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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 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.
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 presented

in Ref. 1. The equations presented in that report are, in many instances,
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revised in this report to provide an improvedlgeneric 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 GTRS
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 GTRS 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 GTRS 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 B, 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 limitations/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 1investigate 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. In order to achieve this, it
was necessary - to limit the rotor representation to steady, 1linearized
aerodynamics having a uniform inflow and to approximate the rotor
following time. Rotor stall and compressibility effects were used only to
define a limit for the maximum rotor thrust coefficient as a function of
advance ratio. This rotor mathematical model 1is 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.

TR-1195-2 (Rev. A) 9




TR-1195-2 10




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. l1)--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 ¥, 0, and 9, in that order of rota-
tion. Details on individual subsystem sign conventions are provided in

the following sections.
A. SUBSYSTEM 1l: 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, Tﬁ, EF,.E; 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 1lift-curve slope and profile-drag
coefficient are wused 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,., is approximated by sin Gpe
Substitution of sin a_. for op in the blade element equations
makes it possible to éévelop equations for rotor forces with-
out restricting blade pitch, 8, 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. 11.

(QR)C
0.6(Cy

(Ic| + 8u®) (lc| + 82%)

1.5
|7*7 (lcq] = 8/3xr])
/0.86622 + 2 + T

2

where C = CT/ZB2 (the 0.866 factor on A“ 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
(p = 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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(QR)C
Av = X I

iSS SS 2B2u

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 XSS depends on the direction of rotation, the distance between the
rotors, the advance ratio, and the rotor angle of attack. The value of
XSS given in Ref. 12 is valid for p greater than 0.15. In this analysis,
the value of X5g for u less than 0.15 has been approximated by providing a
smooth transition between a value of Xgg equal to zero at y = 0.06 and the
value at p = 0.15. The term Avy s 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 (V}. 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

/2

GECON2 (hy/2R) 1
By and w = GEWASH(u? + v2) ", 1f &¥ <

where G = 1-GECON1(e
0.001 or G > 1, then G 1s 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- or blade-specific parameters which are
configuration dependent [e.g., 83, blade inertia (Ib), flapping spring
rate (KH)]. The values for average rotor blade lift-curve slope and drag
coefficient, aj | , and &y | 9 respectively, should be iteratively deter-

’+ 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 low twist and wusually 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 Xop 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 Bm. 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 Cp.)]}

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

is given by the following expression:

2 2
+ Kgh + K2 )(wi)

W = (K, +K oM 3

p+ K
Hem

1

where the constants Ky_, are determined from powered rotor test data.
Wing loads at high negative incidences caused by the rotor wake at low
speeds are determined using 1lift 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 1is 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 Bn = 0

~deg presented in Fig. 5, which is plotted from Appendix B, Table 2-Ia on
Page B-22. (Data for By values other than 0O 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 is tabulated in

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 constants 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 ap and By 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  1ift 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:

+
CRFR CRFL

MAX%(y, 0.15)

o, = o = 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 CRFR [ 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 1ift, 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. 21. Examples of how data should
look for wing 1lift 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 CLHB 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. 1If 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 1lift 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 1lift 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 (1-30/38) 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. A8a-1 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 1limits, 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 ofvfreedom 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, navigation 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 1is 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 is 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 oﬁ 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. Al8-1 where K8 through K14 are
constants derived to fit the engine power versus throttle (Xpy) setting

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

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

lever change is given by the equation

TR-1195-2 (Rev. A) 45




t dHP
_ ROP
HP = (HPRO)O+ ft 3 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-(up, )/(uP, )]
ROP _ . _ RO ROC
—3 - sisn (HPROC HPRO)*min {1, vy }*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

9.55 @ 2 9.55 @

5 /8 ] [k, (/28 + Ky ( L) + k]

Hp = [HP., [ —
/G'RPMRO /S_RPMRO

where Kl’ KZ’ and K3 are constants used to curve fit the power to the
engine characteristics given in the installation manual, Qr is the actual
power turbine speed, RPMp, is the referred optimum power turbine speed,
and 6 and O are terms used to correct for nonstandard pressure and

temperature, respectively.

The equations used for the power turbine governor (NII) are similar to
those for the engine except that the optimum power is referred to the N1t
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 N;; 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 is
available for use in the VAX version of the GTRS 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 SIMULATION
MATHEMATICAL MODEL

TR-1195-2 A-1




TABLE OF CONTENTS

Subsystem

Number Subsystem Description Page
1 Rotor Aerodynamics A-5
2 Rotor Induced Velocities A-34
3 Fuselage Aerodynamics A-41
4 Wing-Pylon Aerodynamics A-45
5 Horizontal Stabilizer Aerodynamics A-78
6 Vertical Stabilizer Aerodynamics A-89
7a Landing Gear (Present Sigma 8 Model) A-103
7b Landing Gear (Unused Bell Model) A-117
8a Controls A-123
8b Force Feel System A-134
8c Control Force Trim System A-140
8d Pilot”s Control Function A-144
9 CG and Inertia A-165
10a Axes Transformation (Airframe Aerodynamic Forces and
Moments from Wind to Body Axis) : : A-172
10b Axes Transformation (Rotor Forces and Moments from
Wind to Body Axis) A-185
10c Axes Transformation (Euler Angles) A-189
104 Axes Transformation (Earth Bésed Velocity) A-192
10e Axes Transformation (Ground Velocity Summation) A-195
10£f Axes Transformation (Ground Reference Distances) A-198
11 Aircraft Angular Accelerations and Velocities A-202

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




LIST OF SUBSYSTEMS (Concluded)

Subsystem
Number Subsystem Description Page
12 Body Axis Linear Accelerations and Velocities A-210
13 Force Summation A-217
14 Moment Summation A-222
15 Flight Environment A-235
16 Pilot”s Instrument Panel A-239
17 Rotor Collective Governor A=-247
18 Engines and Fuel Controls A-256
19 Drive System Dynamics A-265
20 Stability and Control Augmentation System A-272
LIST OF FIGURES
Figure \ s s
Number Figure Description Page
Al-1 Rotor Axes Systems and Sign Conventions A-13
Al-2 Block Diagram of Ground Effect, Side-by-Side,
and Tandem Rotor Calculations A-23
Al-3 Block Diagram of Induced Velocity and Thrust
Calculations A-24
A4-1 Sign Convention and Notation for Mathematical Model of
Rotor Wake-Wing Interaction A-57

TR-1195-2 (Rev. A) A3




Figure

LIST OF FIGURES

Number Figure Description Page
Ab4=2 Flow Chart of Tilt Rotor Wing Aerodynamics Affected
by the Rotor Wake A-61
A5-1 Sign Conventions and Notation for Horizontal Stabilizer
Aerodynamics A-84
A6-1 Sign Conventions and Notation for Vertical Stabilizer
Aerodynamics A-96
A8a-1 Control System Block Diagram A-129
A8a-2 Control Position/Force-Force and Moment Sign Convention A-130
A8d-1 XV-15 Collective Head Switches A-147
A8d-2 XV-15 Cyclic Grip Switches A-148
A8d-3 XV-15 Flap Switch Selector Control A-149
A8d-4 XV-15 SCAS Control Panel A-150
A8d-5 XV-15 Governor Control Panel A-151
Al6-1 XV-15 Pilot”s Control Panel A-246
Al7-1 XV-15 Rotor RPM Governor Failure Logic Block Diagram A-254
Al8-1 Engine Model Block Diagram A-262
A20-1 Modified XV-15 Pitch SCAS Block Diagram (S/N 703) A=277
A20-2 Modified XV-15 Roll SCAS Block Diagram (S/N 703) A-278
A20-3 Modified XV-15 Yaw SCAS Block Diagram (S/N 703) A-279
A20-4 Bell XV-15 Pitch Axis SCAS Block Diagram (S/N 702) A-280
A20-5 Bell XV-15 Roll Axis SCAS Block Diagram (S/N 702) A-281
A20-6 Bell XV-15 Yaw Axis SCAS Block Diagram (S/N 702) A-282

TR-1195-2 (Rev. A) Al




1 ROTOR AERODYNAMICS

Inputs: Variables Outputs:
From Subsystem Symbol To Subsystem Symbol
12 U 2,10b TR
\Y H
R
W Yp
Vr gL
L
YL
11 P
q 1,2 wiR
r wiL
2,4 ug
15 o g,
My 2 ;R
L
19 % 2z
Q. o
L
9 h 10b
H a
SL 1.1IR
CG Mb1R
"Leg ta,
b
8a Bm 1L
8
R
° 10b,19 Qg
B1r Q
AR
eoL
ilL
1L
14 T
10b xR T
L

Inputs: Constants, Coefficients, and Data Tables

Constants: Iy, W, X O Ry 83, cy, Ib, lm, b

BLegs SLgps Blgps WLgps Kys Kypps 23,

(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
Vo 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
P Air density slug/ft3
My Mach number ND
QR Instantaneous right rotor speed rad/sec
QL 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
B Mast conversion angle (+ fwd, rad
0 deg = vertical or helicopter,
90 deg = horizontal or airplane)
8or Right rotor root collective pitch rad
Bir Right rotor forward cyclic input rad
AlR Right rotor lateral cyclic, input rad
%L Left rotor root collective pitch rad
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SUBSYSTEM NO. 1-—ROTOR DYNAMICS (Continued)

TR-1195-2

Inputs: Constants, Coefficients, and Data Tables
Symbol Description Units
BiL Left rotor forward cyclic input rad
A Left rotor lateral cyclic input rad
X Right rotor x-force (body axis) 1b
X Left rotor x~force (body axis) 1b
ny Number of rotor blades ND
m Number of rotor segments ND
Xn Blade station/R ND
6m Blade twist deg
R Rotor radius ft
63 Pitch flap coupling deg
¢ Blade chord in
Iy Blade flapping inertia slug-ft
1, Mast length ft
¢m Lateral mast tilt deg
BLqo 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




SUBSYSTEM NO. 1:

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

ROTOR AERODYNAMICS (Continued)

Symbol Description Units

30 Precone angle deg

ag Blade 1lift coefficient 1/rad

a; Blade 1lift coefficient 1/u

a, Blade 1lift coefficient 1/

) Blade drag coefficient ND

81 Blade drag coefficient 1/rad

8y Blade drag coefficient l/rad2

B Blade tip loss factor ND

%o, Blade zero 1ift 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

TR-1195-2 (Rev. A)
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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, = £(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)

Hy, 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)
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SUBSYSTEM NO. 1——ROTOR AERODYNAMICS (Continued)

Outputs: Continued

Symbol Description

Units

Wir Mast axis uniform component of
induced velocity at right rotor
(+ downward for helicopter)

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

Hp Tip speed (advance) ratio, right
rotor

Uy Tip speed (advance) ratio, left
rotor

XR Inflow ratio, right rotor
AL Inflow ratio, left rotor

Qé Total right rotor speed
(corrected for aircraft angular
rate)

9 Total left rotor speed
(corrected for aircraft angular
rate)

My Mast axis longitudinal flapping
IR restraint exerted by right rotor
on airframe (+ nose up for
helicopter)

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

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

Mast axis lateral flapping restraint

b
1L exerted by left rotor on airframe
(+ outboard for helicopter)

TR-1195-2 A-11
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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)
Q Mast axis left rotor torque ft-1b

(+ trying to slow rotor down)

TR-1195-2 A-12
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w7
qm Q'R
\\\\ FORMED FROM BODY (FUSE-
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A (¥ ANCE CALCULATIONS ARE
> MADE IN WIND-MAST
SYSTEM OBTAINED BY

RESOLVING UHMR AND

VHMR INTO A SINGLE WIND
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EQUATIONS

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

A. Blade Twist Constants
One Time Per Rotor)

=~
0
o
=]
I

[cos(eTxm)— cos(e‘l“Xm_,)]

Kcom= %[sin(ﬂ’xm_,)— sin(67 X, )]

1 @ m
st,m=9_,ln'{(Kco,m)_[Xm-1C°s(91 Xm_])—chos(Gl Xm)]}

-1
KCI_m=E{(Kso,m)—[xm_,sin(e',“Xm_l)—Xmsin(OTXm)]}

2 1r m m
Ksz_m=E(Kc,,m)—9—rlﬂ_(xm—1)Qcos(e, Xt )= (X ) cos(67X,, )]
Keam = —=(Kerm)* o] (X =1)2sin (07X, )~ (X, )2sin(67 X,.)]

_i(xm_])acos(erlnXm_l)—(xm)3cos(9TXm)]

-3 - )
Kegm = é?(KSZ,m)"'E_(Xm-l)aSin(exlnXm-l)_(xm)asin(ellnXm)]

Gm-(em-:))

where 67 =twist rate of m™ segment=(
Xm—(Xm-l)

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)
Ken,m = 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=0g+ag

Define blade pitch constant components as:

l
TW1,= ) KenmC0SA4600,
m=]

l
TW2,= ) KepnSindoo,
m= ]

l
. TW3,= Y Kenmsindo,,
m=1
l
TW4,= ) KgpmC0s40,,
m=]

Where, 46y, =(6,-0z)-X,07

6gr = 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%2=nR*

TR-1195-2 (Rev. A) A-15




EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

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

TD3=TAN(6,)

_anb
R
,_ch4
Y I,
Ym=PY

C. Long Term Transformations

1. Rotor Angular Velocity in Space

0Q,=0,+psinB _cos¢, +qcosB, sing, -rcosB _cos¢_

.Q'L=QL—psiancos¢m+qcosﬁ’msingbm+rcos,8mcos¢m

2. "Wind-Mast" Axis Angular Rates

Right Rotor

Pwmr = Pumr €0S & ypr * A umr S10 & yyr

dwmr =~ Pumr SIN & yyr + A umr €08 & yur

where

Pumn = PCOS B — qSin B, sing, +rsin B, cosd,

dumr = qcos¢, +rsing,

TR-1195-2 (Rev. A) A-16




EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

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

&ume = wind azimuth angle defined to be equal to tan

b _Pwme
WML T T
0,

3 _qwm
WML — .
0,

TR-1195-2 (Rev. A) A-17

4V
&wur = Wind azimuth angle defined to be equal to tan ’—U—Hﬂ
HMR
“ P wMr
Pwwmr .();(
- qwMR
qdwmr .Q;{
Left Rotor
PumL = PumiCOS &y + QM SIN &y
Qwme = ~PumcSINE ¥ AumL COS &y
where
Pume=—PcosB_ —qsinfB_ sing, —rsinpf cos¢_
qQumL = qcos¢,, -rsing,
-1 Viau

UHML




EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

3. Rotor Hub Velocity--Mast Axes

Right Rotor

Uymr = Uppr €08 B, = Viygrsin B sing , + Wypgsin B cos ¢,
Viumr = Vupr€OS ¢, +Wyprsing,,

Wiumgr = ~Uygrsin B, = Vygrcos fsin g, + Wygrcos B cosé

Vipr = V+p(LZH)+r(LXH)

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

(SLCG_SLSP)

Lyg= 5 +l,sin B cos¢
BLgp—BL

LYH=(——%—$)+1msin¢m
WLgp—-WL

LZH=( id cG)+l,,,cosﬁ’mcosqu

12
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EQUATIONS (CONTINUED)

. SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

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

Left Rotor

Uymr= UppCos B+ Vyg sin B sing  + Wy sin B cosé
Vim = ~VypLCOS P, +Wypsing
Wyume =~ Uypsin B, + Vg cos B sing  + Wy cos B cosd

Where,

Upp, = U"Q(LZH)"'T(LYH)
Vs = V+p(LZH)+r(LXH)

" . wHBL=w_p(LYH)_q(LXH)
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

4. Aerodynamic Coefficients

Right Rotor

DN, =p0,°DN"

DNQy = DN (02 R/550)

2 2 172
(UHMR"'VHMR)

He ™ QxR
W umr
Ao = ——
0OxR
YA
£oue = tan I(UHMR)
HMR

[1—(0.75h4ﬂg2sn13m]“2)

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

aR=[ao+uR(a,-a2uR)]( l

(2/3)Ky
(2/3)Ky

_parGRY p)_ o ( Ee
Yr 1, ) Y MR )

YMR= Ymar

TR-1195-2 (Rev. A) A-20




EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

4. Aerodynamic Coefficients; Right Rotor (Concluded)

Define,

Q6R=O'503R(DNR)

(For left rotor, replace subscript R with L)

D. Short Term Transformations
(Every Update Cycle)

1. "Wind-Mast" Axis Cyclic Inputs

Right Rotor

A1r=A rcos§ yyr ~ B rsing yur

Bir=A gsingyyg +Brcos & yyr

(For left rotor, replace subscript R with L)

2. Blade Pitch Constants

Right Rotor

Conr=(TW1,-TW3,)sin0pz+(TW2,+TW4,)cosb,

Cear=-(TW2,+TW4,)sinfz+(TW1,-TW3,)cos0y

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

Right Rotor

7Cra
a =
rR oag
. . 172
Moy = -\/l—d[V%+(QRR)2+2VTQRRcosBm]

TR-1195-2 (Rev. A) A2




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)]}}

dfR

(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,

Ibﬂ;k2+KHUB

aoR

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, M1 Ay 5) Ls,

TR-1195-2 (Rev. A) A-22




Figure A1-2. Block Diagram of Ground Effect, Side—by—Side,
. and Tandem Rotor Calculations

(GEWASH «\Ju2+ v )

WASHOUT = exp

< 0.001

WASHOUT

l>
GECON3 = hH/ER
GECON2*GECON3
G = 1 — (GECON1) (exp )

2
® »
G=1
<
e

Y
= (Yipr ™ Uyp )/ BORR)

(Vyprt VL) /(20 )

|

X5 = f(lu])

XsFL = 0_ < 6 2 Xgpp, = £(V)
XspR = 1(V) Xspp= 0

el

< |
1
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Figure A1-3. Block Diagram of Induced Velocity
and Thrust Calculations

IT2R = 0
X 0-5
ir = (SIGN Qp )(Q3p)
Replace R with L for Left Rotor

>¢

T2T = TR

I=0 A
Qg = ITRI/(2B"DNR)
c.% = Tp/DNg

Mg = (Q3r)V Qg
Qsp = 06 * [Qarl"® /(IR ggl + 81%)

g = )‘OR+ )‘iR

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

2 05 QgllQggl+(8/3)g e
+

2
(g + 0.866}%)

(lagg| + 8)5)

Mp =9 ')‘OR
Mg =07Qp+ 03 AR

I=1+1

NO
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Figure A1-3 (Concluded)

Tor = Q6 Cszr* Gsor M/2 = Csiridy Gypye =~ Corrl g~ /DPyyg ]
- By [Ceyr MR+ Csor @1R/2 = Byyp /)]
+ Mg [(1/2) Copp(b g (4/3) Kp) g+ Gyyr)]
+ tan 04 [Coig MRb1pD
- Ogp G+ (16/902 ) 216/ Vg~ @/3) g B ]

IT2R = IT2R + 1

ITzr — TRl < 0.001 [T,p| + 0.0001

Cr, = T&/DNg
T, = MIN |, ,?R |
W = MrOR®E)
Where
Ty = (Cp /0 )(DNR )(@Opg)

/o =1 f)

NOTE: Cycle through rotor four times to insure
flapping convergence (update on ) with
better A iR)
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

6. 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:

{An Alzil 3 i B
21 o ) (B,

The above coefficients are as follows:

2

A
A= [-—“sin(eoR- TW34)+ (l+ -’f—*‘)cos(eOR - TWS4)}RQ6Rtan 65+ Ky

6 8 18
A= L, Hi R (e —Tws4)
127 3778 QerCos{ 0o,

+[§l—§(aonﬂa+l{ka)sm(9°k_TWS4):IRQ6Rtan63

1 Ui
Ay = (—§+§)RQ6Rcos(eoR—TW34)

+[lll—§(aoRuR +K},Lkik)sin(90R -TW34)]RQ6R’53H53

Ay = [%sin(GOR—TWSL})

1 ph
+(§+ -B—)COS(QOR—Tw34)]RQ6Rtan63+ Ky
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

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

RQ
C,1=[( Saéf)cos(GOR—TWSZ}J] 1

R R
Cip= [( Q“)aoksin(eox—Tw:ﬂ)—( 6%6,R)a°Rchos(90R - TW34)

40q R
+0,1,024]
Ca=-Cy
RQ¢r
C,y = [( s0. )cos(GOR—Tw34):'
R
B, = %(a“uk+KRAiR)cos(eoR—Tw34)

RQ . RQ
_[(__L*ﬁ)aoksm(eok—'l'w&’—})—( 66R)aoRchos(90R—Tw34)

RQs¢r

.2 - ~
+n,1, Oy ]prR‘[( )COS(GOR_TWS4):]CIWMR

S CE A —

R
+K,R[(%ﬁ)kRsin(60R —TW34)

1 ui
+RQ6R(§+1—;—)COS(90R-TW34)]
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

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

=RQ6R
6

l:gﬂnkg'fZﬂRtan(%R-Tw34)Jcos(90R- TW34)

B,

R » R
+[( 36R)aoRsin(60R— Tw34)—( %‘sR)aoRchos(GOR - Tw34)

RQsr

2 ~ ~
+n,l, 0y ]qWMR—[( )COS(OOR_TWB‘l')]pWMR

2

_ [(r
+ BIRI:(%)ARsin(OOR— TW34)+ RQ(,R(%+ %)cos(eok— Tw:34)}

+K,R[(%)u;§(a”uk+KR/\iR)sin(GOR—TWSL})}

5 =C2251"Clsz+(CuA21 “C22A11)51R’*(C|2A22‘C22Alz)Bm
1R CllC22_CI2C2l

Clle'Clex"'(CzlA11'C11A21)51R"'(CzlAl:z“CnAzz)Bln

Dp= _
C11C20—-C2Cy
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

7. Inflow Distribution Factor Ky

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

At low airspeeds Ky = £(u, Bp) where:
KR1 = RMUSF + (KMUl1l - KMUSF)(IcosaﬁFI)

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

Hr Kp
0 < pg < MULO KR1 (pg)
MULO < pp < MUH1 KR1(MULO) + KMU2(py - MULO)
pg > MUH1 KR1(MULO) + KMU2(MUH1 - MULO)

8. Rotor Flapping in Mast Axis System

Right Rotor

(For left rotor, replace subscript R with L)

ajp=a;rcos& yyr+ b gsin& g

br=-a,gsin&yyg+b rcos& s
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

9. Rotor Inplane Forces in Wind-Mast Axis System

Right Rotor

(For left rotor, replace subscript R with L)

HrAg — p
Hg = st{Csoa(T)"’CszR(ala_—gﬂ>

3_ . Aoy = 4 .
-CIRA'R(EaIR_pWMR)—CC2R(-_2—)[(bIR—§KRAiR)+qWMR:I}

- 1 1
—BIRI:ECCIRA‘R+§CSORA“I2{:|

_ 1 1
+AIR[ECC2RaOR+§CSIRaORAR:|

1 — 1 _
—tan63[§C02RaORalR_ECCIRA'RbIR

8
‘§C32Rk§5m]}

16 ,\'"*(4 .
+Q6RCde(1 +?k§) (gﬂa’aokq‘mr{
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EQUATIONS (CONTINUED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

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

I‘lz — 2 q
Vr =Q6R{Cson(_2£)b|R+C32R[(51R'§KRkiR>+( ""2}"”*)}

3( - 8 R Qop |/ — ~
_CCIRA'R[:E(b1R_§KRA‘iR)+qWMR]+CC2R(_2_)(alR_pWMR)

3
_ECsm Hraoy

1

— 1
+B1R|:§CC2R80R+§CSIR80R}‘R]

1 1

"'—Km[iccmkk"'icsorzkﬁil

1 — 1 -
_tanés[ECCZRaORb1R+§CC1RA'R81R

8 _
+§Cszkk§am]}

10. Rotor Inplane Forces in Mast Axis System

Right Rotor

(For left rotor, replace subscript R with L)

Hp =Hgpcos&yyyp+ Yrsing yyug

Yr=-Hpsin&y g+ Yrcos & yyr
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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 R
HP geqp = (DNQR)‘Q—{Cszk Aa"éﬂnpwmn

_ 1 _ _ 4 2
‘Ccm(kg'/-‘Rknam)‘ECcaa{a?R“’(bm‘gKka)

-~

~ — P wmr . — 4 qd wMR
_2PWMR(alR_T)+2qWMRI:(bIR—§KRA'iR)+ 5 ]}

_ 1 _ . 1
—BlR[§CCSR(aIR_pWMR)+ECCIRARHR

+CS2RA‘R(51R_§WMR)]

— 1 4 _
+A IR{§CC:3RI:(BlR_éKRA'iR)"'qWMR]

4 ~
+CS2R[:A'R(<BIR_§KRkiR>+ qWMR):I}

1 — . -
_tanaa[ﬁccm{(b lRpWMR+aquWMR):l}

o ag 16 ,)'"?(3 2 -
+(DNQR)—2—Cde(1+—9—)\§) 2+§u§_a0RuRqWMR
550 HP reqp

R .OR
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12.

13.

EQUATIONS (CONCLUDED)

SUBSYSTEM NO. 1--ROTOR AERODYNAMICS

Rotor Moments in Mast Axis System

Right Rotor

(For left rotor, replace subscript R with L)

M =Kya g

alR

lmR=Kﬂbm

Propeller Efficiency

Xr(V1)
550( HP geqr )

TproPR =

X (V1)
S50(HP g )

T1pROP| =
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2 ROTOR INDUCED VELOCITIES

Inputs: Variables

Outputs:

From Subsystem

1 Tp

8a

12

15 p

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

W
;IR/H - (o

Inputs: Constants, Coefficients, and Data Tables
Constants: R, lm, SLH, SLSP
Coefficients: Ko» Kis Ky, K3, Ky

Data Tables: ] 7o Bm, VT) Table 2-1
KHB = f(BF, Bm) Table 2-II
TR-1195-2 (Rev. A) A-3k4




SUBSYSTEM NO. 2—ROTOR INDUCED VELOCITIES

Inputs: Variables

Symbol Description Units

T 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)

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

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

¥y, Mast axis Y-force left rotor 1b
(+ right for helicopter)

WiRr 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)

¥R Tip speed (advance) ratio, right ND
rotor

U 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)

Qi Total left rotor speed rad/sec

TR-1195-2

(corrected for aircraft
angular rate)

A-35




SUBSYSTEM NO. 2—ROTOR INDUCED VELOCITIES (Continued)

Inputs: Variables (Concluded)

Symbol Description Units

Bm Mast conversion angle (+ fwd, rad
0 deg = vertical <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>