore, a detailed discussion on

most of the actual landing gear coefficients is not really useful.
2. Input Data Requirements

Most of the constants, as described on pages A-103 and A-104 of
Appendix A, are geometric in nature and are primarily of value (especially
in the batch version of the GTRS program) for computation of the location
of landing gear drag. Both landing gear drag and landing gear pod drag
are best determined from wind-tunnel data; however, numerous references
exist (e.g., Ref. 25) which do provide guidance on landing gear drag for
extended landing gear. Data for drag is input as a function of the per-
cent of gear extension or retraction which, in turn, is a function of the
"time" required for the landing gear to cycle up or down following the

pilot”s command to cycle the landing gear.
H. SUBSYSTEM 8: CONTROL SYSTEM
1. Model Structure
The control system mathematical model consists of a controls mixing
model and a force gradient model. Details of the XV-15 control system are

presented on Pages A-123 through A-164 of Appendix A. The flight control
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system is illustrated schematically, and sign conventions are presented in
Figs. ABa-l and A8a-2, respectively. The mathematical model of the con-
trol system contains mixing for the pilot and automatic flight control
system inputs, washout of the rotor controls as a function of mast angle
and airspeed, and conversion, landing gear, and flap controls. The
mathematical model does not include friction or free play, and the time
constants of the control actuators are assumed zero, since, in practice,
they are less than the computer frame time. This assumption was tested in
a simulation of the XV-15, and results presented in Ref. 6 confirmed the

assumption.

The pedal and cyclic stick longitudinal and lateral gradients are
specified as a function of airspeed. The location of the gradient detent
(zero force position) may be moved by the pilot in order to trim out

steady stick forces.

2. Input Data Requirements

Input data requirements, such as the control system gearing and con-
trol system limits, are generally self-explanatory as described and
discussed in Appendix A. The force feel system, the control force trim
system, and the pilot”s control functions, as described in Subsystems 8b,
8c, and 8d, respectively, are only applicable to the NASA ARC VMS simula-
tion version of the mathematical model. Therefore, further discussion on
the control system is thought to be unwarranted, since most researchers
will either use the XV-15 control system and the input values as described
herein or will design their own control systems for replacement of the

XV-15 control system.
I. SUBSYSTEM 9: CG AND INERTIA

The center of gravity and inertia subsystem, described on Pages A-165
through A-171 of Appendix A, provides modeling for the dynamic effects due

to pylon acceleration. The changes in center-of-gravity location and

inertia due to pylon tilt are also computed. Input data values for the
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subsystem are either geometric or are values of inertia which can be cal-

culated or determined from several sources (i.e., Ref. 26).

J. SUBSYSTEMS 10 THROUGH 14: COORDINATE
TRANSFORMATIONS AND EQUATIONS OF MOTION

The equations of motion used to solve for the six-degrees—of-freedom
flight path are identical to the ones provided in Ref. 8. The pylon de-
grees of‘freedom are neglected, since the wing-pylon natural frequencies
are well above the frequency capability of the simulation software and

hardware.

Transformation of forces and moments from wind to body axes and from
mast to body axes is required for a number of subsystems. These transfor-
mations are provided in Subsystems 10a through 10f. Tilt-rotor
accelerations, velocities, force and moment calculations, and summations
are provided by Subsystems 11, 12, 13, and 14, respectively. Except for
Subsystem 14, only tilt-rotor geometric data is required for input. Input
data values required for the empirical calculation of the unstable rolling
moment and the pitching moment in ground effect were discussed previously

in Section B on the rotor—induced velocities.
K. SUBSYSTEM 15: FLIGHT ENVIRONMENT

The atmospheric model described on Pages A-235 through A-238 of
Appendix A is the ICAO standard atmospheric model as described in Ref., 27.

L. SUBSYSTEM 16: PILOT”S INSTRUMENT PANEL

The pilot”s instrument panel, as described in Pages A-239 through
A-246 in Appendix A, is the instrument panel which is available at NASA
ARC for use in the VMS cab. This instrument panel configuration provides
important flight information and, in general, is a functional replica of
the instruments of importance on the actual XV-15 instrument panel. In-

struments such as radios, mnavigation aids, flight test instrumentation,
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etc., which are not directly related to flying the XV-15, are either simu-

lated by a cardboard replica or are omitted.
M. SUBSYSTEM 17: ROTOR COLLECTIVE GOVERNOR
1. Model Structure

The rotor rpm governor representation, described on Pages A-247
through A-255, consists of a single channel model of the actual flight rpm
governor feedback network (Fig. Al7-1). In the XV-15, the rotor blade
collective pitch is changed so as to maintain constant rpm; the blade
pitch is proportional to the integral of the error in rpm (e.g., the dif-
ference between the actual and the pilot-selected rpm) so that any steady
error is completely washed out. The gain of the integral feedback is very

low so that the governor will not destabilize structural modes.

A position gain is used in parallel with the integral gain in order to
provide damping to the rotor rotational mode under conditions of low in-
flow, such as low power descents in the helicopter mode. The position
gain 1is phased out as the pylons are converted to airplane mode in order

to prevent destabilizing structural modes.

Control of the rpm governor consists of a thumb-operated, three-
position switch spring loaded to center, which is located on the power
lever head. Pushing the switch forward increases the reference rpm by
20 rpm for each second that the switch is depressed; pulling aft decreases
the reference rpm by 20 rpm/sec. A pointer on the rotor tachometer

indicates the selected rpm. This system is modeled in the VMS cab.
2. Input Data Requirements

The input data required by the subsystem and provided in Appendix B is
for the XV-15, but it can be changed as desired by the researcher accord-
ing to the block diagram in Fig. Al7-1., At present, this model has been
fully incorporated (with failure modes, etc.) and checked out only in the
real-time simulation version of the GTRS program and not in the VAX
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version. The VAX version contains only a simplified governor for

realistically maintaining control of rotor RPM.

N. SUBSYSTEMS 18 AND 19: ENGINES, FUEL
CONTROLS, AND DRIVE SYSTEM DYNAMICS

1. Model Structure

The engine, fuel control, and drive system model is described on
Pages A-256 through A-271 of Appendix A. The drive system is represented
by the zero frequency symmetric mode, e.g., the rotors speed up or slow
down in response to the imbalance between aerodynamic torque and engine
torque. The frequencies of the flexible modes of the drive system
(3.67 cps and 11.8 cps for the first antisymmetric and second symmetric
modes, respectively) are too high to significantly influence the

simulation.

The engine and power turbine (NII) governor models are composed of
equations to calculate engine horsepower during transient and steady-state
operation. The equations are baséd oﬂ the operating characteristics of
the combined engine-fuel control system. This approach was taken rather
than one involving time constants, inertias, and derivation of engine

components to minimize the computational requirements.

The engine equations are derived in terms of the optimum power turbine
speed and the horsepower developed at that speed. For a given throttle
setting (or fuel flow rate), the engine will develop the maximum horse-
power if the turbine is operating at the optimum speed. The commanded
optimum power-—referred to sea level, standard, static conditions—-is
given by equations presented in Fig. Al18-1 where Kg through K,, are
constants derived to fit the engine power versus throttle (XTH) setting

characteristics given in the engine installation manual (Ref. 28).

The referenced optimum power, HPp,, at any time, t, after a power

lever change is given by the equation
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t dHP
_ ROP
HP = (HPRO)O+ ft 3t dt
o

where (HPRO)O is the power before the change in the power lever position

and (dHPROP)/dt is the engine power acceleration schedule given as:

dHP (100)[1-(np, )/(up, )]
ROP RO ROC
—at sign (HPROC_HPRO)*min {1’ pctmxp }*f(HPRO’h)

where f(HPRO,h) is the engine power acceleration schedule, derived to

correlate with measured engine acceleration characteristics.

The actual horsepower, HP, is then computed by correcting the referred

optimum horsepower, HPRO, for nonstandard conditions using the following .

equation

2
9.55 @ 9.55 @
s /8 ]Ik, ( BEDY &k, (———BLy 4+ g

HP = [HP, —_— )
/o RPM, Yo RPM,

RO 3]

where KI’ K2, and K3 are constants used to curve fit the power to the
engine characteristics given in the installation manual, Q0 is the actual
power turbine speed, RPMpo is the referred optimum power turbine speed,
and 6§ and 6 are terms used to correct for nonstandard pressure and

temperature, respectively.

The equations used for the power turbine governor (Ny7) are similar to
those for the engine except that the optimum power is referred to the Nit
speed commanded by the pilot rather than the throttle setting. It should
be noted that in the XV-15, the NII governing speed is set at that corres-
ponding to the rotor limit speed so that the NII governor is used only to

prevent overspeeding.
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2. Input Data Requirements

Input data‘values provided for use of the engine, fuel control, and
drive system are specifically for the T-53-L-11 engine and the XV-15.
While some modifications to the input data for the model can be made in
order to simulate a "larger" or "smaller" version of the T-53-L-11 engine,
any need to simulate a significantly different engine should be accom-
plished by modifying the model to whatever extent necessary to accurately
simulate the new engine instead of trying to change input data values for

the model described herein.

0. SUBSYSTEM 20: STABILITY AND CONTROL
AUGMENTATION SYSTEM (SCAS)

The SCAS mathematical model consists of a single channel representa-
tion of the electronic feedback network. The main feature of the SCAS
mathematical model is the representation of the system gains. All gains
are functions of pylon angle. The attitude—hold circuit is turned OFF or
ON by a switch on the SCAS panel. SCAS actuator characteristics are not
modeled; however, total system authorities are used. Simple failures can
also be evaluated for the SCAS, even in the VAX version of the program.
The decision not to model the actuator characteristics is discussed in
more detail in Ref. 6. This evaluation verified that, when these
characteristics are modeled, they are more than compensated for by the lag
or reduction in bandwidth introduced into the system by the simulation

computer cycle time delay.

Two different SCAS models are provided for use with the simulation
version of the GTRS mathematical model. These models, the Bell developed
S/N 702 model and the NASA ARC developed S/N 703 model (Ref. 29), are
described in the block diagrams on Pages A-277 through A-282 of Appendix
A. Gains and time constants shown on these block diagrams can be varied
as desired by the researcher from those values used with the XV-15 (as
tabulated in Appendix B). Presently, only the NASA ARC-developed SCAS 1is
available for use in the VAX version of the GIRS model.
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SECTION IV

VALIDATION OF THE MATHEMATICAL MODEL

The accuracy of the GTRS mathematical model has been investigated with
regard to rotor performance and force characteristics, airframe aerody-
namics, rotor wake-airframe aerodynamic interaction, static and dynamic
stability characteristics, and control power and damping. The majority of
the data used in making this investigation has come from powered model
wind-tunnel data, and Ref. 1 describes much of the early work conducted by
BHT. Rotor test data has also been used for comparison, where avail-
able. Flight test data has been used more recently for correlation and
validation efforts, and Refs. 6, 7, 30, and 31 provide correlation results
between this version of GTRS and the XV-15. The most complete summary of
correlation work accomplished in conjunction with this contract effort is

presented in Ref. 7.
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APPENDIX A

GENERIC TILT-ROTOR SIMIULATION
MATHEMATICAL MODEL
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Inputs: Variables Outputs:
From Subsystem Symbol To Subsystem Symbol
12 U 2,10b T
\ HR
W YR
\Y T
L
T HL
Yy,
11 P
q 1,2 Wir
r Wit
2,4 ug
15 P iy
My 2 AR
AL
19 g 2R
g
o
4"’ 9 h 10b M
H a
1R
Sicc ;blR
CG lalL
b
8a Bm 1L
]
R
° 10b,19 Qr
Bir L
AR
L
§1L
1L
14 T
10b Xg L
X
Inputs: Constants, Coefficients, and Data Tables
Constants: Oy, W, Xm, O R, 63, Chs Ib, lm, b
BLcgs SLgps Blgps Wlhgps Kg» Kgyps 2o
. (continued on next page)
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1 ROTOR AERODYNAMICS (CONCLUDED)

Inputs: Constants, Coefficients, and Data Tables (Concluded)

Coefficients: ag, ap, a, 8y 9§y 62, B, ogps CDMACH, CDMAX,
CDALPH, CDLIM, CDFACT, CTMAXM, GECONl, GECON2,

GEWASH, SFWASH, MULO, MUHl, KMUl, KMU2, KMUSF

Data Tables: C}/c = f(u,sm) Table 1-1
Xgp = f£(|V]) Table 1-II
Xgg = f(u) Table 1f111
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SUBSYSTEM NO. 1:

Inputs: Variables

ROTOR AERODYNAMICS

Symbol Description Units
U x-velocity (longitudinal) of the ft/sec
aircraft c.g. in body axis with
respect to the air
v y-velocity (lateral) of the ft/sec
aircraft c.g. in body axis with
respect to the air
W z-velocity (vertical) of the ft/sec
aircraft c.g. in body axis with
respect to the air
Vp Total linear velocity of the air- ft/sec
craft c.g. with respect to the air
p Body axis roll rate rad/sec
q Body axis pitch rate rad/sec
T Body axis yaw rate rad/sec
o Air density slug/ft3
My Mach number ND
QR Instantaneous right rotor speed rad/sec
Q, Instantaneous left rotor speed rad/sec
hH Rotor hub height above ground ft
SLCG Station line of c.g. in
WLCG Water line of c.g. in
Bm Mast conversion angle (+ fwd, rad
0 deg = vertical or helicopter,
90 deg = horizontal or airplane)
9or Right rotor root collective pitch rad
Bir Right rotor forward cyclic input rad
Ar Right rotor lateral cyclic.input rad
9oL Left rotor root collective pitch rad

TR-1195-2 (Rev. A)
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SUBSYSTEM NO. 1-—ROTOR DYNAMICS (Continued)

Inputs: Constants, Coefficients, and Data Tables
Symbol Description Units
BiL Left rotor forward cyclic input rad
A Left rotor lateral cyclic input rad
XR Right rotor x-force (body axis) 1b
Xy, Left rotor x-force (body axis) 1b
ny Number of rotor blades ND
m Number of rotor segments ND
X Blade station/R ND
em Blade twist deg
R Rotor radius ft
63 Pitch flap coupling deg
ch Blade chord in
Iy Blade flapping inertia slug-ft
1 Mast length ft
¢m Lateral mast tilt deg
BLCG Butt line of c.g. in
SLgp Station line of engine nacelle in
shaft pivot point
BLgp Butt line of engine nacelle in
shaft pivot point
WLgp Water line of engine nacelle in
shaft pivot point
Ky Flapping spring rate ft-1b/deg
Kyus Coning hubspring ft-1b/deg
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. SUBSYSTEM NO. 1: ROTOR AERODYNAMICS (Continued)

Inputs: Constants, Coefficients, and Data Tables (Continued)

Symbol Description Units

Eo Precone angle deg

ag Blade 1lift coefficient 1/rad

a; Blade 1ift coefficient 1/u

a, Blade lift coefficient 1/y?

J9) Blade drag coefficient ND

8y Blade drag coefficient 1/rad

8y Blade drag coefficient l/rad2

B Blade tip loss factor ND

%o Blade zero lift coefficient deg

. CDMACH Coefficient for lower limit of ND

rotor mach effects

CDMAX Maximum rotor drag coefficient ND

CDALPH Rotor drag equation coefficient ND
(slope with alpha)

CDLIM Onset of profile drag rise ND

CDFACT Rotor drag equation coefficient ND

CTMAXM Rotor CT max multiplier coefficient ND

GECON1 Constant in the rotor ground effect ft/sec
equation

GECON2 Constant in the rotor ground effect ft/sec
equation

GEWASH Airspeed washout for rotor ground ft/sec
effects

SFWASH Airspeed washout for side-by-side ft/sec

rotor effects
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SUBSYSTEM NO. 1:

ROTOR AERODYNAMICS

(Continued)

Inputs: Constants, Coefficients, and Data Tables (Concluded)
Symbol Description Units

MUHO Induced velocity distribution ND
equation coefficient

MUH1 Induced velocity distribution ND
equation coefficient

KMU1 Induced velocity distribution ND
equation coefficient

KMU2 Induced velocity distribution ND
equation coefficient

KMUSF Induced velocity distribution ND
equation coefficient for sideward
flight

E&/o Maximum available rotor thrust ND
coefficient, = £(u,B)

Xgp Sideward flight rotor correction ND
factor, = £(|v])

Xgg Side-by-side rotor effect ND
correction factor, = f(T)

OQutputs:

Tr Mast axis right rotor thrust 1b
(+ up for helicopter)

Hp Mast axis H-force right rotor 1b
thrust (+ aft for helicopter)

YR Mast axis Y-force right rotor 1b
thrust (+ right for helicopter)

T, Mast axis left rotor thrust 1b
(+ up for helicopter)

Hp Mast axis H-force left rotor 1b

- thrust (+ aft for helicopter)

Y, Mast axis Y-force left rotor 1b

thrust (+ right for helicopter)

TR-1195-2 (Rev. A)

A-10




. SUBSYSTEM NO. 1—ROTOR AERODYNAMICS (Continued)
Outputs: Continued

Symbol Description Units

WiR Mast axis uniform component of ft/sec
induced velocity at right rotor
(+ downward for helicopter)

Wit Mast axis uniform component of ft/sec
induced velocity at left rotor
(+ downward for helicopter)

g Tip speed (advance) ratio, right ND
rotor

uy, Tip speed (advance) ratio, left ND
rotor

Inflow ratio, right rotor ND
. )‘L Inflow ratio, left rotor ND

2z Total right rotor speed rad/sec
(corrected for aircraft angular
rate)

Q7 Total left rotor speed rad/sec
(corrected for aircraft angular
rate)

M, Mast axis longitudinal flapping ft-1b
IR restraint exerted by right rotor
on airframe (+ nose up for
helicopter)

b Mast axis lateral flapping restraint ft-1b
IR exerted by right rotor on airframe
(+ outboard for helicopter)

M, Mast axis longitudinal flapping ft-1b
1L restraint exerted by left rotor on
airframe (+ nose up for helicopter)

b Mast axis lateral flapping restraint ft-1b
1L exerted by left rotor on airframe
(+ outboard for helicopter)
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SUBSYSTEM NO. 1—ROTOR AERODYNAMICS (Concluded)

Outputs: Concluded

Symbol Description Units
Qr Mast axis right rotor torque ft-1b
(+ trying to slow rotor down)
QL Mast axis left rotor torque ft-1b

(+ trying to slow rotor down)
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MR QI'{
. ( 7 % qHMR =~ MAST RIGHT ROTOR SHOWN
-
SIGN CONVENTIONS ON RIGHT
~ 1pp AND LEFT SIDE ARE COMPLETELY
2 _TPP SyMMETRICAL ABOUT AIRCRAFT
1 PLANE-OF - SYMMETRY
{__TPP
S MAST
~ Y
'bIR HR () '
X
Q Q c
p '/ z
U
Q/F I
. ) y
/4
Vr /\ﬁ,«/
4 A. MAST AXIS SYSTEM. _
\74
@ R T s Onmmen
MAST FO
T

= LAGE) AXIS SYSTEM -
- < 1 P
S~o - \ | WIND-MAST
Y _ —
. > \ _H _—~ (2) FLAPPING AND PERFORM-
Vo2 + v f _——  ANCE CALCULATIONS ARE
HR ~ HYRN_J> \/ TPP MADE IN WIND-MAST
c——- —— > SYSTEM OBTAINED BY
Vom N RESOLVING U AND
< \\ { TPP
A Vg INTO A SINGLE WIND
P ~ E v \
WMR 1 < VECTOR AS SHOWN IN (B)
v = N\ T BELOW
£ -1 'pm B A Y
WMR = tan &R | L WIND-MAST
HMR R N - - _ _
SWASHPLATE - | > (3) T, H, Y, al AND bl ARE
% X z CALCULATED IN WIND-MAST
= : AXIS SYSTEM - THEN
T U TRANSFORMED TO MAST
; AXIS SYSTEM TO OBTAIN
W T, H, Y, 2y AND bl'
. B. "WIND-MAST" AXIS SYSTEM.

Figﬁre A1-1. Rotor Axes Systems and Sign
Conventions
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EQUATIONS

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

A. Blade Twist Constants
One Time Per Rotor)

Ksom= em[cos(e’,“xm)—cos(e'{‘Xm_,)]
l .
1 m : m
Kcom= é—;[sin(el Xm-1)-sin(67 X, )]
1
]
Kgim= E'F{(Km"“)_ [Xmo1cos(6] Xy )~ X, cos(67 Xm)]}

Kerm = = {(Ksom) = [ Xmor sin (67 Xy ) - X sin (67X, )]}

_Li(xm—l)2c08(9TXm-l)_(xm)zcos(er'nxm)]

_l_:(xm— 1 )2sin(9'1“Xm-1)‘(Xm)zsin(ellnXm)]

_:(Xm_l)acos(erlnXm_])_(xm)3cos(6',nxm)]

—i(xm_,)ssin(e?‘Xm-l)-(xm’)asi“("'lnxm)]

0,160
where 0™ =twist rate of m™ segment = —————(—1—2
' X

X, =Radial station of m*" segment

0, =Blade pitch angle at m*™ segment
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EQUATIONS (CONTINUED)

. SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

A. Blade Twist Constants (Concluded)

Konm = Blade twist constants (n=0,1, 2, 3)

m = number of geometric segments, starting from tip
(r/R = 1.0) to root (r/R = 0.0)

Op=0gr+ag

Define blade pitch constant components as:

l
TW1,= ) KeamC0S460,
m=1

l
TW2,= ) Kennsindfo,
m=]

l
. TW3,= Y Kgnmsindb,,
m=1
l
TW4,= ) Kgpm€0sd6o,
m=1

Where, 46q,=(0,-0z)~Xn07

6z = Blade pitch at the rotor center

| = Number of m aerodynamic segments to account for
blade root cutout.

B. Initial Transformation Equations
(One Time Per Rotor)

A=nR?

DN’= AR?=nR*
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

B. Initial Transformation Equations (Concluded)
(One Time Per Rotor)

TD3=TAN(6,)

_NypCy
nR

. _Cy,R*
Y 1,
Ym=PY

C. Long Term Transformations

1. Rotor Angular Velocity in Space

.Q;(=.()R+psin,8mcos¢m+qcos/?msinq&m—rcos/S’mcosqbm

.QL=.QL—psiancos¢m+qcosBmsin¢m+rcosBmcos¢m

2. "Wind-Mast" Axis Angular Rates

Right Rotor

Pwmr = PumrCOS & yyr * A umr SIN & yyr

Qwmr = ~Pumr SIN & yyr + Qumr €0S & yyr

where

Pum = PCOS B, — Sin B, sing,, +rsin B, cosé,,

qQumr = qcos¢, +rsing,
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EWMR

EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

"Wind-Mast" Axis Angular Rates: Right Rotor (Concluded)

. . . -IVHMR
=wind azimuth angle defined to be equal to tan T
HMR
p _DPwwmr
WMR .Q;k
~ q wMR
dwmr -Qk
Left Rotor
Pumi=Pumr€0S &y + Aumr SN E
Qume =~ Pume SINE yyr + Aumr €0S &
where
Py =~ PCOS B, —qsinB,sing, ~rsinp,cosd,
QumL = qcos¢, -rsing,
. . . -1VHML
&, =wind azimuth angle defined to be equal to tan ——

HML

b P wML

WML =
0,

g q wML
WML :
0y
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

3. Rotor Hub Velocity--Mast Axes

Right Rotor

Ugpmr = Uyprcos B, - V}_mn sinB,sin¢,, + Wygpsin B cos¢,
Vimg = VuprCOS @, +Wyprsing,

Wymr = = Upgrsin B, = Vyggcos B sind , + Wyzrcos B cosé

Upypg = U‘Q(LG)" r(LYH)

Vppr = V"'p(LZH)"'r(LXH)

W ppr = W+p(LYH)_ q(LXH)

(SLCG_SLSP)

Lyg= 5 +1,sinp cos¢,
BLgp—BL
WLgp-WL

LG=( 3 CG)+l,,,cos[>’mcos¢m

12
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

Rotor Hub Velocity--Mast Axes; Right Rotor (Concluded)

Left Rotor

Uumr= UppLCosBp+ VypsinBsing, + W g sin B ,cosé,,
Vium = = Vypcos@,, + Wy Sing,
Wme =~ Uygrsin Bm* VypcosB,sing  + W ppLCOS B CcOSd

Where,

UypL = U'q(LZH)"' r(LYH)
VgL = V"'p(LZH)"'r(LXH)

WypL = w_p(LYH)— q(LXH)
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

4. Aerodynamic Coefficients

Right Rotor

DNy=p0,°DN"

DNQg = DN (2; R/550)

2 2 172
(UHMR+VHMR)

Hr= .Q;‘R
W nmr
Ao =—"—"7
0OrR
-1 Vamr
&wmr = tan I(U )
HMR

aR=[ao+uR(ax‘azﬂkn( l )

[1-(0.75Mmp)?sing,]'"?

Where a,, a;, a, = blade 1lift coefficients

(2/3)Ky
(2/3)Ky
Cxitr = Tfl{z?—
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EQUATIONS (CONTINUED)

. SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

4. Aerodynamic Coefficients: Right Rotor (Concluded)

Define,

Qer = O‘SUaR(DNR)

(For left rotor, replace subscript R with L)

D. Short Term Transformations

(Every Update Cycle)

1. "Wind-Mast" Axis Cyclic Inputs

Right Rotor

A g=Arc0osEyyr ~BirSIN§umn
Big=A gsin&yyr *Bircos§umn

(For left rotor, replace subscript R with L)

. 2. Blade Pitch Constants

Right Rotor

Con=(TW1,-TW3,)sin0o +(TW2,+TW4,)cosbq

Comn=-(TW2,+TW4,)sin0 +(TW 1,-TW3,)cosb

(For left rotor, replace subscript R with L)
3. Performance Parameters

Right Rotor

7CTR
arR = oag
. . 172
MTIP:V l d[vi+(QRR)2+2VTQRRCOSBm]
soun
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

3. Performance Parameters: Right Rotor (Concluded)

Cy= min{CDMAX,6,+a,(6,+a,;6,)+max{0,CDALPH(a )

+CDFACT[CDLIM+max (M, CDMACH)]}}

(For left rotor, replace subscript R with L)

4. Ground Effect, Side-by-Side and Tandem Rotor Factors
(See Fig. Al-2)

5. Thrust and Induced Velocity
(See Fig. Al-3)

6. Rotor Flapping (Wind-Mast Axis System)

Right Rotor

_0.7SR(Tg/ny)+Kuyea,

R 2
Ip Qp" +Kyys

Ao

TW34 = twist at 3/4 radius (starting at root)
(For the XV-15, TW34 = 34.525 degrees)

The first-order flapping equations used are described
in matrix form as follows:

Ci1 Cia| | 3 Al A |3y B,

+
21 Gy b, o1 Ay 5) L8,
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Figure A1—2. Block Diagram of Ground Effect, Side—by—3Side,
. and Tandem Rotor Calculations

(GEWASH « U2 + V2 )
WASHOUT = exp

< 0.001
WASHOUT
l >

GECON3 = hy /2R

l

G=1- (GECONl) exp

Y
. % >G=1

Uypr, /RO

(VHBR+ VigpL)/ (RQ gR)

|

= f(lu])

XSFL =0 @ XSFL = f(T/)
Xspr = 1(V) ‘ Xgpr= 0

GECONZ*GECON3 )

c.‘l

<l
I

Xgp,= 0
Xspr ™= ©
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Figure A1-3. Block Diagram of Induced Velocity
and Thrust Calculations

IT2R = 0

) 0.5
ir = (SIGN Qqp )(Qyp)
Replace R with L for Left Rotor 4

TRT = TR
=0

Qp = ITr 1/(2B°DNR)
o, = Tg/DNg

Qs = 0.6 * [aggl'°/(Qpl + 843 )

)‘R - )‘OR + )\iR

Qqp {1.0-[(1.0-G)(WASHOUT)}(1+Xgg + Xgp)
Q1R= )\OR +

(1Qqg 1+(8/3); g 1)
(ﬂ§+ 0‘8667\3)0'5+ i RE

(lag| + 815)

M = QR ")‘OR
Mg =0.7Q;p+ 03 g

I=1+1

NO

|Q1R—)\R | < 0.001 [} ;p | + 0.0007
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Figure A1-3 (Concluded)

Tor = %R {Cs2rt GS0R He/z - Cs1rMg Tyyr ~ Corrld g~ Hr/DPyyp ]
- Bjg[Ccig Hr+ Csor @1r/2 ~ Byyg/?)]
+ A [(1/2) Cgop(d 1 (4/3) Kp) jp* dyyg)]
+ tan 63 [CCIR ﬂR—b_lR];
2 1/2 -
- Qgp Cq, (1 + (16/9))g) [(4/3) A = (2/3) g P ypr]
R

IT2R = IT2R + 1

ITzr — Tl < 0.001 [T,p| + 0.0001

Tr = Ter
Cr, = R/DNR
T, = MIN [, T |

wiR = )iR(O ;;)(R)

Where
T = (Cp /0 )(DNR )(OR)

/0 =1 f)

NOTE: Cycle through rotor four times to insure
flapping convergence (update on ) with
better KiR )
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6.

EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

Rotor Flapping (Wind-Mast Axis System) Right Rotor (Continued)

A simplified zero-order (algebraic) flapping equation
is used at the user’s option (switch incorporated) by
solving the following:

Ii'\ll A]{I 3) i B
21 o b)) (B,

The above coefficients are as follows:

Ar 1 ui
Au={‘gRsm(eoR‘TW34)+(§+—l—g)cos(GOR—TW34):|RQ6Rtan63+KH
A= Llite RQqncos(0,, - TW34)

+[‘1_‘.§_(aoﬂua+xkxik)sin(e”—TW34)]RQ6Rtan 63
A, = (——+—)RQ6RCOS(60R—TWS4)
+[E£(aoaﬂk+Kkkm)3“%90R—TWJ34)}RQ°Rtanéa

A= [sin(8,,- TW34)

2
+(1+’3)cos(eok—TW34)]RQ6Rtan53+KH
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

6. Rotor Flapping (Wind-Mast Axis System) Right Rotor (Continued)

C, = [(Z%,R)COS(GOR—TWC’»A}):]
R

R R
Cia= [( Q°.“)aoksin(eOR—Tws4)-( 6QQ6,R)a°Rchos(GOR—TW34)

40; .
+n,1,04]
Cai=-Cp
R
Cor = [(g%ﬁ)cos(eon—Twszy)]
R
R
B, = —%ﬁ(aoRuR+KRAiR)cos(90R-TW34)

RQsr . RQ
—[(——Lf—)aoRsm(GOR—TWCM)-( 66R)a0R/\Rcos(90R—TW34)

RQsr

.2 - ~
+n,1, 0 ]pWMR_I:( )COS(GOR_TW34):|CIWMR

+§,R[(R—?§)uR(aORuR+KR}LiR)sin(GOR—TWSL})}

_ (R
+A,R[(—%63)stin(eok—Tws4)

]. 2
+RQ6R(§+%§)COS(90R-TW34)]
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

6. Rotor Flapping (Wind-Mast Axis System) Right Rotor (Concluded)

_RQqs
6

l:g#nkg‘Zugtan(%R'TW34):lcos(90R- TW34)

B,

R | R
+[( , ?}GR)aoRsin(GoR— Tw34)—( %"R)aoRchos(eoR— TW34)

RQq¢r

2 ~ .
+n,1, Oy ]qWMR_[( )COS(OOR—TW34)JPWMR

2

R
" B,R[(%)Ansin(eok— TW34 )+ RQéR(é+ %)COS(GOR-— Tw34)}

+K1R[(%)”R(aoaﬂk+KRAiR)Sm(%R—TW34)}

éi =C2281'C1252+(012A21 _C22All)5lR+(Cl2A22_C22A lz)Bm
IR Cnczz"clzczl

CnBz"Clel"’(CzlAn"CllAzl)alk"’(CzlA12"'CHA22)51R
C11C2—-C2Cyy
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EQUATIONS (CONTINUED)

‘ SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

7. Inflow Distribution Factor Kj

Right Rotor
(For left rotor, replace subscript R with L)

At low airspeeds Ky = f(u, Bp) where:
KR1 = KMUSF + (RMU1l - KMUSF)('CossﬁFI)

At higher airspeeds, Ky = f(p) where the following table
summarizes the options for the calculation of Ky

Hr Ky
0 < pg < MULO KR1 (pg)
MULO < pg < MUH1 KRL(MULO) + KMU2(pg - MULO)
. pg > MUHL KR1(MULO) + KMU2(MUH1 - MULO)

8. Rotor Flapping in Mast Axis System

Right Rotor

(For left rotor, replace subscript R with L)

a,r=a,;pC08E ymp + b 1rSINE yur

b,r=—a,gsin& g+ b rCOSE yur
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

in Wind-Mast Axis System

Rotor Inplane Forces

Right Rotor
(For left rotor, replace subscript R with L)

=~

HrAg +C 5 _Pwmr
> s2r| Q1R >

HR = Q6R{CSOR(

3

-a
2 1R

.. Qop = 4 -
—CirAg ~Pumr |~ Cc2r Y blR_éKRA'iR + v |}

1 1
_Bml:'z'ccmka'*'icsmi)”i:l

_ 1 1
+A lRl:iCc2Ra0R+§CS]RaORA‘R:I

1 _ 1 _
_tanOa[iccznaonaln"’éccmkkblR

8
-§CS2RA'12{BIR]}

16 ,\'"?(4 R
+Q6RCde(l+—9_A‘§) (éﬂk—aORqWMR)
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EQUATIONS (CONTINUED)

. SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

9. Rotor Inplane Forces in Wind-Mast Axis System Right Rotor (Concluded)

ﬂz 2 q
YR=Q6R{CSOR(—2E)51R+C32R|:(51R‘gKRkiR)+( ""2}‘“)}

3( - 8 N Qog /- ~
—CCIRA'R[E(bIR—§KRA'iR)+qWMR}+CC2R(_2—>(alR-pWMR)

3
—§CSlRtuRaOR

1 1
+BIR[§CC2Ra0R+§CSIRaORAR:|

— 1 1
+A lR[éCClRA'R-" acsoaki]

1 — 1 —
—tan63[§C02Ra0Rb]R+§CC1RkRalR

8 _
"'§Cszkk§am]}

16, 172
+Q6RCde(l+_9—A‘R) (aoRﬁWMR)

10. Rotor Inplane Forces in Mast Axis System

Right Rotor

(For left rotor, replace subscript R with L)

Hp=Hpcos& g+ YrsSin& ,yur

Yr=-Hgsin&yyur* YrC0S & uur
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

11. Rotor Power and Torque Required

Right Rotor

(For left rotor, replace subscript R with L)

oag 1 N
HPgeop = (DNQR)“Q_{Csza A‘R_EuRPWMR

_ 1 _ _ 4 <
—CCIR(A'IZQ—/JRA'RalR)_ECCSR{a?R*'(blR_EKRkiR)

~ — P wMmr ~ 4 q wmr
“prma(am‘—é—)+2QWMRI:(51R_§KRMR)+ > ]}

- 1 — . 1
‘Bln[ﬁccak(am"pwr\m)"’ECcmknﬂR

+CS2RA‘R(51R—I3WMR)]

1 _ 4 %
+K1R{§C03R[(b lR_é'KRA'iR)+ qWMR:'

4 )
+CS2R[:A'R(<blR—§KRA'iR}+ qWMR)]}

1 ~ -
_tan53[§CC3R(BIRPWMR+aquWMR)]}

0ag 16 172 7 3 -
+(DNQR)_2—Cde(1+_9—)”§) Z+§ﬂ§~a0RﬂRqWMR
550 HP eqp

R .OR
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EQUATIONS (CONCLUDED)

. SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

12. Rotor Moments in Mast Axis System

FAS A TN YA A2 LA T L

Right Rotor

(For left rotor, replace subscript R with L)

M =Kya

alR

ly .. =Kyb g

bR

13. Propeller Efficiency

Xr(V1)
5S50(HP reqx )

TTprOPR —

X, (V1)
550 (HP reqy )

TTpropy =
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2 ROTOR INDUCED VELOCITIES

Inputs: Variables

Outputs:

From Subsystem

1 Tr

8a

12

15 o}

To Subsystem

4

Symbol

i|R/WL

i|R/WL

i|R/WR

i|R/WR
WR

CRFL
CrRFR

Wy R/

wi'R/WR

Ui v/

wi'R/H

i|R/V

Wil

Hilwm _

Data Tables:
i

W, Op>

Inputs: Constants, Coefficients, and Data Tables
Constants: R, lm, SLH, SLSP
Coefficients: Kgs Ky Ky, K3, K,

B VT)

KHB = f(BFa Bm)

Table 2-1

Table 2-II

TR-1195-2 (Rev. A)
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. SUBSYSTEM NO. 2—ROTOR INDUCED VELOCITIES
Inputs: Variables

Symbol Description Units

Tr Mast axis right rotor thrust 1b
(+ up for helicopter)

Hp Mast axis H-force right rotor 1b
(+ aft for helicopter)

Yr Mast axis Y-force right rotor 1b
(+ right for helicopter)

TL Mast axis left rotor thrust 1b
(+ up for helicopter)

HL Mast axis H-force left rotor 1b
(+ aft for helicopter)

YL Mast axis Y-force left rotor 1b
(+ right for helicopter)

. WiR Mast axis uniform component of ft/sec
induced velocity at right rotor
(+ downward for helicopter)

Wyt Mast axis uniform component of ft/sec
induced velocity at left rotor
(+ downward for helicopter)

¥ Tip speed (advance) ratio, right ND
rotor

up, Tip speed (advance) ratio, left ND
rotor

AR Inflow ratio, right rotor ND

AL Inflow ratio, left rotor ND

Qp Total right rotor speed rad/sec

(corrected for aircraft
angular rate)

Total left rotor speed rad/sec
(corrected for aircraft

. angular rate)
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SUBSYSTEM NO. 2—ROTOR INDUCED VELOCITIES (Continued)

Inputs: Variables (Concluded)

Symbol Description Units
Bn Mast conversion angle (+ fwd, rad
0 deg = vertical or helicopter,
90 deg = horizontal or airplane
op Fuselage angle of attack rad
B Fuselage sideslip angle rad
Vo Total linear velocity of the ft/sec
aircraft c.g. with respect
to the air
p Air density slug/ft3
My Mach number ND

Inputs: Constants, Coefficients, and Data Tables

R Rotor radius ft

1. Mast length ft

SLy Station line of the horizontal in
stabilizer center of pressure

SLgp Station line of the engine in
nacelle shaft pivot point

K.« -K, Constants in the rotor/wing ND
wake equation

w

—E%BLE Ratio of the induced z-axis ND

i rotor wake velocity on the

horizontal stabilizer to the
mean induced velocity at the rotor
(for both right and left rotor)

= f(aF’ Bm, VT)
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SUBSYSTEM NO. 2—ROTOR INDUCED VELOCITIES (Concluded)

Outputs:
Symbol Description Units
Ky Rotor wake on the horizontal ND
B stabilizer (constant)
= f(Bm, BF)
B
Ui'R/WL Induced x-velocity at the left ft/sec
wing in body axis due to the rotor
W B Induced z-velocity at the left ft/sec
i|R/WL : .
wing in body axis due to the rotor
RuL Left rotor wake contraction ratio ND
U B Induced x-velocity at the right ft/sec
i|R/WR . . .
wing in body axis due to the rotor
wi’i/WR Induced z-velocity at the right ft/sec
wing in body axis due to the rotor
Rip Right rotor wake contraction ratio ND
CRFL Left rotor force coefficient ND
CRFR Right rotor force coefficient ND
Wi R/WL Induced velocity at the left wing ft/sec
in mast axis due to the rotor
Wi R/WR Induced velocity at the right wing ft/sec
in mast axis due to the rotor
U1 i/H Induced x-velocity at the hori- ft/sec
zontal stabilizer in body axis
due to the rotor
Wi g/H Induced z-velocity at the hori- ft/sec
zontal stabilizer in body axis
due to the rotor
u, g/V Induced x-velocity at the vertical ft/sec
fin in body axis due to the rotor
B .
Wi R/V Induced z-velocity at the vertical ft/sec

TR-1195-2 (Rev. A)
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EQUATIONS

SUBSYSTEM 2--ROTOR-INDUCED VELOCITIES

A. Rotor Wake

Right Rotor

Ry = R<0.78+O.22[exp-(0'3*22 cRFR+6ocm)]}

Where,
Z (WRHUB"WRw)Bm_O lm
- 12R "R
(T2+HZ+Y2)'?
Crer =

prny*R*
(For left rotor, replace subscript R with L)

in Mast Axes

Note: For rotor wake effects on the horizontal stabilizer and on
the vertical stabilizer, the values of the average induced

velocity will be used.
1. Wing

W, 'R/WR=(KO+KluR+K2ﬂ§+K3AR+K4A§)(wiR)

W, IR/WL=(K0+KluL+K2”f+K3A‘L+K4A'f)(wiL)
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EQUATIONS (CONTINUED)

. SUBSYSTEM 2--ROTOR-INDUCED VELOCITIES

2. Horizontal Stabilizer

Wilrm= (WCJI:/HXKHB)[(W‘”w“‘)/z](rsl+ l)

wi |R/H
Wi

= f(as,Bm+ V1)

KH5=f(BF’Bm)

1
' lxRH=[SLH-(SLSP—lmsian)](E)

3. Vertical Stabilizer

Wil 1
W, |R/V=( W'T./H)[(wiL+wiR)/2](rS+1)

C. Components of Rotor Wake in Body Axes

1. Wing--Right Rotor

U, |g/WR= (wi IR/WR)(Sian)

W, |£/WR= ("wi |R/WR)(C°SBm)

(For left rotor, replace subscript R with L)
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EQUATIONS (CONCLUDED)

SUBSYSTEM 2--ROTOR-INDUCED VELOCITIES

2. Horizontal Stabilizer

U; I:/H= (wi 'R/H)(Sian)

B
W, IR/H=(_wi IR/H)(COSBm)
3. Vertical Stabilizer

U, lg/V=(wi Ia/v)(Sian)

W |§/V=(_wi IR/V)(COSBm)
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3 FUSELAGE AERODYNAMICS

Inputs: Variables Outputs:
From Subsystem Symbol To Subsystem Symbol
12 Vo 10a Lp
Op D
By
g
15 p
My Mg
1f
Ng
7, 8b, 8c ap
Inputs: Constants, Coefficients, and Data Tables
Constants: LLANG, DLANG, LBFO, DBFO, MBFO
Coefficients:
Data Tables: La = f(aF) Table 3-I
LB = f(BF) Table 3-I1
D, = f(aF) Table 3-III
DB = f(BF) Table 3-IV
My = f(aF) Table 3-V
MB = f(BF) Table 3-VI
YB = f(BF) Table 3-VII
1B = £(Bp) Table 3-VIII
Ng = £(8p) Table 3-IX

Al




SUBSYSTEM NO. 3: FUSELAGE AERODYNAMICS

Inputs: Variables

Symbol Description Units

Vo Total linear velocity of the rotorcraft ft/sec
c.g. with respect to the air

op Fuselage angle of attack rad

Br Fuselage sideslip angle rad

p Air density slug/ft3

My Mach number ND

Inputs: Constants, Coefficients, and Data Tables

LLANG Extra fuselage lift £t2

DLANG Extra fuselage drag ft2

LBFO Fuselage 1lift at a = 0 deg, ft2
B =0 deg

DBFO Fuselage drag at a = 0 deg, ft2
B =0 deg

MBFO Fuselage pitching moment at ft3
a =0 deg, B =0 deg

L, Fuselage 1lift variation with ft2
angle of attack, = f(a)

LB Fuselage 1lift variation with ft2
sideslip angle, = f(B)

D, Fuselage drag variation with ft2
angle of attack, = f(a)

DB Fuselage drag variation with ft2

TR-1195-2 (Rev. A)
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‘ SUBSYSTEM NO. 3—FUSELAGE AERODYNAMICS (Concluded)

Inputs: Constants, Coefficients, and Data Tables (Concluded)

Symbol Description Units

M, Fuselage pitching moment variation ft3
with angle of attack, = f(a)

MB Fuselage pitching moment variation ft3
with sideslip angle, = f(B)

Yg Fuselage side force variation £t2
with sideslip angle, = f(B)

1g Fuselage rolling moment variation £t3
with sideslip angle, = f(B)

N Fuselage yawing moment variation ft3

B
with sideslip angle, = f(B)
. Outputs:

L Aerodynamic 1ift on fuselage 1b
(wind axis)

Dp Aerodynamic drag on fuselage 1b
(wind axis)

Y Aerodynamic side force on fuselage 1b
(wind axis)

M% Aerodynamic pitching moment on ft-1b
fuselage (wind axis)

1p Aerodynamic rolling moment on ft-1b
fuselage (wind axis)

Ngp Aerodynamic yawing moment on ft-1b
fuselage (wind axis)

ay Fuselage dynamic pressure 1b/£t2
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EQUATIONS

SUBSYSTEM 3--FUSELAGE AERODYNAMICS

A. Fuselage Dynamic Pressure

1
QF=EPV%

B. Fuselage Forces

L= (Lalp 00 ) €07 B+ L, +LBFO+LLANG |
Dy = q¢| (D lp,-04eg )COS? B¢+ D, +DBFO+DLANG )

Y;=qF(Yp)

C. ZFuselage Moments

M; = a5 (M, 15,20 ) 0087 B¢+ M+ MBFO |
Ie=qg(1,)

N;=QF(N3)

Note: for landing gear pod drag, see Subsystem 7
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4 WING-PYLON AERODYNAMICS
Inputs: Variables Outputs:
From Subsystem Symbol To Subsystem Symbol
subsystem symbol Subsystem Symbol
1 WiL 5 €wn
WiR 10a aiw,-
2 B a
i
Ui R vR
B iwL
B B
i
wiIR AL WR
LiWPL
RW’L LiWPR
U B Di.WPL
i|R/WR D
W B iWPR
i|R/WR
A yrs
CrFL Lap
CRFR DWP
i |rwL My
w:i.IR/W'R Yup
lye
1 #L N;JP
Hr SD
8a Bn DPYLN
65 Dprat
6, ApLaT
12 VT BriaT
ag Asp
By Bsp

TR-1195-2 (Rev. A)
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SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS (Continued)

Inputs: Variables Outputs:

From Subsystem Symbol To Subsystem Symbol

12 (concl) U
v 14 (Xiw i Y iw )R

W
15 P (Xiw Yy )1_

1 o
q
r

Inputs: Constants, Coefficients, and Data Tables

Constants: lm, SLWP’ SLSP’ BLSP, BLCG’ SLWTE’ SW’ cw, bW’

AW’SPYL’¢m

Coefficients: Cy
Cygl — | Cy.l
YpiMy=02 5 My=0° Yy, IMy=0
Lwp

C,. | O
Ipley, =My=0 C, My=0

WP

AClr c |6F'° deg
(aawrs/aﬁp)(ép)’ 16, 'ayps< 8 deg

C I Cnp I Cnr Cﬂr
nglc, =My=0° 52 IMy=0°* ~ 5

£ ™ Cilwers " Ciwe  Coowr
Cn

P
C IMy=o0 - (aawrs/aéF)’ Kops Kpws Kypus
LWP

Xrwo s Xrw1 s Xgwa s Kpwo s Kpypr ’(SD/CI)pm-go'(SD/CI)

(Continued on next page)

TR-1195-2 (Rev. A) A-L6




I SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS (Continued)

Inputs: Constants, Coefficients, and Data Tables (Continued)

Data Tables: C]_wp=f(aWme’6]:sMN) Tables 4-1, 4-1I
Cpr=f(ame’5r’MN) Tables 4-I11I, 4-1IV
€w/HoGE = f(aWFS'Bm’éF) Table 4-V
Clp lC,_wp-MN-0= f(ap'Br’Bm) Table 4-VI
Cig Table 4-VII

lgeo=F (65 BrB)

Crwp
mep=f(6F’Bm) Table 4-VIII
9CLyprs Table 4-IX
aawFs lCLWP-0=f(MN’Bm’6F)
CDowp|CLwP-0=f(MN’Bm’6}') Table 4-X
Klga=f(awp3’8m 151:) Table 4-XI
Cu,, = F(65) Table 4-XII

(Concluded on next page)
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SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS - (Concluded)

Inputs: Constants, Coefficients, and Data Tables (Concluded)

Data Tables: K no, =f(6F’Bm) Table 4-XIII
(Concluded) a2
Kup, = f(65Bn) Table 4-XIV
Doyt = F(Bn) Table 4-XV
Kpiar= f(pyi) Table &4-XVI
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SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

. Inputs: Variables

Symbol Description Units
WiL Mast axis uniform component of induced ft/sec
velocity at left rotor (+ downward in
helicopter mode)
WiR Mast axis uniform component of induced ft/sec
velocity at right rotor (+ downward in
helicopter mode)
U B Induced x-velocity at the left wing in ft/sec
i}R/WL body axis due to the rotor
W B Induced z-velocity at the left wing in ft/sec
i|R/WL body axis due to the rotor
Left rotor wake contraction ratio ' ND
U B Induced x-velocity at the right wing in ft/sec
i|R/WR body axis due to the rotor
. W B Induced z-velocity at the right wing in ft/sec
i|R/WR body axis due to the rotor
RWR Right rotor wake contraction ratio ND
CRFL Left rotor force coefficient ND
CRFR Right rotor force cofficient ND
W,l Induced velocity at the left wing in ft/sec
i|R/WL .
mast axis due to the rotor
W.I Induced velocity at the right wing in ft/sec
i|R/WR .
mast axis due to the rotor
U, Left rotor tip speed (advance) ratio ND
g Right rotor tip speed (advance) ratio ND
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SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS (Continued)

Inputs: Variables (Concluded)

Symbol Description Units
ym|
B Mast conversion angle (+ fwd, 0 deg = deg
vertical or helicopter, 90 deg =
horizontal or airplane)
b; Flap position indicator ND
6, Aileron mean deflection angle (+ right deg
aileron up)
VT Total linear velocity of the aircraft ft/sec
c.g. with respect to the air
a; Fuselage freestream angle of attack deg
B Fuselage freestream sideslip angle deg
U x-velocity (longitudinal) of the ft/sec
aircraft c.g. in body axis with respect
to the air
v y-velocity (lateral) of the aircraft ft/sec
c.g. in body axis with respect to the
air
w z-velocity (vertical) of the aircraft ft/sec
c.g. in body axis with respect to the
air
. . 3
P Air density slug/ft
MN Mach number ND
P Body axis roll rate rad/sec
q Body axis pitch rate rad/sec
r Body axis yaw rate rad/sec
1 Mast length ft
m
SLWP Station line of the wing-pylon center inch

of pressure
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SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS (Continued)

. Inputs: Constants, Coefficients, and Data Tables

Symbol Description Units
SLSP Station line of engine nacelle shaft inch
pivot point
BLSP Butt line of engine nacelle shaft pivot inch
point
BLCG Butt line of c.g. inch
SLWTE Station line of wing trailing edge inch
. 2
SW Wing area ft
cy Wing chord ft
bw Wing span ft
A, Wing quarter chord sweep angle deg
3 2
. SPYL Projected lateral pylon area ft
¢ Lateral mast tilt deg
Cy. | Aerodynamic coefficient in the wing 1/rad
Yg IMy=0

side force equation

| . . s . .
| Cvyp | Aerodynamic coefficient in the wing 1/rad
Cpryp "7° side force equation
Cy lvemo Aerodynamic coefficient in the wing 1/rad
r NT

side force equation

Aerodynamic coefficient in the wing 1/rad
rolling moment equation

Ci, ' Aerodynamic coefficient in the wing 1/rad
Cpyp Mn°° rolling moment equation

4Cy, Aerodynamic coefficient in the wing 1/deg
(aa»ns/abr)(ér) rolling moment equation
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SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS (Continued)

Inputs: Constants, Coefficients, and Data Tables (Continued)

Symbol Description Units
I%-Odeg Aerodynamic coefficient in the wing 1/deg
165 Tayps<8 deg rolling moment equation
g q
Aerodynamic coefficient in the wing 1/rad

Copl
n CLop,"My=0 . .
B e yawing moment equation

c

ng | Aerodynamic coefficient in the wing 1/rad
Cr2prs My=0 yawing moment equation
Cn, Aerodynamic coefficient in the wing 1/rad
CLap yawing moment equation
Cu, Aerodynamic coefficient in the wing 1/rad
Cpowp yawing moment equation
Cop | Aerodynamic coefficient in the wing 1/rad
CiLyp My=0 yawing moment equation
dyrs Partial of wing angle of attack with ND
36 respect to partial of flap deflection
F
Knp Wing yawing moment equation constant ND
KRW Rotor skew angle velocity distribution ND
factor
KXRW Constant in the rotor downwash/wing ND
equation
XRWO Constant in the rotor downwash/wing ND
equation
XRWl Constant in the rotor downwash/wing 1/deg
equation
. 2
XRW2 Constant in the rotor downwash/wing 1/deg
equation
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SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS (Continued)

Inputs: Constants, Coefficients, and Data Tables (Continued)

Symbol Description Units
KFWO Constant in the rotor downwash/ ND
wing equation for flap effects
KFWDF Slope in the rotor downwash/wing 1/deg
equation for flap effects
(SD/q),_ ., Constant for drag of the spinner at ft2
90 degrees of mast conversion angle
(SD/q) Constant in the variable drag portion ft2
of the spinner drag equation
(function of mast angle)
CLW Wing-pylon 1lift coefficient, ND
P =f(aW’Bm’6PhAN)
C Wing-pylon drag coefficient, ND
DWP
=f(aw'Bm’6rJWN)
€y Wing wake deflection at the horizontal ND
stablllzer, f(aw}'S’Bm’é}"MN)
Ci.lec. =mumo Aerodynamic coefficient in the wing 1/rad
gt " rolling moment equation,
= /(6¢.B5:Bn)
Cip Aerodynamic coefficient in the wing 1/rad
IMy=0 rolling moment equation,
Crup _
= f(65.8¢:8a)
me Wing-pylon pitching moment coefficient, ND
P =f(6F’Bm)
dCLyp Partial of wing coefficient of lift ND

aaw CLWP-O

TR-1195-2 (Rev. A)
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SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS (Continued)

Inputs: Constants, Coefficients, and Data Tables (Concluded)

Symbol Description Units
Coguele,. -0 Wing coefficient of drag at wing ND
" coefficient of lift equal to zero,
=f(My,Bpn:0g)
K, Aileron effectiveness correction ND
factor, = f(ayps:Bp: 0F)
Cy, Aerodynamic coefficient for the wing 1/deg
: lift coefficient reduction due to
aileron deflection, = f(6;)
noag Yawing moment (aileron) coefficient, 1/deg
=f(6¢.Bn)
K., Yawing moment (aileron) coefficient, ND
=f(%:Bn)
D Pylon interference drag, = ft2
KPLAT PylgP lateral drag coefficient, ND
= f(apy)
Outputs:
€ Wing wake deflection at the horizontal ND
stabilizer, = f(a ;5. By 05 My)
A Angle of attack of the wing portion deg
immersed in the left rotor wake
AR Angle of attack of the wing portion deg
immersed in the right rotor wake
Biwe Sideslip angle of the wing portion deg

immersed in the left rotor wake
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SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS (Continued)

. Qutputs: (Continued)

Symbol Description Units
Biur Sideslip angle of the wing portion deg
immersed in the right rotor wake
LiWPL Aerodynamic lift of the left wing 1b
portion immersed in the rotor wake
LiWPR Aerodynamic lift of the right wing 1b
portion immersed in the rotor wake
D:‘LWPL Aerodynamic drag of the left wing 1b
portion immersed in the rotor wake
DiWPR Aerodynamic drag of the right wing 1b
portion immersed in the rotor wake
A yrs Angle of attack of the wing portion rad
outside the rotor wake (freestream)
. Lp Aerodynamic lift on the wing portion 1b
outside the rotor wake (freestream)
DWP Aerodynamic drag on the wing portion 1b
outside the rotor wake (freestream)
M Pitching moment of the wing-pylon in ft-1b
wE wind axis
Y Side force of the wing-pylon in 1b
wF wind axis
1 Rolling moment of the wing-pylon in ft-1b
wF wind axis
bJ@p Yawing moment of the wing-pylon in wind ft-1b
axis
SD Spinner drag 1b
DPYLN Pylon interference drag 1b
DPLAT Pylon drag due to sideslip 1b
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SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS (Concluded)

Outputs: (Concluded)

Symbol Description Units
Appat Pylon angle of attack used for rad
transformation from wind to body

axis

Briat Pylon sideslip angle used for rad
transformation from wind to body
axis

Agp Spinner angle of attack used for rad
transformation from wind to body
axis

Ber Spinner sideslip angle used for rad
transformation from wind to body
axis

(X'w,th) Moment arms for right wing-pylon z- inch

' R force due to rotor wake
(Xﬁw’Yﬁw)L Moment arms for left wing-pylon z- inch

TR-1195-2 (Rev. A)
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EQUATIONS

SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

A. Wing Aerodynamics Affected by the Rotor Wake

Note: In this subsystem, K is used frequently as a dummy subscript when
describing the equations utilized in calculating the portion of a tilt
rotor wing that is affected by the rotor wake. The subscript is replaced
by R and L when computing the right and left portions of the affected wing

area (SiWR and SiWL)'

1. Initialization of values for the calculation of the portion of the
wing being affected by the rotor induced velocity.

If

cosfB,,=0,

G=1.5708=n/2

Otherwise,

G=tan'l[(cos¢m)(sinﬁm/0083m)]

SG=sin(G)
CG=cos(G)

ZL=(1,)(cos¢,)(CG)

2. Velocities at the Wing

Uyg = _(U+wi lRIWK)(SG)

Wk = -W+(wi IRIWK)(COS¢m)(CG)

If W, <0.0001, then W, =0.0001

Viur=V+(W;lgwr)(sing, )(CG)
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EQUATIONS (Continued)

. SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

2. Velocities at the Wing (Concluded)

VL= _V+(wi IR/WL)(Sin¢m)(CG)

if
8] \Y
max( WK ‘ WK )>1oo.o, then
wWK WK
wa=(uwx 110.0
W yk W wk ( Uwx YV )
max Wk | 7] Wwk
wa_(wa 100.0
Wux  \ Wuk ( S |} Ve )
max Wk | 7] Wwk

3. Wing Geometry Information

Xiex = Cw + Xex

Y 1ipx =ZL{Sin¢m/C°S¢m‘[wa/[(Ufax"’wax)llz(SiQn)(wwx)]]}_

el (Yo Yot ]
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EQUATIONS (Continued)

SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

3. Wing Geometry Information (Concluded)

-y )
Ry = Rux £ (w‘“‘ )(SG*coscpm)—(SG*sinqu)]

WK
[ Vigsing, S
+| cosg, + 2 2 \1/2, . bs
B (wa+wwx) *Slgn(wwx)
U .
A (5E)rsinga } Votsing,
6, =tan Toe +tan 3 2 1724
CG—(W——)(coscpm*SG) (U + Wik)' " *sign(W )
WK
RWYK
F =
RWK wa](

SDELy =sinéy

CDELy =]|cos by |

4. Procedure for Calculating the Wing Areas Siwr and S,

Under the Two Rotor Wakes

a. If B,>30.0, then the procedure is bypassed
and the affected areas are set to zero.

Siwt=Siwr=0.0

b. 1If B.<30.0, then the procedure outlined in the flow chart of
Fig. A4-2 is followed to determine the affected wing area and the
location of application of forces and moments for the affected

wing area (xiWK’ YiWK)'

c. FI1(C1K,C2K) and F2(ClK,C2K) are procedures called in the flow
chart of Fig. A4-2 which carry out most of the actual
calculations of the affected wing area and the associated point
of application of forces and moments. The equations used in
these procedures are detailed in the next section.

TR-1195-2 (Rev. A) A-60




. Figure A4-2, Flow Chart of Tilt Rotor Wing ferodynamics
fAffected by the Rotor Wake

Initialize Values for:

Ry Rk Fope SDELy CDELy,

Y e Yriex
(See Equations in Section 4-A)

'

YrEix = Frug * Xpgy * SDELy

. LI IXTml

Yreek = YIEIK Agx= Fpyy* CDELg* Rzmm' "zmc
If (Xpgy ? 0 Yreok = Yok ¢ ApK

Then Xk = Ryyx Y11k = YTEIK - AIR

Else Xyg = -Rygy X1k= ¥1iK

o

}
w

®
°

TR-1195-2 (Rev. A) A-61




e T A gx= Fpuy % CDEL *\/nz -
If Gpgg( O 1k~ © RAK X XK~ * LEK

¥ = +
Then Xy = Ry me- :mx :uc
Else Xy = Ry LEiK = YLER © Ay
siux: 0.0
{ R
Yp i X l<
Xog = 0.0 § s 040
Yog = 00 ixz 0.0
¥z 0.0
X Yprpg ¥ SDELy X
IPIK -
RAK

é Ve ™ Yroea
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[2 2 |
g =PEg*V Ry Vi

1K

Foux

Xripak = Xripk * A1x

Xripk = Xripik - Ak

)
Yreax ¢ Yropy
R
Yueak ¢ Yriex
b

( OTHER

oR

) r
X=00 ¥AZ = Xyprpyy y ¥A2 = Xpppi
-?-2 0.0 ¥A3 = lePZl( X2 = x“m]‘ ¥A3 = XZK

XA3 = Xr1pak
e XA4 = sz
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|~

Yiex ¥ Yrie

TR-1195-2 (Rev. A)

e ¢ Yriex

| ~

XA2 = Xqppyx

XA3 = x“yzx

A-6l

XA2 = Xqrpgx

XA3 = XTIPZR
Xh4 = XZR




Xh2 = Xy

¥A4 = xe
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XA3 = X11pog
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O

Call F1
Input (XA3,%Ad)

Yox?

Call F2
Input (XA2,XA3)

Dutput (§ lux;x Ak

Y

Call F1
Input (XA1,XA2)

O

Gll F1
Input (XAL,XA2)

Output (8 ;¥ gy
)

'

®

y

Call F2
Input (XAZ,XA3)

Output (s iNK .X AK!

Call F2
Input (XA2,%A3)

Output (§ iNK X Ak’
YRR)

Call F2
Input (XA2,X%A3)

YAR)

___>

y

l

X = Xak /Siug

¥x = Yax ik

Call F1
Input (XA3,XA4)

Output (S ;X oy

Call FI
Input (XA3,XA4)

Output (§ iNK X Ak’
YM{)

v

DEPENDING ON K
CALCULATE

Sinr' Xiup: Yium
or
Sinw Xinwe YiuL
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EQUATIONS (Continued)

. SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

5. Procedures F1(ClK,G2K) and F2(ClK,C2K)
(See Fig. A4-2 to determine values for C1K and C2K)

a. Procedure F1(C1lK,C2K)
Siwk = Siwk+ A ik
Xak=Xag* XA ik
YAK=YAK"'(XAxx)(SDELK)(FRWK)

b. Procedure F2(ClK,C2K)

1

Sk = sm+§(A e *+(Frwi J(SDEL )(C2K*-C1K?))

® ~(Y 1ipx ) (C2K - C1K)

Xag = XAK+%(XA ,K)+%(FRWK)(SDELK)(CZKS—ClKa)

—%(YT,PK)(CQKQ—Cle)

1 1
Y oo =Y ax +FRWK(§(XA ¢ )(SDELy )+ 8(FWK)(SDELﬁ— CDEL})

(02K3-01K3)+%((RWK*CDELKY—Yi,PK)(czK—cm))
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EQUATIONS (Continued)

SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

Component Equations of Above Two Procedures

ClK
0 =sin'l( )
ClK RWXK

C2K
0. = sin"( )
C2K RWXK

A 1k = (Ryuxk ) (Ryyk )(CDELy ) (sin 6,g,p c0S 0 oo
=sinf¢ g cos Ok + 0k~ Ocix)

XA = _g(Fwa)(CDELK)((RaxK—C2K2)3/2—(Raxx—Cle)s’z)

6. Calculate Values for g . X. .. ,and Yk

a.

Xy = Xax/Siwk

Y=Y ax/Siux
If K = R (Right Wing)

Siwr = Siwx
Xiwg = )-(;( +SLlee = SLyre— X1

YiWR=°?x‘BLcc+BLSP+YTmR
If K = L (Left Wing)

SiwL = Siwk
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EQUATIONS (Continued)
SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

c. If K =1 (Left Wing) (Concluded)
Xiw = X x*+*SLee~SLure~ Xt
Y= Y x+BLec~BLgp=Yript
7. Total Velocity, Angle of Attack, and Sideslip Angle

172
Vi —((U+UiI:/WK)2+(W+wi|:/wK)2)

iWK

W+W,|B
a.wx=tan"(——-—$’“—“)(s7.3)
U+U; [rswx
B tan”! v 57.3
=tan .
W ((U"”Ul‘g/wx)z"'(w*wdg/w)z)”z ( )

8. Dynamic Pressure

1
Qiwk = zp VT,ZWK
9. Lift and Drag in Local Wind Axis System
Liwek = Diwk Siwk Crypx Krw

Diwek = Qiwk Siwk CowpK Ky
Where

Crupk = (Cryp= Flayks Bm: 8 My))
Couwpk = (Coyp = F(juks Bm:8r My))

Kew = Kewo = Kpwpr (8¢)
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EQUATIONS (Continued)
SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

B. Wing Aerodynamics in Freestream Flow

1. Area of Wing in Freestream Flow
Swrs = Sw=(SijuL* Siwr)

2. Wing Freestream Dynamic Pressure
_1 2 2
qWFS—ép(U +W7)

3. Rotor Flowfield Effects on Freestream Angle of Attack

Crrr* CrrL

max(0.15, 227 |7

Ayrs = aF—KXRw(XRw) (

where

Xpw = Xrwo+ Bm (Xrw1 *Bm (Xrw2))

4. Lift, Drag, and Pitching Moment in Local Wind Axis System

Lyp= qWFSSWFSCLWPFS-qWFSSwCLsa 15,1

Dyp= qWFSSWFSCprps

Myp= qWFSchWCmWP
where

CprFs = (CLWP = f(aWFS’Bm’ 6l-"IVIN))
CLaa = f(ﬁl-')

Cprps = (Cpr= f(aWFS’Bm’ﬁF’MN))
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EQUATIONS (Continued)

. SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

4. Lift, Drag, and Pitching Moment in Local Wind Axis System
(Concluded)

Conyp=F(Bm:6¢)

Note: (C_ . is chosen at C,, =0

C. Lateral/Directional Equations (Based totally on freestream flow at all
airspeeds where U > 15 ft/sec)

1. Prandtl-Glauert Compressibility Factor

172

Bc=[l —Mﬁcosz(/lw)]
AR, =b%/S,

ARy +4cos(/y)

C =
. g ARyB.+4cos(Ay)

2. Side Force, Rolling Moment, and Yawing Moment Equations

by

Y;JP=QWFSSW[CYBBF"'QU(CYppw"'CY,rw)}

. by
lyp=qursSw by CIBBF+§_[](CIPPW+Clrrw)

R -+ .
+waw[(quLquwn)(clbaéa)]

by

Nyp= q\JFSSWbW|:CanF+2U(Cnppw+cnrrW):|

. + .
. SWbW|:(q|WL2q‘WR)(Cnaaéa):|
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EQUATIONS (Continued)

SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

2. 8Side Force, Rolling Moment, and Yawing Moment Equations
(Continued)

where

Py =PCOSQypsCOSB+qsin B +rsinacosp;
Ty =—psina g +T COS Q5

and the lateral-directional stability derivatives are:

a. Cyp=(Cﬁ)(CY3'MN-O)

Cy AR Bc+cos(/1 )
SRICHICHN o Gy
© Cy,=(Cs)(Cr, e

C
Clﬁ = (CB)(Clﬁ chWP-MN'O)-’-(CLWPFS)(.C—Ll‘f—; IMN-O)

for

0 deg <|B;| <15 deg,

C,B:=(C,)(B:/57.3)

1S deg <|B;|<165 deg,

Ci,Br=(C1,)(sign(B;)(15.0/57.3))

165 deg £|B;|< 180 deg,

Ci,Br=(C1,*15.0-Cy,(|B:|-165.0))(sign(8;)/57.3)
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EQUATIONS (Continued)

. SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

2. Side Force, Rolling Moment, and Yawing Moment Equations
(Continued)

where

Cip ICLW-MN-0= f(OF'BF’Bm)

—L gm0~ F(65: B¢ B)

0C yprs/ 9% yrs

a('J'l.wprs/a(st) lclw-o
_(l) C _CLEJPFS
8 DwWPFS T ARy
. where

(aclwprs

Clp= (Cp) (Clp ‘chP-MN-o) (

O yrs

f. Clr ARw(l-Bc)2
(Cwm)(c ) (58 AR 23
AC,, (aaws (6¢)
F
3awrs/aé (6 ) 965

g. _ 6p=0 deg
Clga_ (Klbs)(clba |awfs< 8 deg)

where

)Iclws-o=f(MN’Bms5r)

Kip, = F(65Bmsuss)
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EQUATIONS (Continued)

SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

2. Side Force, Rolling Moment, and Yawing Moment Equations
(Concluded)

h. Cc

2 ng
CnB = (CB)(CnB Ichp.MN'o)+(CLWPFS) (CL&PFS IMN'O)

Cuy= (0, awr) (K2, 1:0) (K2, )03 Covnr) 522 b

WP
j. Cnr 2 Cn,-
Co, = (CLap)(CLWPFS)+(CDoWP (CDoWP chwP-o)

where

CDoWP !c‘-wp'0= f(MN ,Bm ,6}-)

Cus, = Knoéa"'(Knba)(clba)(clwprs)

where

Knoaa=f(6F’Bm)

Knaa=f(6F’Bm)

D. Wing Wake Deflection at the Horizontal Tail

1.
€w/m= GW/HOGE[ (—l-—M—ﬁT/—z :l

where,

€ vw/HOGE = f(awrs B '65)
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F.

TR-1195-2 (Rev. A)

EQUATIONS (Continued)

SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

Wing/Pylon Interference Drag (resulting from the intersection of the tilt
rotor pylon and wing)

diwr* diwr
Dpyin = DPYINT( —‘-5_—)

where
Deyint = f(Bm)

Spinner and Pylon Velocities and Angle of Attack

1. Average Induced Velocity in Body Axis

Wi+ W; ’
Uisp=("”'%—i)(smﬁm)

Wi+ W;
wisp='('—"—+2——R)(C°sBm)

2. Total Velocity in Mast Axis System
Upysp=(U)cos B, +(W)sin B,
Wi+ Wig .
Wysp=—| — 5 |~ (U)sin B+ (W)cos B,

172
Viisp = (Ufasp"’vz"'wi{sp)

pV%SP

N |~

qsp=
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EQUATIONS (Continued)

SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

3. Spinner/Pylon Angle of Attack in Mast Axis

B B (Ui{sp"'vz)l/z
Qgpy = tan

)(57.3)

G. Spinner Drag

1. Spinner Drag for Two Spinners
SD=2'O(qSP)[(SD/q)Bm-9O+(SD/q)Sin3(aSPN)]

2. Angle of Attack and Sideslip Angle for Transformation to Body Axis

The angle of attack and sideslip angle for transformation to body

axis are: .

a.,=tan"' —W+Wisp
sp U+Uisp

\%
=tan”'
Ber {[U+UiSP)2+(W+wiSP)2]llz}
where

(U+Uep)=max(0.01,U+Uyg,)
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EQUATIONS (Concluded)

SUBSYSTEM NO. 4--WING-PYLON AERODYNAMICS

H. Wing/Pylon Drag During Sideslip

The following equations allow for additional drag on tilt rotor pylons
during sideslip. Pylon drag due to forward flight is included in the
wing/pylon drag tables.

1. Projected Lateral Flat Plate Area of One Nacelle as a Function
of Mast Axis Sideslip

Vv
(U%’ASP"‘VQ)”Q

SpiaT= (SPYL)

2. Increased Pylon Drag Area (two pylons)
DPLAT=2'o(qPLAT)(SPLAT)(KPLAT)

where

qprat = dsp

Kpiar= f(aPYL)
QpyL = Qgpy
3. Angles of Attack and Sideslip For Transformation to Body Axis

OpaT = Agp

Beiar=PBsr
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5 HORIZONTAL STABILIZER AERODYNAMICS
Inputs: Variables Outputs:
From Subsystem Symbol To Subsystem Symbol
4 €w/n 105 ay
9 Stog Iy
WLeg Dy
11 P M H
q
r 6 Ay
2 B
Ui |r/H
B
Wi |R/H
8a B
6.
12 U
v
W
W
Qg
B
Vp
15 P
My

(Concluded on next page)
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5 HORIZONTAL STABILIZER AERODYNAMICS (Concluded)

Inputs: Constants, Coefficients, and Data Tables

Constants: SLH, WLH, SH, Cy: iH

Coefficients: Te 4 CLHB 4 KHNU ’ DWB ’ CMHO ’ CMHA ’ DKe

Data Tables: ¢ .= f(a,,6,,My)
Coun= f(aHD’MN)
Xye = F(My)
nu=f(ar.Bn: V1)

Kpus = F(B5)

PCPM = f(My)

Tables 5-I, 5-11

Table 5-II1

Table 5-1IV

Table 5-V

Table 5-VI

Table 5-VII
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SUBSYSTEM NO. 5: HORIZONTAL STABILIZER AERODYNAMICS

Inputs: Variables

Symbol Description Units
€u/m Wing wake deflection at the horizontal deg
stabilizer, _ f(aw ’Bm’GF’MN)
SLCG Station line of c.g. inch
WLCG Water line of c.g. inch
P Body axis roll rate rad/sec
q Body axis pitch rate rad/sec
r Body axis yaw rate rad/sec
B <
. Induced x-velocity at horizontal ft/sec
i|R/H eq. . .
stabilizer in body axis due to the
rotor
B . .
W, Induced z-velocity at horizontal ft/sec
i|R/H eq s . .
stabilizer in body axis due to the
rotor
B. Mast conversion angle (+ fwd, 0 deg = deg
vertical or helicopter, 90 deg =
horizontal or airplane)
6, Elevator mean deflection angle deg
(+ trailing edge down)
U x-velocity (longitudinal) of the ft/sec
rotorcraft c.g. in body axis with
respect to the air
\Y y-velocity (lateral) of the rotorcraft ft/sec
c.g. in body axis with respect to
the air
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SUBSYSTEM NO. 5: HORIZONTAL STABILIZER AERODYNAMICS (Continued)

‘ Inputs: Variables (Concluded)

Symbol Description Units
W z-velocity (vertical) of the rotorcraft ft/sec
c.g. in body axis with respect to the
air
& Rate of change of z-velocity (vertical) ft/sec
of the rotorcraft c.g. in body axis
with respect to the air
a; Fuselage angle of attack deg
B Fuselage sideslip angle deg
VT Total linear velocity of the rotor- ft/sec
craft c.g. with respect to the air
ir densi lug/f 3
P Air density slug/ft
. MN Mach number ND

Inputs: Constants, Coefficients, and Data Tables

SL Station line of the horizontal inch
stabilizer center of pressure

WLH Water line of the horizontal inch
stabilizer center of pressure

SH Horizontal stabilizer area ft2

cH Horizontal stabilizer chord ft

iH Horizontal stabilizer incidence deg

T, Elevator effectiveness (3an/3oe) ND
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SUBSYSTEM NO. 5: HORIZONTAL STABILIZER AERODYNAMICS (Continued)

Inputs: Constants, Coefficients, and Data Tables (Concluded)

Symbol Description Units

Ciup Horizontal stabilizer lift coef- 1/deg
ficient as a function of sideslip
angle

KHNU Horizontal stabilizer dynamic pressure ND
loss multiplier

DWB Coefficient in the wing/body damping ND
equation

CMHO Horizontal stabilizer pitching moment ND
coefficient at zero angle of attack

C Horizontal stabilizer pitching moment 1/deg

MHA . . s s .
coefficient variation with angle of
attack

DKe Elevator effectiveness reduction ND
factor for large elevator angles

CLH Horizontal stabilizer lift coefficient, ND
= f(ay. 8., My)

CDH Horizontal stabilizer drag coefficient, ND
= f(ay, My)

XKe Elevator effectiveness factor, ND
=f(My)
Dynamic pressure ratio at the horizon- ND

My yn
tal stabilizer, = f(a;,B,,V;)

Kens Sideslip factor on dynamic pressure ND
ratio at the horizontal stabilizer,
=f(Bs)

PCPM Mach number effect on the ND

(aewu/aaw)' =f(My)
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SUBSYSTEM NO. 5:

HORIZONTAL STABILIZER AERODYNAMICS (Concluded)

Outputs:
Symbol Description Units

a, Horizontal stabilizer angle of attack deg

LH Aerodynamic lift on the horizontal 1b
stabilizer

DH Aerodynamic drag on the horizontal 1b
stabilizer

hA; Aerodynamic pitching moment on the ft-1b
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Wi
R/H i
H
0p i oy
W/H % .
. . UH + WH
UH + WH 0
e

Wing Fuselage Horizontal Stabilizer
Vector Diagram Vector Diagram

Note: Angles shown are positive values in mathematical model sign
convention. .

Figure A5—1. Sign Conventions and Notation for Horizontal
Stabilizer Aerodynamics
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EQUATIONS

' SUBSYSTEM NO. 5--HORIZONTAL STABILIZER AERODYNAMICS

.
SCVHIT LI LY Mo bCllxTy tmt St S sl s

lyu=(SLy—SL¢e )/ 12

ly=(WLy-WLee)/ 12

B. Velocities

Uy=U+U;lrm—d(120)
V= V=r(lg)+p(lzs)
W= W+W, 12+ a(lxm)
. Where if |Uy|<0.01ft/sec then Uy=0.01 ft/sec

C. Total Velocity
172
Vyr= (Uﬁ"' wfl)
D. Angle of Attack For Lift Equation

If My<0.2

. -1 Wi
aHL=1H+[tan (——)(57.3)}—6‘““
Un

If My20.2

W
ay = iH+[tan"(ﬁ——H)(57.3)]—ew,ﬂ+Kereﬁe

H
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EQUATIONS (Continued)

SUBSYSTEM NO. 5--HORIZONTAL STABILIZER AERODYNAMICS

D. Angle of Attack for Lift Equation (Concluded)

where

GWIH=f(aW’Bm’6F’MN)
Xge = f(My)

and if

6,/ <15 deg
Ke=XKe

Otherwise, if

|69|> 1S deg

| |6.]-15
Ke=XKe- Dl(e ?

E. Angle of Attack for Drag Equation
For all MN

Qyup = Ayp [mys0.2

F. Sideslip Angle

By=tan”' __Vu (57.3)
(U§+Wﬁ)“2
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EQUATIONS (Continued)

SUBSYSTEM NO. 5--HORIZONTAL STABILIZER AERODYNAMICS

G. Dvynamic Pressure Loss Function

U>0and|B,]<90.0

Mus =1 'O"(l ’O_nH)(KBHS)

Otherwise

Mus=1.0

Where

nH=f(aF’Bm’VT)

Kpus=f(ﬁr)

Note: At the present time, the p andp
function tables are the same ones used for the vertical stabilizer.

H. Dynamic Pressure at Horizontal Stabilizer

pKHNU[(U*\/E—q*lZH)2+(w*m+q*1XH)2]

1
ay 2

L L YULT Lot B Sl e e ee——/————— ———

Uy=max(Uy,35)

acC 13 PCPM | 1
C. . =Dws( L")( o M) 2 (57.3)
3 3oy )\ Jay, J\PCPM1,, o J\ U3

Where

PCPM = f(M,) -
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EQUATIONS (Concluded)

SUBSYSTEM NO. 5--HORIZONTAL STABILIZER AERODYNAMICS

Where

Ciu= (aHL’MN’ée)

Dy=quSyCry

Where

CDH=f(aHD’MN)

M;{ = qHSHCH[CMHO+CMHA(aHL)]

M. Local Angle of Attack (For Resolving Forces)

W
aH=tan"(—[}—H)(57.3)~—ew,H

H
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. 6 VERTICAL STABILIZER AERODYNAMICS
Inputs: Variables Outputs:
From Subsystem Symbol To Subsystem Symbol
12 U 10a B (i)
v Yy (i)
W Dy(1)
. 14 1oy (1)
U XV
. 1y (1)
v YV
. 1,y (1)
v VAY
ag
By
® k
5 ay
11 P
q
T
2 B
UilR/V
B
Wi |r/v
15 P
My
8a " B
6,
6
9 SLce
Wlog
. (Concluded on next page)
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6 VERTICAL STABILIZER AERODYNAMICS (Concluded)

Inputs: Constants, Coefficients, and Data Tables

Constants: NVSTAB, SLV(i), WLV(i), BLV(i), Sv(i), iv(i), BLCG’

SL BL 1 , R, bW

SP’ SP’ “m’

7,,00/0p,00/0r ,Kyyysay, Dy,

Coefficients:

Data Tables: CYV==f(BV’6r’hAN) Tables 6-I, 6-II
Cov=F(By.6,, My) Table 6-III
(1-0072B;)=f(Bs Bm 65> ;) Tables 6-IV, 6-V

6-VI, 6-VII
Ker=Ff(B: V1) Table 6-VIII
Xgr = F(My) Table 5-IV
Kpvs=F(Br) Table 5-VI
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SUBSYSTEM NO. 6: VERTICAL STABILIZER AERODYNAMICS

Inputs: Variables

Symbol Description Units

U x-velocity (longitudinal) of ft/sec
rotorcraft c.g. in body axis with
respect to the air

v y-velocity (lateral) of the ft/sec
rotorcraft c.g. in body axis with
respect to the air

W z-velocity (vertical) of the ft/sec
rotorcraft c.g. in body axis with
respect to the air

) Rate of change of x-velocity (longitu- 2
U R R ft/sec
dinal) of the rotorcraft c.g. in body
axis with respect to the air
. V Rate of change of y-vel?city (lat?ral) ft/sec2
: of the rotorcraft c.g. in body axis
with respect to the air
& Rate of change of z-vel?city (ver?ical) ft/sec2
of the rotorcraft c.g. in body axis
with respect to the air
a; Fuselage angle of attack deg
B Fuselage sideslip angle deg
VT Total linear velocity of the rotor- ft/sec
craft c.g. with respect to the air
Horizontal stabilizer angle of attack de
ay & &
P Body axis roll rate rad/sec
q Body axis pitch rate rad/sec
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SUBSYSTEM NO. 6: VERTICAL STABILIZER AERODYNAMICS (Continued)

Inputs: Variables (Concluded)

Symbol Description Units
r Body axis yaw rate rad/sec
U B Induced x-velocity at the vertical fin ft/sec
i|R/V in body axis due to the rotor
- B Induced z-velocity at the vertical fin ft/sec
i|R/V in body axis due to the rotor
. . 3
Air density slug/ft
MN Mach number ND
B Mast conversion angle (+ fwd, O deg = deg
vertical or helicopter, 90 deg =
horizontal or airplane)
b, Rudder mean deflection angle deg
(+ trailing edge right)
b; Flap position deg
SLCG Station line of c.g. inch
WLCG Water line of c.g. inch

Inputs: Constants, Coefficients, and Data Tables

NVSTAB Number of vertical stabilizers ND
SLv Station line of the vertical inch

stabilizer center of pressure
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SUBSYSTEM NO. 6: VERTICAL STABILIZER AERODYNAMICS (Continued)

. Inputs: Constants, Coefficients, and Data Tables (Continued)

Symbol Description Units
WLv Water line of the vertical inch
stabilizer center of pressure
BLV Butt line of the vertical inch
stabilizer center of pressure
SV Vertical stabilizer total area ft2
iV Incidence of vertical stabilizer deg
BLCG Butt line of c.g. inch
SLSP Station line of engine nacelle shaft inch
pivot point
BLSP Butt line of engine nacelle shaft inch
pivot point
. 1m Mast length ft
R Rotor radius ft
bw Wing span ft
T, Rudder effectiveness (6BV/86 ) ND
r
" Roll rate correction coefficient to ND
90/9p fin sideslip angle
° Yaw rate correction coefficient to ND
da/or fin sideslip angle
KVNU Vertical stabilizer dynamic pressure ND

loss multiplier
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SUBSYSTEM NO. 6: VERTICAL STABILIZER AERODYNAMICS (Continued)

Inputs: Constants, Coefficients, and Data Tables (Concluded)

Symbol Description Units
aV Lift curve slope of the vertical tail 1/rad
DKr Rudder effectiveness reduction factor ND
for large rudder angles

CYV Vertical fin side force (1lift) ND
coefficient, =f(BV96r’MN)

CDV Vertical fin drag coefficient, | ND
= f(Bv.6,.My)

da Vertical stabilizer sidewash factor, ND
(1_523—;) =f(BF’Bm'6F’aF)

Kgr Rotor sidewash factor on dynamic ND
pressure, _ f(B]-" V-r)

XKr Rudder effectiveness factor, = f(MN) ND

ny Dynamic pressure ratio at the vertical ND
stabilizer, =f(aF’Bm’VT)

Kpvys Sideslip factor on dynamic pressure ND
ratio at the vertical stabilizer, ‘
= f(BF)
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SUBSYSTEM NO. 6: VERTICAL STABILIZER AERODYNAMICS (Concluded)

. Outputs:

Symbol Description Units
ﬂv Vertical stabilizer sideslip angle deg
Y; Aerodynamic side force (lift) on 1b

the vertical stabilizer (wind axis)
DV Aerodynamic drag on the vertical 1b
stabilizer (wind axis)
1XV Station line distance from the c.g. fc
to the vertical stabilizer center of
pressure
1 Butt line distance from the c.g. ft
v : s
to the vertical stabilizer center of
pressure
1ZV Water line distance from the c.g. ft

to the vertical stabilizer center of

. pressure
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Fuselage Centerline

_-_-----_____--___-____-..___-_-___---_----__-____-_----__-_____--__>

Left Hand Side Right Hand Side

Vertical Stabilizer
Vector Diagram

(top view)

Note: Angles shown are positive values in mathematical model sign
convention.

Figure A6—1. Sign Conventions and Notation for Vertical
Stabilizer Aerodynamics
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EQUATIONS
SUBSYSTEM NO. 6--VERTICAL STABILIZER AERODYNAMICS

The maximum number of vertical stabilizers is four. The aerodynamics of
each fin are computed and transferred separately to the equations that sum the
fuselage forces and moments.

A. GCeometric Distances from c.g. to Vertical Stabilizer(s) Aerodynamic
Center

i = 1, NVSTAB
Iy (i) =[SLy(i)-SL¢]/12

lyy(i)=[BLy(i)-BL¢]/12

ly(i)=[WLy(i)-WL¢s]/12

B. Definition of Interference Velocities Induced at the Fin

e e e R e, e m——————

1. Definition of Rotor Wake Boundaries on Each Fin

a. Left Rotor

BLRﬂP(1)=(‘BLsy-R)/12

BLRﬂP(2)=(‘BLsp+R)/12

b. Right Rotor

BLRﬂP(3)=(BLsr'R)/12

BLpre(4)=(BLg+R)/12
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EQUATIONS (Continued)

SUBSYSTEM NO. 6--VERTICAL STABILIZER AERODYNAMICS

1. Definition of Rotor Wake Boundaries on Each Fin
(Concluded)

lypy (i, ) =[BLyp(§) - BLy(i)]
Iy (1) =SLy (i) - SLep+(12)(1,)(sin B )

lyrv(i, §)

lXRV(j) )(57'3)

yxv(i,j)=tan"(
for i = 1, NVSTAB
ji=1,4
2. Definition of Rotor Induced Velocity (Body Axis) on Each Fin
Ui lrov Br<¥Yav(l,])

=0 when Yrv(2,§) < BrSyrv(3,])

wilg/v Be>Ygry(4,1)

C. Velocity on Each Fin

Uy(i)=U+U; |pv - q[lzy (D) ]-1[1yy ()]
Vy(i)=V-r[lyy()]+p[lzy ()]
Wy(i)=W+W,; |g/V+Q[lXV(i)]+p[1YV(i)]

V(1) =[U2(i)+ Vi) +W2(i)]'"?
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EQUATIONS (Continued)
SUBSYSTEM NO. 6--VERTICAL STABILIZER AERODYNAMICS

D. Angle of Attack for Fin Lift Calculations at Zero Rudder

=2 Ao 2xl Al Seaas SeEeSmenmm e ———m  ————

If
|Uy(i)]| <35 ft/sec, then U, (i) = (35ft/sec)sign[U,(i)]

If in a maneuver,

B=[ U2+ W2y ] V_V(UUW\/W)
(U2+V2+W2)1/2 (U2+W2)

Otherwise
B=0
I V(i)
By (i) iy(1) {tan |:[Uv(i)2“'wv(i)2]l/2:l
0.5b, (20 . 20 lxv(i)( ao)
_ —p+—T | XV /2=
Uv(i) (ap or ) Uy \ 0B )P [ O
Where

o0
(1—5_6;)=f(BF'Bm’6F’aF)

NOTE: To obtain term (d0/9B;), the values in the tables in Appendix B
must be subtracted from "1.0" in a computer program.

E. Angle of Attack for Drag Calculations

Byvp(1)=RBy(i)+K,;T,d,

TR-1195-2 (Rev. A) A-99




EQUATIONS (Continued)

SUBSYSTEM NO. 6--VERTICAL STABILIZER AERODYNAMICS

E. Angle of Attack for Drag Calculations (Concluded)

Where
Xyr = f(MN)
And if

|6.| < 15deg
Kr=XKr

|6,]> 15 deg

|6.]-15
K; =Xy ~| D 15

F. Dynamic Pressure Loss Function

For U20 and |B,|<90.0

Mys=1 -O"('l -O‘Uvs)(vas)

Otherwise

Nvs=1.0
Where

ny=f(ar Bn: V1)

KBVS=f(BF)

NOTE: At present, the nys and Kgg function tables are the same
ones used for the horizontal stabilizer.
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EQUATIONS (Continued)
SUBSYSTEM NO. 6--VERTICAL STABILIZER AERODYNAMICS

G. Dynamic Pressure at Each Fin Position

1 2
qV=§pKVNU[(U* NMvs—q*lzy—R*lyy)

2
+(V¥nys+p*lzy—R*lyy)

2
+(W*\nys+q*¥lyy+p*lyy) ]

H. Fin Lift Coefficient

ForM<0.2

0
Cyv(1)=(Cyy |sr-o)[KBR(1-a[§ ):l+(CYV |a,'CYV Is,-o)
F

For MN > 0.2

0
. CYV(i)=(CYV|5r-0)|:KBR(1_ar: )]*av(i)KrTrf’r
F

Where

Cyv=F(Bvy,06;,My)

KBR=f(|3F’VT)

| o0
(1-3[-3-;)=f(f3pl3m,6pap)

Xgr =F(My)
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EQUATIONS (Concluded)
SUBSYSTEM NO. 6: VERTICAL STABILIZER AERODYNAMICS

H. Fin Lift Coefficient J(Concluded)
And if '

|6.| < 1Sdeg
Kr=XKr

|6.|>15deg

0,|-15
Kr= XKr—[DKr(%—):I

I. Fin Drag Coefficient

cav= 2] k155 )
pv(1)=(Cpy I, )| Kgg oB;

Where
Cov=F(Byp(i),My)

=f (B V1)

Kg
( ) F(BrBums0dp,ap)
Fin Lif

rag in Wind Axis

Y'v(n=—[Cw(i)1[qv<i>][sv(i>]
Dy(i)==[Cpy(i)I[ay(i)I[Sy(i)]
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*
7A LANDING GEAR (Present Sigma 8 Model)
Inputs: Variables Outputs:
From Subsystem Symbol To Subsystem Symbol
3 ap 10a Dyg
8a Lig e
10f hee
hoe 13 (AX,AY,AZ) 1
12 VT
14 (AL, AM,AN) 16
U
s n
NW
10c 6
¢
v
o "'
WLCG
Inputs: Constants, Coefficients, and Data Tables
| Constants: (Where n = 1, 2, or 3 depending on which wheel is of
| interest)
BLogs Slen> Wigns Blgn» S » Xp» Awax» & Ton» Tup
Vs
Coefficients: DPOD, G G G n u
’ An: Bn, Cna usn, Gn’ RF
Data Tables: (Aerodynamic)
VAX DOMG = f(LGPCT) Table 7A-1
Model

*Reference 24

(Concluded on next page)
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7A | LANDING GEAR* (Present Sigma 8 Model) (Concluded)

Inputs: Constants, Coefficients, and Data Tables (Concluded)

Data Tables: (Aerodynamic)

(~ D, = f(t) Table 7A-II
MGU
Sigma 8 D, = f(t) Table 7A-II
Model MGD
D = f(t) Table 7A-IIT
oNGU
D, = f(t) Table 7A-ITI
\. NGD
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. SUBSYSTEM NO. 7A: LANDING GEAR

Inputs: Variables

Symbol Description Units
ap Fuselage dynamic pressure lb/ft2
LLG Landing gear position indicator ND
heg Altitude of aircraft £t
ﬁCG Climb rate ft/sec
Vo Total linear velocity of the ft/sec

aircraft c.g. with respect to
the air
U x-velocity (longitudinal) of the ft/sec
aircraft c.g. in body axis with
respect to the air
. 8g Brake pedal deflection deg
n
Snw Nose wheel steering angle rad
6 Euler pitch angle rad
'y Euler roll angle rad
¥ Euler yaw angle rad
@ Rate of change of Euler yaw angle rad/sec
SLyg Station line of c.g. in
Wleg Water line of c.g. in

Inputs: Constants, Coefficients, and Data Tables

BL Butt line of c.g. in

CG
SLgn Station line of landing gear in
[where n = 1 (nose), 2 (right),

3 (left) landing gear]
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SUBSYSTEM NO.

Inputs: Constants, Coefficients, and Data Tables (Continued)

LANDING GEAR (Continued)

Symbol Description Units
Wlen Water line of landing gear in
[where n = 1 (nose), 2 (right),
3 (left) landing gear]
BLGn Butt line of landing gear in
[where n = 1 (nose), 2 (right),
3 (left) landing gear]
Sp Brake threshold deflection deg
MIN
Kp Brake sensitivity ft/secz-deg
n
Ayax Maximum braking deceleration ft/sec2
g Gravitational constant ft/sec2
TDN Time for landing gear to extend sec
(VAX version)
TUP Time for landing gear to retract sec
(VAX version)
DPOD Fuselage landing gear pod drag ft2
Gy Landing gear linear damping term 1b-sec/ft
n
Gy Landing gear nonlinear damping term 1b—sec/ft3
n
Ge Landing gear nonlinear stiffness term lb/ft4
n
g - Landing gear side force slope ND
n
g Landing gear maximum side force ND
-n coefficient
URF Coefficient of rolling friction ND
D, Drag of the main landing gear ft2
MG (VAX version), = f(LGPCT)
DONG Drag of the nose landing gear ft2
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. SUBSYSTEM NO. 7A: LANDING GEAR (Concluded)

Inputs: Constants, Coefficients, and Data Tables (Concluded)

Symbol ' Description Units
o Drag of the main landing gear ft2
MGU during retraction (Sigma 8 version),
= £(t)
o Drag of the nose landing gear ft2
NGU during retraction (Sigma 8 version),
= f(t)
o Drag of the main landing gear ft2
MGD during extension (Sigma 8 version),
= f(t)
o _ Drag of the nose landing gear ft2
NGD during extension (Sigma 8 version),
= f(t)
. Outputs:
Dya Aerodynamic drag on the main 1b
landing gear
Dne Aerodynamic drag on the nose 1b
landing gear
(AX,AY,AZ)1q Total landing gear forces in 1b
body axis
(A1,AM,AN) g Total landing gear rolling, ft-1b
pitching, and yawing moments in
body axis
LGep1 Landing gear touchdown light ND
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EQUATIONS

SUBSYSTEM NO. 7A—LANDING GEAR
(Present Sigma 8 Model) '

A. LANDING GEAR LOCATIONS

X, = SLCG - SLGn Buttlines positive to right.
Waterlines defined with zero

Y, = BLgg - BLo, loads in landing gears.

zn = WLCG - WLGn

Where: n = 1, nose gear
2, right gear
= 3, left gear

B. AERODYNAMIC EQUATIONS

1. VAX Version

Dy = (D + DPOD)
MG = 9F oMG

Dyo = qp (D, )
NG F oxnG
where
D = f(LG )
oMG PCT
D = f(LG )
oNG PCT

and the percentage main and nose gear extension are a function of
the present computer frame time (t), computer cycle time (At), and
total time for the 1landing gear to extend (TD ) or retract
(TUP). Limits are 0% (retracted) and 100% (extended%.

a. Gear Extend (limit 100%):

(100.0)(At) ]

At - Tpy

Loper = (LGPCT)t_ 1

b. Gear Retract (limit 0%):

100.0
- [ ( )(At) ]

t-At TUP
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. EQUATIONS (CONTINUED)
SUBSYSTEM NO. 7A—LANDING GEAR
(Present Sigma 8 Model)
2. Sigma 8 Version
a. Gear Extension

D =q D (t) + DPOD
MG F [ oMGD ]
Dyg = 9 D (t)
NG F oNGD
b. Gear Retraction

Dy~ = qn |D (t) + DPOD
MG F [ oMGU ]
Dyr = qp D (v)

NG F oNGU

C. GROUND DYNAMIC EQUATIONS

l. Gear Height

+ - si -
. o - hCG sin 8 Xn sin ¢ cos © Yn cos ¢ cos B8 Zn
Gy cos ¢ cos 6

if h >0 F =F = F =0
Gn NGn Sn Dn
2. Gear Normal Force

F for F <0
Nn Nn

0 for Fy > 0
Nn

& 4
Fy_ =[G+ Cp_ (AStn)z] (88 ) - G¢_ (83 )

n
Where: Fy = gear normal force (1lbs), positive sign down
n
AS; = oleo stroke (ft), negative for compression
n
Aétn = oleo stroke rate (ft/sec), negative for compression
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 7A—LANDING GEAR
(Present Sigma 8 Model)

3. Gear Side Force

Sy for |s,] < Swax_
F =
Sa
sMAXn sign (S,) for |s | > SMAXn
n
S = -y~ F
MAXn Gn NGn
X+ Y
6Nw - [__rl—l-v—l;@ ] for n= 1
T
Yo PR
- [ _._n_l_v—]—R—E—E ] for n = 2’3
T
Where: Fg = gear side force in the plane of the landing
0 gurface (lbs), positive to the right
Sy = nose wheel steering angle (rad), positive turning
right
$ = aircraft Euler yaw rate (rad/sec)

Ground speed component of the aircraft velocity
relative to the landing surface (ft/sec)

<
=]
n

iREL = Vp sin (v - y) (ft/sec)

4, Gear Drag Force

I
[e—

~URF FNn sign (U) + an sign (8y) for n

F

sign (U) + Fp for n
n

2,3

“HRF N,
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EQUATIONS (CONTINUED)
. SUBSYSTEM NO. 7A—LANDING GEAR
(Present Sigma 8 Model)

Gear drag force in the plane of the landing surface
N due to friction (1bs), positive aft

1]

Where: FD

FBn = Brake force (1bs),
('
K 8 Fy /g for F < F
By "Bn Ny By B
F., =
- <
FBn for FBn > FBn
§ MAX MAX
MAX
0 for § < §
B B
n OMIN
6 =
o 5
) for § > 8
B B B
n n nyTN

Where: &p brake pedal deflection (deg)

n

5. Gear Force and Moment Summation

F = F - F )
G D N
Xn n Gn
F = F + F ¢
G S N
Yn n Gn
F = F, sin 8 - Fg sin ¢ + F
G D S N,
Zn n n n
n n
M = -F X +F (Z_ + h, )
G N n G G
n Gn - n
N = -F Y + F X
G G n G n
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EQUATIONS (CONCLUDED)

SUBSYSTEM NO. 7A?—LANDINC GEAR
(Present Sigma 8 Model)

LG

AYLG = r F

[—y
<

B>

N

I
-~ W

i

LG

AZLG =

™M
o

>
=
i

— W
=

LG

LG
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ADDITIONAL NOTES REGARDING THE LANDING GEAR MODEL
(Provided by CSC)

A. Computation of Landing Gear Kinematics

Gear location (body frame, origin at c.g.) is given by X,, Y, and Zg

-

7777777777777

Compute A = distance from gear to ground above extension of gear
strut

Contribution due to h:

h

= ———————_ gince h is a projection of A
n cos 6 cos ¢ inc proj ° n

Contribution due to roll and pitch of airplane:

Body axis location relative to c.g. = X5, Yg, Zg = Ve

Location in inertial frame = TL2B VG

- 1 - -
\\\_____________————’——————-—- XG

= ~\\____________,_————”'___-—' Y¢

-sin6 sin¢cosB cos ¢cos @ Zg

! L

So the Z-component in the inertial frame is

h6¢ = -gin 6 Xg + sin ¢ cos 8 YG + cos ¢ cos © ZG
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This is the projection of Ae¢ into the Z inertial axis

So A9¢ = he¢/cos 8 cos ¢
Since Z 1s positive down]

The total distance A = Ay - Aew = (1/cos 6 cos V)

(h + sin © Xg = sin ¢ cos 6 Y; - cos 0 cos ¥ Zg)

B. Distance from gear to ground along extension of gear strut

Aw S S— (h + sin © XG -~ sin ¢ cos 6 Y

cos B cos Y G

- cos B cos ¢ ZG)

1
=" "noo_ — - - -
Ay = "Stroke T33 (n T13XG T23YG T33ZG)

C. Computation of Landing Gear Stroke

Define an inertial coordinate system having its origin at the aircraft
Cege Gear locations are given as X5, Yo, and Za in the body frame.
The inertial position of the gear is given by

- - - - - - - -
% T Xe | Gx
T
- L2B _
Gy | = Yo | = Gy
Gz Ti3 Ty3 T33 Zg T13Xg + Tp3¥g + T33%g
. . = 5= L - L o
Basic
G, = -sin 6 Xg + sin ¢ cos 6 YG + cos ¢ cos O Zg (Z measured
positive down)
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Relative to the ground, the Z location of the gear is

ZGg = -h+6G, = -h - sin 6 Xo + sin ¢ cos B YG

+ cos ¢ cos B ZG
Measured positive up

Hy = =2 = h + sin 6 Xg - sin ¢ cos O YG
g g
- cos ¢ cos O ZG

Divide by cos ¢ cos O to put into strut axis

_ h sin © sin ¢ cos B
Ag " cos ¢ cos 6 + cos ¢ cos O XG cos ¢ cos B YG ZG

D. Calculation of Landing Gear Stroke Rate

. In inertial frame:

P, Q, R
Gear
Body to Position
Inertial to c.g.
Xg
Zopar = Zeg * L Tor ] (91 % Yo
Stroke
Zg + Aw
Zg
Xe qZé - r¥g
(@1 x | Yo | = | X - pZg
. i 2g PYg — aXg
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(1] B 17 ]
. qZé - rYG
[ Tpor 191 x = | T7—ou | | X¢ - pZ§
Ty3 Tp3 T33 PY; - aXg

R _ 4L J

P

Which is positive down, which causes
does h

In aircraft body frame, stroke rate Aw

Aw

1 .
= T;; [h + XG (T33q - T23r) + YG(TIBr

+ Zé (T23p - T13q)]

g

(Ty39 = Ta3p)

increase in gear stroke as

- T33p)
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7B LANDING GEAR (Unused Bell Model)

Inputs: Variables

Outputs:

From Subsystem

3

8a

10f

12

10c

Symbol

SLcg
WLeg

To Subsystem

10a

13

14

16

(AX,AY,AZ); ¢

(Al,AM,AN)LG

Leprr

Inputs: Constants,

Coefficients, and Data Tables

Constants:

Coefficients:

Data Tables:

(Where n = 1, 2, or 3 depending on which wheel is of
interest)

BLcgs Shgn» Wlgn» Blgns ZTIRE

Gln’ Gzn’ G3na G4n, Hos Hp» Usn’ DPOD

(Aerodynamic)

D, = f(t)
MGU

D, = f(t)
MGD

D, = f(t)
NGU

D, = f(t)
NGD

Table 7A-II

Table 7A-1I1

Table 7A-III

Table 7A-III
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SUBSYSTEM NO. 7B—LANDING GEAR

Inputs: Variables
Symbol Description Units
ag Fuselage dynamic pressure lb/ft2
Lic Landing gear position indicator ND
hea Altitude of aircraft ft
ECG Climb rate ft/sec
Vo Total linear velocity of the ft/sec
aircraft c.g. with respect to
the air
U x-velocity (longitudinal) of the ft/sec
aircraft c.g. in body axis with
respect to the air
] Euler pitch angle rad .
o} Euler roll angle rad
] Euler yaw angle rad
SLCG Station line of c.g. in
WLlee Water line of c.g. in
Inputs: Constants, Coefficients, and Data Tables
BLqg Butt line of c.g. in
SLGn Station line of landing gear in
[where n = 1 (nose), 2 (right),
3 (left) landing gear]
WLon Water line of landing gear in
[where n = 1 (nose), 2 (right),
3 (left) landing gear]
BLa, Butt line of landing gear in

TR-1195-2
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SUBSYSTEM NO. 7B—LANDING GEAR (Concluded)

Inputs: Constants, Coefficients, and Data Tables (Concluded)

Symbol Description Units
ZTIREn Maximum tire deflection ft
Gy -4 Landing gear ground dynamic ND

n n coefficients (gear oleo force)
(b 1.6 ) Landing gear ground dynamic ND
> coefficients (gear rolling
friction and side force)
DPOD Fuselage landing gear pod drag ft2
D, Drag of the main landing gear ft2
MGU during retraction, = f(t)
D, Drag of the nose landing gear ft2
NGU during retraction, = f£(t)
D, Drag of the main landing gear ft2
MGD during extension, = f(t)
D, Drag of the nose landing gear ft2
NGD during extension, = f(t)
Outputs:
Dye Aerodynamic drag on the main 1b
landing gear
Dne Aerodynamic drag on the nose 1b
landing gear
(AX,AY,AZ)LG Total landing gear forces in 1b
body axis
(Al,AM,AN)LG Total landing gear rolling, ft-1b
pitching, and yawing moments
in body axis
LGy Landing gear touchdown light ND
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Landing Gear Locations

X = SL - SL

n ce Gn Buttlines positive to right.
Y = BL__ - BL Waterlines defined with zero
n CG Gn loads in landing gears.

Zn = Wleg  Whgp

Where; n =l; nose gear
=2, right gear
=3, left gear

Aerodynamic Equations

A, Gear Extension

D . =g (D (t) + DPOD)
MG F oMGD

D, = qg. D (t)
NG F oNGD

B. Gear Retraction
D = q <D () + DPOD)
MG F oMGU

D.. = q. D (t)
NG F oNGU

Ground Dynamic Equatioms

A. Gear Height

h., + sin 6 X - sin ¢ cos A Y - cos ® cos 6 z

Gy cos @ cos @

B. Gear Oleo Force

F, =F +F
Gon ®n statzc  ®n Dynamic

FG =F + F + F3

n STATIC ln STAT 2n STAT n STAT

1T
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B. Gear Oleo Force (Contd)
FG = Fl + F2
n DYNAMIC n DYN n DYN
Fl =0 IGSTOL = 1.0
n STAT
= - [ ' s
F, = ¢ /(G2 2_") 2'< zZ switch
n STAT n s Z switch = 20.
F =G /(G -z 7' > 2 switch
3 star  onl ‘a T
Smz_ 2|2
P =[ (Gn Zn n } ¢
1 “lz .
n DYN TIREn 21’1 TIREn) n
S m i \Z‘
. =[____n__.2} c
2, pyx €2 riRe ) Ry
n n
Where; CR = DCOMP or DEXT depending or stroke sign, DCOMP = 12,
n .
_ - DEXT for n = 1 is 0.0,
2y = Stroke, It for n = 2,3 is 0.12.
Zn' = Qleo stroke, ft
ZTIREn = Max. tire deflection, ft
Zn = Stroke rate, ft/sec
m = Mass, slugs
C. Gear Rolling Frictiom
- - U
Fo == o+ # Uponrmne’ o [0
Hu On
Uportng - 20 7 %1 Ug
1f Uporrine < 040 Uroritng - O*°
if U< 1.0 FG = 0.0
Ha
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D. Gear Side Force
F, =-p_ F v
GS S "Gy Tvi
n n
if Vv<1.0 F = 0.0
. G
S
n
E. Gear Force and Moment Summation
FGX = FG;L - FG 6
n n °n
F =F + F o>
GY GS Go
n n n
FGz, = F, sin 6 - FGS sin ¢ + Fo
n M n °n
‘QG =+FG Yn-FG, (Zn+hG)
n (o] Y n
n n
MG=-FG X+FG (Zn+hG)
n o X n
n n
N = - F Y +F X
Gn GX GY n
n n
3 3
AX. =3 F AL =3
LG G LG 2
I 1 Gy
3 3
AYip =2 Fg AMo =2 Mg
1 Y 1 n
n
3 3
AZLG =3 ¥, ANLG =3 Ny
1 Z 1 n
n
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8a CONTROLS
Inputs: Variables Outputs:
From Subsystem Symbol To Subsystem Symbol
17 OoL/G 1 Oor
%r/G %L
Ay
8d X B
LN A1L
Xir 1R
)?PD Bir
CoL
XpL 5 e
X6
IDIFF 6 8,
INACB S
4 84
20 PSCAS Sg
RSCAS
YSCAS 7 Lic
12 U
1, 2, 4 Bm
5, 6, 9
10b, 14, 17, 18
20
9 B
18 XTHR
XThL,
Inputs: Contants, Coefficients, and Data Tables
Constants: COLRATE, AeoLIM’ PBMMAX, PBMMIN, GBI’ XLNN’ XLTN’ XPDN
Coefficients: 35e/3XLN’ aGr/BXPD, aaa/axLT, aGF/Gt, whs Zp

(Continued on next page)
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8a CONTROLS (CONCLUDED)

Inputs: Constants, Coefficients, and Data Tables (Concluded)

Data Tables: aBl/BXLN = f(Bm) Table 8a-1
BBI/BXPD = £(B, U) Table 8a-II
BOO/BXLT = f(Bm) Table 8a-III
968,/ 3Xgor, = £(8p) Table 8a-IV
GOLL = f(Bm) Table 8a-IV
Bo = £(8.) Table 8a-V

bl
Ay = £(8) Table 8a-VII
Bm
Ay = £(U) Table 8a-VIII
Ve
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rotorcraft c.g. in body axis with
respect to the air

SUBSYSTEM NO. 8a: CONTROLS
Variables:
Symbol Description Units

8oL/G Left rotor collective pitch input deg
from the left rotor collective
governor

eoR/G Right rotor collective pitch'input deg
from the right rotor collective
governor

XLN Longitudinal stick position, inches in
from full aft

XLT Lateral stick position, inches in
from full left

XPD Pedal position, inches from full in
left

XCOL Collective stick position, inches in
from full down

XrL Position of flap indicator ND

X6 Position of landing gear indicator ND

IDIFF Differential collective switch ND
position

INACB Nacelle beep switch position ND

PSCAS Pitch (elevator) SCAS input in

RSCAS Roll (Aileron) SCAS input in

YSCAS Yaw (rudder) SCAS input in

U x-velocity (longitudinal) of ft/sec
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SUBSYSTEM NO. 8a: CONTROLS (Continued)

Inputs: Constants, Coefficients, and Data Tables

Symbol Description Units
COLRATE Differential collective trim rate deg/sec
constant
AB 1M Differential collective trim limit deg
PBMMAX Maximum forward pylon position deg
PBMMIN Maximum aft pylon position deg
8g1 Bl offset rigging constant deg
XLNN Longitudinal stick neutral position in
XLTN Lateral stick neutral position in
xPDN Pedal neutral position in
98 /9% Elevator to longitudinal stick deg/in
e LN .
position gearing ratio
asr/aXPD Rudder to pedal position gearing deg/in
ratio
38 _/3X Aileron to lateral stick position deg/in
a LT
gearing ratio
aaF/at Rate of change of flaps with time deg/sec
wy Lateral flapping controller natural rad/sec
frequency
4 Lateral flapping controller damping ND
parameter
aBl/BXLN Longitudinal cyclic pitch control deg/in

gearing ratio, = £(B)

9B. /93X Differential cyclic pitch control deg/in
1 PD 5
gearing ratio, = f(B_, U)

38 /93X Differential collective pitch deg/in
o) LT
control gearing ratio, = f(Bm)
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SUBSYSTEM NO. 8a:

CONTROLS (Continued)

Inputs: Constants, Coefficients, and Data Tables (Concluded)

Symbol Description Units
aeo/aXCOL Collective pitch control gearing deg/in
ratio, = f(Bm)
9oLL Root collective pitch lower limit, deg
= £(8,)
BmC Commanded mast conversion rate, deg/sec
= £(g,)
XTHR Right engine throttle position deg
at the fuel control
A1 Lateral flapping controller ND
Bn coefficient, = f(sm)
A Lateral flapping controller deg
Vo coefficient, = £(U)
Outputs:
Bor Right rotor root collective pitch rad
8oL Left rotor root collective pitch rad
AlL Left rotor lateral cyclic input rad
BiL Left rotor forward cyclic input rad
AR Right rotor lateral cyclic input rad
Bir Right rotor forward cyclic input rad
8¢ Elevator mean deflection angle deg
(+ trailing edge down)
S, Rudder mean deflection angle deg
(+ trailing edge right)
Sp Flap position deg
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SUBSYSTEM NO. 8a: CONTROLS (Concluded)

Qutputs: (Concluded)

Symbol Description Units
Ga Aileron mean deflection angle deg
(+ right aileron up)
Lig Landing gear position indicator ND
Bm Mast conversion angle (+ fwd, deg
0 deg = vertical or helicopter,
90 deg = horizontal or airplane)
Bm Mast conversion rate deg/sec
XTHR Right engine throttle position at deg
the fuel control
XTHL Left engine throttle position at deg

the fuel control
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EQUATIONS

. SUBSYSTEM NO. 8a--CONTROLS

A. Collective Pitch

Oop= (aeo/axcm)(xcm)* OoL* Oorsc

20,
- (X,r=X.7n+RSCAS)+ 46,

Oo = (aeo/axcm)(xcm)* QoL * Oorc

20,
+(——)(XLT-—XLTN+RSCAS)+ 46,

aL'l'

B. Differential Collective Trim

46,=46,+(COLRATE)(4t)(IDIFF)

. where

Af, is limited to Af 1y
At is the simulation cycle time

IDIFF is the pilot actuated differential collective trim switch that
is a (left, off, right) setting corresponding to (-1, 0, 1) in value

C. Longitudinal Cyclic

oB
Bir= I (XLN—XLNN+PSCAS)
oX 1N

—( 9B, )(XPD—XPDN+YSCAS)+OB|(I ~cosBp)
dXepp
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EQUATIONS (Continued)

SUBSYSTEM NO. 8a--CONTROLS

C. longitudinal Cyclic (Concluded)

dB,
B, = (ax )(xILN X+ PSCAS)

+( °B, )(XPD—XPDN+YSCAS)+6N(1 -cosfB,)

D. Lateral Cyclic
Apr=A;1=0
Note: This function could be added if the control law 1is desired.
Lateral cyclic is not used in the basic XV-15 control system.

E. Elevator. Rudder, Aileron

26,
6,= (Xn—Xinn+PSCAS)

26,
6, = (Xpp=Xppn+ YSCAS)
3Xpp

26,
6, = (X,r—X,rn+RSCAS)
oXyiT

F. Nacelle Tilt
Bm=(BmJaNACB>

where

INACB equals (1, O, -1) = (fwd, neutral, aft) on the pilot’'s nacelle
tilt keep siwtch

Bmc=F(Bu)
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EQUATIONS (Concluded)

. SUBSYSTEM NO. 8a--CONTROLS

F. Nacelle Tilt (Concluded)

Ba= [ Budt

where

Bp is limited such that PBMMIN < §, < PBMMAX
G. FElap Selector
The discreet flap/flaperon settings are:
0/0 deg = Xp11

20/12.5 deg = Xpp,
40/25 deg = Xpp3
75/47 deg = Xpp,

where

. Xpin is the pilot's flap selector (a four position switch)

H. Landing Gear Selector

IJLG - (0, 1) = (uP» down)
where

X.. is the pilot's gear selector in a discrete up or down position
LG P g P P

I. Lateral Cyclic (lLateral Flapping Controller)

A]R=(A|Bm)(AlVT) ("3)32“(5&“)8”

w

A=A

If U<0.0, A,,=0.0
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8b

FORCE FEEL SYSTEM

Inputs: Variables Outputs:
From Subsystem Symbol To Subsystem Symbol
o af To analog ‘ GxLN
control GXLT
@ XLNT loaders (8d) GxPD
XrrT CXLN
XpDT SXLT
gXPD
XLN
@ IMB HypD
IFFON Hyp 7
IFFENG
IAN
Inputs: Constants, Coefficients, and Data Tables
Constants: None
Coefficients: Longitudinal Axis

GLnos Cinis Kine Zrn» Hpy
Lateral Axis

Grros SLt1» Kurs Sure Hpt
Directional Axis

Sppo> Cpp1> “pp> Hpps Frups Facry
LIM

FFS ON
Xpntos Xuntie Xnrros XLrTis XPDTOC XPDTI

FFS OFF

XLNTO

Data Tables: None

TR-1195-2




SUBSYSTEM NO. 8b—FORCE FEEL SYSTEM

Inputs: Variables

Symbol Description Units
qF Fuselage dynamic pressure lb/ft2
XLNT Longitudinal stick force feel in
trim position

X7 Lateral stick force feel trim in
position

XppT Pedal force feel trim position in

IMB Force feel system release switch ND

IFFON Force feel system ON/OFF switch ND

IFFENG Force feel system engage switch ND

IAN Yaw trim switch ND

Inputs: Constants, Coefficients, and Data Tables

Gino Longitudinal force feel system 1b/in
gradient

Gyt Longitudinal force feel system 1b/in/PSF
gradient

Kin Longitudinal force feel system 1b/in
constant (system off)

ZIN Longitudinal force feel system ND
viscous damping coefficient

Hiy Longitudinal force feel system 1b
hysteresis force

GL1o Lateral force feel system gradient 1b/in

GL11 Lateral force feel system gradient 1b/in/PSF
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SUBSYSTEM NO. 8b—FORCE FEEL SYSTEM (Continued)

Inputs: Constants, Coefficients, and Data Tables (Concluded)

Symbol Description Units

Kir Lateral force feel system constant 1b/in
(system off)

SLT Lateral force feel system viscous ND
damping coefficient

Hyp Lateral force feel system hysteresis 1b
force

Gppo Pedal force feel system gradient 1b/in

Gpp1 Pedal force feel system hysteresis 1b/1in/PSF

ZpD Pedal force feel system viscous ND
damping coefficient

Hpp Pedal force feel system hyseresis 1b
force

Hrup Rudder force feel constant £t2/1n

FACT Rudder force feel actuator limit 1b

RUDp, 1M

iLNTO Longitudinal trim rate force feel in/sec
system constant

iLNTl Longitudinal trim rate force feel in/sec/PSF
system constant

iLTTO Lateral trim rate force feel systenm in/sec
constant

iLTTl Lateral trim rate force feel system in/sec/PSF
constant

iPDTO Pedal trim rate force feel system in/sec
constant

iPDTl Pedal trim rate force feel system in/sec/PSF
constant
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. SUBSYSTEM NO. 8b—FORCE FEEL SYSTEM (Concluded)

Outputs:
Symbol Description Units

Gy1N Longitudinal force feel system 1b/in
gradient (system on)

Gy1T Lateral force feel system 1b/in
gradient (system on) .

Gxpp Pedal force feel system 1b/in
gradient (system on)

EXLN Longitudinal force feel viscous ND
damping coefficient

| CXLT Lateral force feel viscous damping ND
| coefficient
CXPD Pedal force feel viscous damping ND
. coefficient

Hyrn Longitudinal force feel system 1b
hysteresis force

Hyyr Lateral force feel system hysteresis 1b
force

Hypp Pedal force feel system hysteresis 1b
force
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EQUATIONS:

A. Force feel system ON gradients:

GXLN = GLNO + GLNl 9

Cxrr = Crro * Cpr1 9

Cxpp = Sppo * Cpp1 9

Viscous Damping:

=¢

|
[a)

Cxin = Cxrr = *xpp = CFFs

Hysteresis

Hyow = Bypr = Hxpp = ©

Note: Adjust McFadden loader such that stick mass at the
reference point on the grip is effectively 0.172 slugs
and the pedal mass is effectively 0.183 slugs (for
two pedals).

B. Force Feel System OFF

Cxixn = Koix
Cxir = Kt
Cxpp = Frup’ ¥pp = Xppr)
Frop = 1HRUD 9 (Kpp = Xppp)| - Facr,,
D
LIM
<0, set F =0
> . =
If FRUD 0, set FRUD FRUD

=7 = =
gXLN °XLT gXPD 0
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Hys

Hyin =

T

Hyp

C.

X

LTT
XpDT
XINT
Xrr

XpDT

D.

If X nep 2

If X

Trim

XLNT

teresis:

Hin

HLT

Hpp

T

D

Rate and Position

= Xixro T *ixT1 9

.

= Xirro T X1 %
Xpp10* XppT1 9F

XLNT

.

i~ nl—

LTT

XppT

-

Relief Value (force limiter)

15.75

Gxrn~Ein

K G X < 25.

then Gy = XLN“LNT

LN’

> Tc-ﬁ:égr——r then Gy . = K o7 G 25.
XLT LT

H <
LTT LT LT’ XLTXLTT s

G X 25,

<
XPD PDT

301-099-001
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8c CONTROL FORCE TRIM SYSTEM

Inputs: Variables Outputs:
From Subsystem Symbol To Subsystem Symbol
@ qF @ X NT
@ < §LTT
LN PDT
X1T
Xpp
Bpr
BFTXLN
B..-XLT
FTypD

Inputs: Constants, Coefficients, and Data Tables

Constants: None

Coeffictents: X1ymos Xnris X110 XL7T1s PDTO: XPDTI

Data Tables: None
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SUBSYSTEM NO. 8c—CONTROL FORCE TRIM SYSTEM

Inputs: Variables

Symbol Description Units
aF Fuselage dynamic pressure 1b/ft2
XN Longitudinal stick position, inches in
from full aft

X1 Lateral stick position, inches in
from full left

Xpp Pedal position, inches from in
full left

Bpr Longitudinal control force trim ND

XLN switch constant
Ber Lateral control force trim ND
XLT switch constant
B Pedal control force trim switch ND
FTxpp

constant

Inputs: Constants, Coefficients, and Data Tables

iLNTO Longitudinal trim rate force feel in/sec
system constant

iLNTl Longitudinal trim rate force feel in/sec/PSF
system constant

iLTTO Lateral trim rate force feel system in/sec
constant

iLTTl Lateral trim rate force feel system in/sec/PSF
constant

iPDTO Pedal trim rate force feel system in/sec
constant

iPDTl Pedal trim rate force feel system in/sec/PSF

TR-1195-2
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SUBSYSTEM NO. 8c—CONTROL FORCE TRIM SYSTEM (Concluded)

Outputs:
Symbol Description Units
XINT Longitudinal stick force feel trim in
position
XLTT Lateral stick force feel trim in
position
XppT Pedal stick force feel trim in

TR-1195-2
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EQUATIONS:

t .
X = X + (sIoN 8 )x [ X
LNT LNT,, Flyy o  LNT
: = *
where:  Xpr = Xpnmo * Xpnm * 9
( IR,
= X + (sieN B * X
XLTT LTT, Fl o' 5 LT
. - *
where:  Xpqp Xirro + Xt ¥ 9F
( yx [ %
X = X + (sieN B * X
PDT PDT,, Flypy' o  POT
. = %*
where:  Xppp = Xpprg * Xppri T 9
Note: Perform indicated integration only when BFT

(i.e., trim switch on)

# 0.
i

301-099-001
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8d PILOT”S CONTROL FUNCTION

Inputs: Variables Outputs:

From Subsystem Symbol To Subsystem Symbol

From analog FIn 8a, 8c, 20 XN
control Fir XLr
loaders Fpp Xpp

8a XCOL
7A g

8a XFL
%16

IDIFF

INACB

8c B

BETXLN

BiTXLT
Txpp

8b IMB
IFFON
IFFENG
IAN

17 IRPM
MENB
IGB
IGOVENG

17, 19 RPMgp,

20 ISCRLS
IQDAMP
IPDAMP
IRDAMP
IPCH
IRCH
IFAH
ISCENG

Inputs: Constants, Coefficients, and Data Tables

Pilot in the Loop
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. SUBSYSTEM NO. 8d: PILOT”S CONTROL FUNCTION

Inputs: Variables

Symbol Description Units
FIN Longitudinal stick force from the 1b
pilot (+ fwd)
Fip Lateral stick force from the pilot 1b
(+ right)
Fpp Pedal force from the pilot (+ right) 1b
OQutputs:
XN Longitudinal stick position, inches in
from full aft
Xir Lateral stick position, inches from in
full left
XPD Pedal position, inches from full in
. ‘ left
XCOL Collective stick position, inches in
from full down
8 Brake pedal deflection deg
n
GNW Nose wheel steering angle rad
| XrL Position of flap indicator ND
| Xic Position of landing gear indicator ND
IDIFF Differential collective switch ND
position
INACB Nacelle beep switch position ND
FT Longitudinal control force trim ND
XLN switch constant
Ber Lateral control force trim switch ND
XLT constant

Pedal control force trim switch ND

B
FT
. XPD constant
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SUBSYSTEM NO. 8d: PILOT”S CONTROL FUNCTION (Concluded)

Outputs: (Concluded)

Symbol Description Units

IMB Force feel system trim release ND
switch

1IFFON Force feel system ON/OFF switch ND

EFFENG Force feel system engage switch ND

IAN Yaw trim switch ND

IRPM RPM adjustment wheel (increase/ ND
decrease)

MENB Pylon lock switch ND

IGB RPM governor disengage switch ND

IGOVENG RPM governor engage switch ND

RPMSEL Pilot”s selected operating rotor RPM
speed

ISCRLS SCAS release switch ND

IQDAMP Pitch SCAS ON/OFF switch ND

IPDAMP Roll SCAS ON/OFF switch ND

IRDAMP Yaw SCAS ON/OFF switch ND

IPCH Pitch channel switch (Channel 1, ND
2, both)

IRCH Roll channel switch (Channel 1, ND
2, both)

IFAH Attitude retention ON/OFF switch ND

ISCENG SCAS engage switch
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Figure A84-1.

XV-15

Collective Head Switches
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Figure A84d-2.

CYCLIC
GRIP
M ES

301-099-001 A-148




Figure A8d-3. XV-15 Flap Switch Selector Control
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Figure A84d-L. XV-15 SCAS Control Panel
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Figure A8d-5. XV-15 Governor Control Panel
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SUBSYSTEM CONTROLS AND FAILURE LOGIC

I. SCAS Control Panel

Lights:
PITCH - ROLL - YAW
OFF

ON (RED)

1 OFF - 2 OFF - OFF
OFF

ON (AMBER)

Switches:

ON/OFF

1/BOTH/2

ENGAGE

lights out during normal opera-
tion (system engaged)
illuminates to indicate when
the respective axis fails

lights out during normal opera-
tion (system engaged) and
master power switch OFF.
illuminates when pilot selects
channel (1 or 2) for pitch or
roll axis, or turmns yaw axis
off;

all five lights on when system
is disengaged by pilot from
the SCAS disengage on cyclic
stick, SCAS power switches and
Master Power ONj;

all five lights on when SCAS
power switches are set to off
with master power ON

master caution "on" when any
"OFF" light is "on"

Two position, used to apply
power to the system. ON
switch engages SCAS gyros but
does not actuate system.

Three position, used to select
channel number 1, BOTH, or
number 2,

Momentary on, used to activate
the SCAS system to the configu-
ration preset by the ON/OFF
and 1/BOTH/2 switches.

301-099-001
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I. SCAS Control Panel (Continued)

. Switches:

ATTITUDE RETENTION - Solenoid held, used to turn
attitude retention ON/OFF,
Switch pops to OFF position
upon attitude retention
failure.

TEST - Three position center off
switch spring loaded to off
position (nonfunctional for
simulation).

SCAS DISENGAGE - Pushbutton located on the
cyclic grip, used to manually
disengage all axes simulta-
neously, SCAS is disengaged
by the SCAS disengage switch
on the cyclic stick., The SCAS
is deactivated and the actua-
tors centered. SCAS OFF panel
lights and CAUTION light will
come on. AIl axes may be
re-engaged with the engage
switch on the SCAS panel and

. all lights will go out, pro=-

viding the ON/OFF switches
were left in the ON position
during the time the SCAS was
manually disengaged.

Start Procedure:

Upon entering the aircraft, master power off and SCAS
power switches OFF, all SCAS panel lights will be off.
Turn master power ON, SCAS power switches OFF, all five
SCAS "OFF" and master caution lights will be illuminated.
Turn on SCAS switches to power the system and gyros.
Engage the SCAS with the SCAS ENGAGE switch, system is
then activated and SCAS "OFF'" lights will go out.

SCAS Failures:

Single Channel - PITCH, ROLL, or YAW plus CAUTION
lights will come ON indicating
the failed axis. Pilot will
determine which channel failed
by switching to channel 1 or 2

301-099-001 A-155




I. SCAS Control Panel (Continued)

Single Channel - for the pitch or roll axis, or
may turn both channels off., If
yvaw axls failed, the yaw axis
is turned off. When the switches
are set to 1 or 2, the SCAS fail
lights go out and the 1 OFF or
2 OFF light comes on depending
upon which channel is selected.
Likewise, when the yaw SCAS is
turned off, the yaw fail light
goes out, CAUTION light will
remain ON, indicating SCAS
failure, Yaw SCAS OFF light
will illuminate.

Attitude Retention - = No lights to denote failure.
Indication of failure can be
noted by status of attitude
retention selection (solenoid
held) switch (OFF position).

Notes: 1. Attitude retention is off if:

a. Pitch axis, F 2 1,0 1b

XN

Roll axis, F 2 0.5 1b
X1

b. Attitude retention switch is OFF.

c. FFS fails or is disengaged.

d. SCAS is disengaged.

e. Failure occurs in the attitude

retention circuits., (Power to
circuit or attitude gyro fails.)

2, Attitude retention is operable during single
channel SCAS operation.

3. Item l.a. does not change the status of the
attitude retention switch, but momentarily
deactivates the attitude retention to the
SCAS, 1Items l.c., through l.e. denote a
failed condition and sets the attitude
retention switch to the OFF position remov-
ing attitude retention from the SCAS.,
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I. SCAS Control Panel (Continued)

. XV-15 SCAS Pre-Flight Check List (FFS Pre=-Flight
Check Complete)

Airplane status = engines running, electrical and hydraulic
power on, attitude gyro on and no flags, feel system
engaged, all SCAS switches OFF except SCAS select switches
in "BOTH".

1. SCAS status lights = Pitch "1 OFF", "2 OFF"; Roll "1
OFF'", "2 OFF"; Yaw "OFF" - check ON,
2. SCAS fail lights "PITCH", "ROLL" and "YAW'" = check OFF.

3. SCAS segment of the master caution panel and
MASTER CAUTION light = check ON.

4. Set pitch, roll, yaw power switches to "ON".

5. Set SCAS ENGAGE switch to "ENGAGE". Pitch '"l, 2 OFF";
Roll "1, 2, OFF"; Yaw "OFF" lights - check 'OFF".
SCAS segment of the master caution panel and MASTER
CAUTION light - check "OFF".

6. Exercise cyclic stick and rudder pedals - check all
SCAS lights remain "OFF".

| . 7. Set SCAS channel select switches "PITCH" "ROLL" to
| "1" - check status lights Pitch "2 OFF", Roll "2
\ OFF", ON.

8., Set SCAS channel select switches "PITCH, ROLL" to
"2""- check status lights Pitch "1 OFF", Roll "1
OFF " ON.

9, Set SCAS channel select switches "PITCH" "ROLL" to
“"BOTH" - check all SCAS lights "OFF".

10. Set Attitude Retention switch to "ATTD RETN" = check
that switch stays ON.

11. Set and hold "TEST'" switch to "STEP" = check Fail
lights OFF and control (surface) motion in all axes.

12. Set and hold "TEST" switch to "FAIL" - check "PITCH"
“ROLL" "YAW" Fail lights ON = check SCAS segment of
master caution panel and MASTER CAUTION light ON.

Check yaw control motion only. Release "TEST" switch -
check for Fail and SCAS segment of master caution
panel and MASTER CAUTION lights out 5 seconds after
release of switch.
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I. SCAS Control Panel (Continued)

XV=15 SCAS Pre-Flight Check List (FFS Pre-Flight

Check Complete)

13, Press SCAS disengage button on pilot's cyclic stick=--
check SCAS status lights - Pitch "1 OFF", "2 OFF";
Roll "1 OFF", "2 OFF"; Yaw "OFF" all ON - check
SCAS segment of master caution panel and MASTER
CAUTION light ON = check attitude retention switch
OFF,
14. Set SCAS ENGAGE switch to "ENGAGE".
Set Attitude Retention switch to "ATTD RETN".
15. Press SCAS Disengage button on copilot's cyclic
stick = check SCAS status lights Pitch "1 OFF",
"2 OFF"; Roll "1 OFF'", "2 OFF'"; Yaw "OFF" all
ON - check SCAS segment of master caution panel
and the MASTER CAUTION light ON - check Attitude
Retention switch OFF,
16. Set SCAS ENGAGE switch to '"ENGAGE'".
Set Attitude Retention switch to "ATTD RETN'".
17. Press FFS Disengage button on cyclic stick
(either station% - check Attitude Retention
switch OFF,
18, Engage FFS.
19. Check all FFS and SCAS lights OFF.
II. FFS Control Panel
~Lights:
LONG - LAT - PEDAL
OFF - lights out during normal
operation (system engaged)
ON (RED) - illuminates to indicate when
the respective axis fails
DISENG
OFF - lights out during normal opera-
tion (system engaged)
ON (AMBER) - Automatically following a FFS

failure (all three axis);
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II. FFS Control Panel (Continued)

Lights:
ON (AMBER)

all three lights on when system
is manually disengaged by the
pilot with either the disengage
switch on the panel or the
cyclic stick, FFS power switch
on and master power onj

all three lights on when FFS
power switch is set to SEC TRIM
or OFF with master power omn.

Note: No master caution light associated
with the FFS.

Switches:

ON/SEC TRIM/OFF

ENGAGE

PEDAL TRIM

TEST

FFS DISENGAGE

Three positions, used to apply
power to the system. When in
SEC TRIM, FFS is 'disengaged,
pilot has secondary trim capa-
bility in the longitudinal axis
only.

A solenoid held switch, spring
loaded to disengage from the
FFS disengage button on the
cyclic stick or following a
FFS failure. Pilot may also
manually set switch to the
disengage position (disengages
all axes).

Three position spring loaded to
center. L - R indicates nose
left or right. (Longitudinal
and lateral trim are located on
the cyclic stick.)

Two-position toggle switch with
a lever lock (nonfunctional
for simulation)

Pushbutton located on the cyclic
grip, used to manually disengage
all axes simultaneously. Any
time the FFS is disengaged, two

methods of trim are available.

If the FFS power switch is set
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II. FFS Control Panel (Continued)

Switches:

FFS DISENGAGE - for the SEC TRIM, secondary
trim is available in longi-
tudinal axis only. The FFS
disengage button will always
remove all forces regardless
of the power switch selection
and when the disengage button
is released, the position of
the controls at the time of
release will be the new trim
position. If the FFS disengage
button on the cyclic stick is
depressed and held, stick
centering is available,

FFS may be re-engaged by the
engage switch on FFS panel if
FFS was disengaged for some
other reason than a failure.

Start Procedure:

Upon entering the aircraft, master power off and FFS
power switch is OFF, all FFS lights will be off., Turn
master power on, FFS power switch OFF, all DISENG lights
will be illuminated. Turn on FFS power switch to power
the system. Engage the FFS with the FFS ENGAGE switch
system is then activated and DISENG lights will go out.

FFS Failures:

Primary - LONG, LAT, or PEDAL lights will
come on depending on which axis
is failed. FFS is automatically
disengaged for all axis and
primary trim capability for all
axes is lost. All three DISENG
lights will be illuminated.
Pilot must switch to SEC TRIM
to obtain trim in longitudinal
axis only. When power switch
is set to SEC TRIM or OFF, FFS
fail lights will go out. If
pilot elects to bypass the
secondary trim, he can depress
the FFS disengage button on the
cyclic for stick centering.
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|1I. FFS Control Panel (Continued)

. FFS Failures:

Secondary - LONG, LAT, or PEDAL and all
DISENG lights will remain the
same as previous configuration
but will have lost secondary
trim capability.

Hydraulic - Light status remains the same
and trim status is the same as
following secondary failure.

If forces are applied to the
controls, the FFS system will

fail and auto trip. Fail/Disengage
lights will appear.

Forces in all failed cases will
be limited to 25 pounds.

XV=-15 FFS Pre-Flight Check List

Airplane status = engines running, electrical and hydraulic
power ON - All FFS control panel switches assumed to be
OFF, - Rudder pedals adjusted.

. 1. TFFS "DISENG" lights, '"LONG", "LATERAL" and "PEDAL" -
check ON,

2. FFS Fail lights "LONG", "LATERAL" and "PEDAL" = check
OFF,

3. Check cyclic stick for freedom of movement.

4, Check cyclic stick mechanical spring gradients
qualitatively:

Long. 11 1b/in.
Lateral 3.4 1b/in.

5. Check rudder pedals for freedom of movement.

6. Set FFS Power Switch to "SEC TRIM'". Check secondary
trim operation in longitudinal axis = pilot and copilot.

7. Set FFS Power Switch to 'ON'", Depress disengage
button and center controls.
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II. FFS Control Panel (Continued)

XV=15 FFS Pre=-Flight Check List

8. Set FFS engage switch to "ENGAGE" - check ''DISENG"
lights (3) OFF. Exercise controls and qualitatively
check gradients.

Long. 2 1b/in.
Lateral 1 1b/in.
Pedal 7 1b/in.

9, Check primary trim in all three axes - pilot and
copilot.

10. Set Fail Test Switch to "FAIL TEST" position. Check
for FFS disengagement. Check fail lights 'LONG",
"LATERAL" and "PEDAL'" ON. Check '"DISENG'" lights (3)
ON.

11. Depress disengage button and center controls. "ENGAGE"
FFS. Press pilot's FFS "DISENG" button. Check ''DISENG"
lights (3) ON, Check FFS bypass solenoid operation by
pressing and holding pilot's FFS "DISENG'" button
while moving cyclic stick forward and aft. Upon
button release, stick should lock except for mechanical
spring gradient.

12. Repeat step 1l from copilot station. Depress disengage
button and center controls.

13. Engage FFS, pilot or copilot, check for "DISENG'" (3)
and fail "LONG', "LATERAL'", "PEDAL" lights OUT.

III. Rpm Governor Control Panel

Lights:
PRIMARY (A fail light)
OFF - light out during normal opera-
tion (system engaged)
ON (RED) - illuminates to indicate when

primary governor fails, Light
latches on failure and causes
governor to switch to the stand-
by mode. May be reset by
re-engaging primary governor.

If failure is not present,
governor will re-engage, If
failure is present, governor
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III. Rpm Governor Control Panel (Continued)

ON (RED)

- will remain engaged only during
the time of engagement. Fail
cycle will begin after engage
toggle switch is released.

PRIMARY OFF (A status light)

OFF

ON (AMBER)

STANDBY (A fail light)
OFF

ON (RED)

- light out during normal opera-
tion (system engaged) and
master power off.

- illuminates to indicate when
primary governor is not engaged,
master power oOn;

- when system is manually dis-
engaged by pilot from the
governor disengage switch on
collective;

- following a primary governor
failure.

- light out during normal opera-
tion with primary govermnor on;

- light out during operations
with standby governmor on

- illuminates to indicate when
standby governor fails;

- latches on failure and causes
actuator to hydraulically lock
at the present governor position =
may be reset by engaging primary
or standby governor, If failure
is not present, governor will
re-engage. ILf failure is pre-
sent, governor will remain
engaged only during the period
of engagement;

- during hydraulic failure (PCy),
a primary governor failure will
bypass the standby and go
directly to manual mode.

STANDBY ON (A status light)

OFF

- light out during normal opera-
tion with primary governor and
following a standby govermor
failure

301-099-001

A-161




III. Rpm Govermor Control Panel
Lights:
ON (GREEN) -

Switches:

PRIMARY ENGAGE -
STANDBY ENGAGE -
TEST -
GOVERNOR DISENGAGE -

Start Procedure:

(Continued)

illuminate when standby governor
is active, whether engaged by
the pilot or automatically
following a primary governor
failure,

momentary on, used to activate
the primary governor

momentary on, used to activate
the standby governor (non-
functional for simulation)

two position spring loaded
guarded toggle (nonfunctional
for simulation)

guarded pushbutton located on
the collective head, used to
manually disengage the rpm
governor (primary and standby).
PRIMARY OFF light will come on.
All other panel lights will be
off., Primary or standby governor
may be re-engaged with either
engage switch located on the
RPM governor panel., Master
caution lights will be on.

Upon entering the aircraft, master power off, all governor

panel lights will be off.
OFF light will be on.

Turn master power on, PRIMARY

Engage primary governor, light will

go out, system (primary and standby) is then activated.

Rpm Governor Failures:

Primary -

PRIMARY, PRIMARY OFF, STANDBY ON,
and CAUTION lights will come on
indicating the primary governor
has failed and system has switched
to standby governor., Primary
failure occurs if:
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III. Rpm Governor Control Panel (Continued)

. Rpm Governor Failures:
Primary 1. €2 PM 237 RPM;, and
sign GACT==sign €rRpM? ©OF
1 0
|6ACT|< .4°/SEC
2. GRPMZilO/c RPMp

*RPM_ is the rpm commanded by the pilot using the rpm
beep switch located on the collective head. RPMp

limits are:

RPM = 601
PMAX
RPM = 433 + 102 cos fBm
PMIN
Standby - same as primary except STANDBY

ON light will go out and STANDBY
light will come on indicating
standby governor failure and
. standby governor has been
switched off, RPM can then be
controlled manually by the
ilot using the rpm wheel
Eocated on the center console.
The secondary governor is pre=-
set to 565 rpm (94%). RPM is
changed in going from RPM_ to
565rpm at a 20 RPM per
second rate. The secondary
governor will fail if:

eRPM 2x]10% 565

Iv. Additional Lights/Switches

RPM Warning Light:

"RPM" light on instrument panel and audio will come on
indicating rpm is out of the following limits:

1. Nacelle unlocked QL/R > 625 or QL/R < 535
2. Nacelle locked (no audio) QL/R > 625 or QL/R < 415
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IV. Additional Lights/Switches (Continued)

Gear Warning Light:

"GEAR" 1light on instrume