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ABSTRACT

Accurate simulation of helicopters in an at-sea-shipboard environment is desired to
provide realistic operating envelopes without incurring the enormous cost of real-time
flight tests. This study examines the simulation of rotorcraft in turbulent flow by look-
ing at previous attempts at helicopter-ship interfacing, current efforts in this area, and
what will be needed in the future. Part cf this study is devoted to the construction of
an analytic model of the “tunnel strike” problem of the CH-46 Sea Knight helicopter that
is based on measurements made over the flight deck of a model ship. A computer model
was constructed, with the aim of modeling the “tunnel strike” during engagement aboard
AOR type ships. The remainder of the study is concerned with the simulation of the
motion of a helicopter in the turbulent wake of a DD-963 class ship. Results show that
a sixth order transfer function can filter white noise to accurately model the turbulence
spectra at specific points along a helicopter glide path in the wake. While a tunnel strike
could not be successfully modeled using DYSCO software, a simple blade-element pro-
gram was developed to show the aerodynamic forces on the rotor blades in a specific

flow field over an AOR class ship flight deck. That program shows the location and
magnitude of the aerodynamic forces contributing to the flapping of the rotor blades,
which results in the rotor blades impacting the fuselage.
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THESIS DISCLAIMER

The reader is cautioned that computer programs developed in this research may not
have been exercised for all cases of interest. While every effort has been made, within
the time available, to ensure that the programs are free of computational and logic er-
rors, they cannot be considered validated. Any application of these programs without
additional verification is at the risk of the user.
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I. INTRODUCTION

Interface flight tests are used to determine the operating envelopes for various heli-
copters on the various classes of U.S. Navy ships. The high cost of ship-helicopter
interface flight tests indicate the need for a faster and less expensive method to determine
the safe operating envelopes of the fleet's helicopters on aviation capable ships. One
solution to this is to attempt to develop an accurate, real-time computer simulation of
various ship-helicopter combinations [Ref. 1]. In order to accomplish this a computer
model must include a sufficiently accurate math model of the dynamics and aerodyna-
mics of the helicopter, and the operating environment. Several attempts have been made
to model the aerodynamic wake turbulence for various class ships, all of which have re-
sulted in simulations that bear no relation to the real flight. One such attempt, made
by Fortenbaugh, was the use of Strouhal number scaling to extrapolate the ship air-wake
model of a FF-1052 for a DD-963 class [Ref. 2].

For aircraft simulations in land based flight, the current MILSPEC dictates the use
of a Dryden stochastic model [Ref. 3]. Since the wake of each class of ship is different
no such standardization is possible. This turbulence has a great influence on the oper-
aton of helicopters aboard Navy ships, and needs 1o be modeled correctly in order to
provide an accurate simulation for pilot training. The greatest concerns at the present
time are methods used to combine ship air-wake turbulence models, such as those de-
veloped by Fortenbaugh [Ref. 2] and Hanson [Ref. 4] with an accurate helicopter math
model that gives a true representation in real-time of the helicopter’s motion in all flight
profiles. This is extremely difficult to do in any quantitative way, considering the nu-
merous stability derivatives present in a six degree-of-freedom helicopter model.

Another area of particular interest at the present time is the rotor engage/disengage
envelope of Navy/Marine helicopters on aviation capable ships at sea. This interest is
due to the occurrence of rotor blade strikes to the fuselage during rotor engagement and
disengagement. This problem has occurred on the AOR and LHA class ships frequently
enough to warrant investigations into their cause. In order to complement completed
studies of airwake aerodynamics of the flight deck of the AOR class ships [Ref. 5], this
study will concentrate on the AOR class ship. Current limitations are illustrated in
Figure 1 on page 2.




AOR CLASS SHIPS

ROTOR ENGAGE/DISENGAGE

WIND LIMITS

All Wind Azimuths Relative
to Ship's Centerline/

Maximum Wind
Speed {Knot)

Alrcraft Paraliel
To Ship's
Centerline

Alrcraft Parallel
To Port-To-Star-
board Landing

Lineup Line

Aiircraft Parallel
To Starboard-
To-Port Landing
Lineup Line

315 10 015/35
016 t» 040/30
041 to 180/45
181 10 235/25
236 to0 320/15
321 t0 344/25

340 to 005/15
0086 to 035/35
036 to 050/30
051 to 070/20
071 to 080/30
081 to 180/45
181 to 235/25

345 to 005/45
006 to 025/40
026 to 040/30
041 to 180/45
181 to 255/20
258 to 325/25
326 to 344/40

236 to 310/15
311 t0 339/35

Figure 1. CH-46 Rotor Engage/Disengage Limits for AOR Class Ship.
Source: NAVAIR A1-H46D-NI'M-000, H-46D NATOPS Manual

Due to both the atmospheric turbulence and that caused by the airflow around the var-
ious superstructure elements of tte ship, a highly turbulent recirculating flow exists on
the helicopter landing deck, typically located on the aft end of the ship. Previous work
by Anderson has attempted to measure these flows in a wind tunnel environmernt that
simulates the air-wake turbulence of a DD-963 class ship [Ref. 6]. These unsteady tur-
bulent flows restrict the starting and stopping of rotor systems due to excessive flapping
of the blades. One of the most severe restrictions appiy to the CH-46 Sea Knight tan-
dem rotor helicopter, built by Boeing Helicopter Company (Boeing Vertol). The “tunnel
strike” occurs when the blades of the aft rotor head bend down far enough to strike the
fuselage and housing or “tunnel” that covers the interconnecting shaft between the aft
and forward rotor systems, near the ¥ =180° position, with ¥ =0° located along the
longitudinal axis as shown in Figure 2 on page 3.




Figure 2. CH-46 Sea Knight Relative Blade Position.

Source: NAVAIR Al-H46D-NFM-000, H-46D NATOPS Manual

Analytical studies by Leone at Boeing have indicated a possible source of the problem,
but no solution or safe operating envelope has been found without using actual flight
tests [Ref. 7]. If a computer model of the “tunnel strike” could be made using either
math models or physical models of various ships, determination of safe envelopes could
be done faster and cheaper. One possible solution is to construct a computer model of
the H-46 and expose it to a physical model of the flow over the flight deck in an attempt
to create tunnel strikes constructed from current mishap data. One potential modeling
tool is DYSCO, a dynamic system coupling program produced by Kaman Aerospace.
The details of this system will be discussed later. By introducing velocities obtained from
Computational Fluid Dynamics (CFD) programs or wind tunnel tests, it may be possible
to simulate strikes {or various helicopter positions on the flight deck, as well as for dif-
ferent class ships. A limitation of using the velocities from CFD programs is that the
power spectra of the velocity fluctuations cannot be predicted at present, and thus can-
not account for other than mean airflow velocities. If successful, such a method could
replace the expensive and time consuming flight tests now used to determine safe rotor
engagement/disengagement envelopes.




Thus, the goals of this project are twofold. First, to investigate the steps that would
need to be taken to incorporate a stochastic ship air-wake turbulence model into a heli-
copter math model capable of reacting accurately to the multi-directional, multi-valued
velocities and produce a real-time simulation with sufficiently fast computation time.
Second, to use the wind component velocities obtained from a CFD program (not yet
developed) or from tunnel tests at the Naval Postgraduate School in an analytic code to
duplicate actual tunnel strike incidences, and then investigate with this model possible

safe engagement/disengagement envelopes for specific ship classes.

A. PREVIOUS STUDIES
1. Air Wake Studies

Studies of the airwakes of ships were done at Boeing Vertol Company in 1976
for a FF 1052 class frigate and 1980 for a DD-963 Class destroyer. These air-wake
models were obtained using scaled models of the ships in a uniform-flow wind tunnel
[Ref. 8] [Ref. 9]. The details of how the models were obtained are explained by
Anderson [Ref. 6: p. 4.]. The FF-1052 model was used in 1978 by Fortenbaugh, in an
attempt to generate data for the DD 963 class destroyer and used Strouhal scaling to
relate the frequencies. This scaling procedure is valid for relationships between different
sizes of the same ship, not for ships of different configurations.

Based on the recommendation of Fortenbaugh, the airwake of a scale model of
the DD 963 class destroyer was mapped in a wind tunnel by Boeing in 1980 [Ref. 9].
Again, the same assumption of no environmental turbulent boundary layer was used.

A study by Nave produced several algorithms with which to mathematically
model the ships’ airwakes for incorporation into a motion simulator [Ref. 10: p. 6.].
As with all simulators studied, Nave’s turbulence model assumes a point mass aero-
dynamic model in which all aerodynamic forces and moments are calculated from the
mean value of airspeed, angle of attack, and sideslip at the aircraft center of gravity
[Ref. 10 : p. 16 ]. This is due to the availability of single point data only, as noted by
Anderson [Ref. 6: p. 2.], since no multi-point model for helicopters exists. Using a
second order filter equation, Nave investigated several variations of damping and filter
frequency. The filter helps shape the straight line Gaussian noise to the values required
to represent the power spectral density of the velocity fluctuations in the ship’s airwake.
The form of the filter is:




K(S + <)
S+ 2w,S + w?

F(S)=

1.9V

5
frequency, a is the minimum phase zero of the transfer function and V is the airflow

mean velocity, as suggested by Garnett. [Ref. 10: p. 28.] [Ref. 8] This configuration

using the baseline of w, = and { =0.4, where K 1s the filter gain, w, is the system

matched the characteristics of the measured data. Unfortunately, these relations are
derived from wind tunnel data in a uniform flow, and without the use of an environ-
mental boundary layer and they must be viewed with some skepticism.

Hanson [Ref. 4] also developed a turbulence model, based initially on the
airwake data from the DI-963 model developed by Fortenbaugh. Hanson refined
Nave’s analysis of processing the output of the random number generators prior to being
input into first order shaping filters. This was done by generating the random numbers
at intervals other than the time frame of the simulation and linearly interpolating the
random number sequence for time values between the successive calls to the random
number generator, in order to give a smoothly varying number sequence. This method
is shown in Figure 3, where %, is the interpolated Gaussian white noise input, and v, is
the filtered white noise output [Ref. 4: p.11]

n
v k
Gaussian nI i Arwake

Linear First Order Turbulence
——— ___,_.4 e
White Interpolation Shaping Filter Velocity

Nolse Components

Figure 3. Block Diagram of Linear Interpolation Scheme
Source: Hanson, G.D., Airwake Analysis




Nave’s method [Ref. 10] produced turbulence levels that were too high, ac-
cording to pilot reports on the flight characteristics of the model as installed in the
NASA Ames H-2 simulator model, and thus required modifications. These modifica-
tions included changing the means and variances ot the FF-1052 data base to a DD-963
data base, elimination of the Strouhal scaling relations with development of a DD-963
wind tunnel data base [Ref. 9], and changing the extrapolation of the shaping functions
to exponential versus the cosine type functions used by Nave [Ref. 4 : p.31.].

Anderson’s study of DD-963 Airwake Turbulence [Ref. 6] at the Naval Post-
graduate School included measurements along three typical helicopter landing paths, but
the data was defective due to a hot-wire system malfunction. These data points have
since been retaken and are discussed in this study and presented in Reference 11.

2. Helicopter Models
a. GENHEL

One helicopter simulator in use today is GENHEL, developed by Sikorsky
Helicopters, and run on a CDC 7600 machine. This is a six degree of freedom (DOF)
system, and was used in the development of the UH-60 Black Hawk. The flow diagram
for this simulator is illustrated in Appendix C. The atmospheric turbulence model used
is the Dryden model, as required by current military specifications [Ref. 3: p. 45.]. This
model is represented by the algorithm:

nStn) ___4n
o 1 + (277)?

where n=n %, n being the frequency, L turbulence length scale and U the mean com-
ponent velocity. This function is used frequently because of its simplicity; however, the
accuracy of this function falls off with increasing frequency [Ref. 1: p. 14.].[Ref. 12:
p.2]. Inputs required for the GENHEL program include:

Aircraft velocity relative to the airmass

Longitudinal turbulence length scale

Root mean square (rms) gust velocities

These inputs provide the environment for calculating the effects of the turbulence on the
fuselage and rotor blades. The blade forces are found by strip theory, summing up the
contributions of each blade for forces and moments. The rotor forces and moments are

obtained in a wind-hub coordinate system, then transformed to a hub-body system.




These forces and moments are then given in reference to the body CG by transforming
all forces and moments to body axes.[Ref. 12: p. 4.]
b. Parallel Processing

One of the problems with introducing non-steady flows to rotary wing
aerodynamics is the large amount of computation necessary to achieve an accurate sol-
ution. Most of these effects require implementation of the Navier-Stokes equations,
which are expensive to solve. Such a solver was introduced by Wake and Sankar, but
full scale Navier-Stokes are not yet feasible on the CRAY-2 supercomputer due to the
extremely fine grid system required to resolve the boundary layer [Ref. 13]. Since
supercomputers are expensive, and the Navier-Stokes equations cannot be solved in real
time, both are impractical for simulator use.

One approach is to simplify the entire model. This has been accomplished
by Messerschmitt-Belkow-Blohm GmbH (MBB) in West Germany. The rotor aero-
dynamic model is based on blade-element theory, including the effects of compressibility,
stall, and reverse flow effects. Also included are rotor downwash (by modified momen-
tum theory) and the influence of ground effect on the rotor. This, along with rotor
flapping dynamics are considered for each blade scparately. All blade forces are com-
puted simultaneously by a separate processor for each blade, and when each processor
1s finished, the total rotor forces are computed. See Figure 4 on page 8 for the flow di-
agram of this process. The total simulation model is presented in Figure 5.[Ref. 14]
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While modeling the unsteady aerodynamics is difficult, modeling a helicop-
ter in atmospheric turbulence only complicates the problem, and dims the prospect for
a real-.ime solution. MBB, using their parallel processors, introduce discrete gusts and
coniinuous stochastic disturbances in accordance with MIL-F-8785C [Ref. 3: p. 45.].
The stochastic disturbances are simulated by passing a random signal (white noise)
through a first order lag function, and adjusting the filter gain and time constant to
produce a power spectrum match with the Dryden model [Ref. 15: p. 68.]. That lag

function is:

A
UI=T3Fs

where A is the filter gain, and B is the location of the single pole of the system. Taking
into consideration the Dryden model for the horizontal gust component, the horizontal

turbulence power spectra model would be:

2 UZ L, 1
F(8)= Y Ay VHLvs

where F,(S) is the power spectra, with the sampling frequency At and the factor “a” to

adjust the standard deviation of the noise source. Here, L, is the horizontal length scale,
o, is the horizontal variance of the noise, and v is the magnitude of the velocity vector
of the wind disturbance. This method is employed in this study to obtain suitable
models for the power spectra in the wake of a ship. [Ref. 15: p. 69.]

B. A PREVIOUS TUNNEL STRIKE STUDY

Early investigation of the excessive flapping of CH-46 rotor blades was conducted
in 1964 by Peter Leone [Ref. 7]. He studied the transient aero-elastic response of the
helicopter blade, and the excessive flapping and droop-stop impact. This study was done
with the rotor RPM at one hundred percent, with a step input to the rotor system from
the cyclic pitch controls. Using the Myklestad finite difference equations, Leone calcu-
lated the fundamental and first modes in flapping [Ref. 7 : p.36.]). This assumes only
cantilever flapping motion, without consideration of coupling with the lead-lag and
torsion modes. This approach also used only mean wind flows, and did not account for
discrete or random wind gusts. In 1982, at the request of NAVAIR, Boeing Helicopter
conducted an analytical study of excessive flapping at low rotor RPM [Ref. 16]. This
report noted that upflow through the rotor disk contributed to the high bending de-
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flections with the blades. Using a company program labeled as LO2 and a RPM accel-

eration rate similiar to that on page 31, the maximum bending deflections to hit the
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fuselage occurred at 16 RPM, which agree with tunnel strikes reported before and after
Leone’s study. Leone’s assumptions of the angle of attack of the wind through the rotor
system were based on wind tunnel flow visualization techniques of an oil rig [Ref. 7 :
p-5.]. Figure 6 on page 12, Figure 7 on page 13, and Figure 8 on page 14 illustrare the
results of Leone’s investigation. Figure 6 shows the position of the rotor disk with re-
spect to the flight deck and incoming wind vector, and the rationale for the angle of at-
tack of 15°. Figure 7 illustrates the upward blade displacement as a function of main
rotor RPM, while Figure 8 shows the downward blade displacement as a function of
main rotor RPM. Using this angle of attack, he broke down the wind to vertical and
horizontal components, addressing only the mean velocity for each component. Using
the assumption that this vertical flow from the side of the ship would cause the rotor
blade to “sail” up until it impacted the upper flap restraint, he computed the blade tip
deflection using the first bending mode.

Unfortunately, the geometry of the oil rig is a poor representation of the landing
deck of a ship. Thus, the low (15°) angle of attack assumption made here causes Leone's
results to be suspect. While there is no argument of the existence of an upflow as the
wind meets the side of the ship, flow visualizations by Johns [Ref. 17] indicate that
turbulence levels exist that would require the use of more than just the mean velocities
to compute the effects of the vertical relative wind component on the exposed rotor
blade. The behavior of the upflows on the AOR were investigated by Rhoades [Ref.
5] who made measurements at four points around the blade-tip trajectory of the aft
CH-46 rotor for a range of ship-wind relative velocity vectors. Mean values of the ve-
locities are used in Chapter I11 due to the unavailability of more suitable values and the

simplicity of the model developed.
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II. THEORY OF TUNNEL STRIKE AND AIR-WAKE TURBULENCE
MODELS

A. DYNAMIC SYSTEM COUPLER PROGRAM (DYSCO)

The program DYSCO is used in this study to model the flapping behavior of the
main rotor blades of the CH-46 helicopter. DYSCO is installed on a Digital Electronics
Corporation VAX 2000. It is an interactive computer program which allows the user
to model the dynamic and aerodynamic behavior of rotorcraft and other aerospace
structures [Ref. 18: p.1]. This is done using component modules to represent the
second-order ordinary differential equations which may have constant, time-dependant,
or non-linear coefficients. For the CH-46 Tunnel Strike model, the following compo-
nents were used:

CFM2 Two Dimensional Modal Fuselage

CRE3 Elastic Rotor Blades

CSF1 Finite Element Structure (Landing Gear and Blade Weight)
CES1 Elastic Stop (Droop and Flap Restraints)

FRA3 General Aerodynamic Force Module

STH4 Time History Solver (Integrator)

The following assumptions apply to the use of DYSCO [Ref. 18]:
1. All angles are small, which allows approximations.

2. The relevant physics of a system may be modeled as a set of second-order differ-
ential equations in the time domain. The equations are of the form:

MX+CX+KX=F

where X is the vector of the displacements, M, C, and K are coeflicient matrices,
and F is the force vector. »

3. It is possible to formulate the equations of a system based on the equations of the
components of the system.

4. It is possible to compute the state vector (X, X) of each component based on the
state vector of the system.

15




1. Rotor Blade Model
Since the main concern of this study is the [lapping of the rotor blades, the
flapping equations will be examined in detail. Figure 9 shows the various components
assembled to make the model of the H-46.

AFT ROTOR HEAD

CRE3: H46A3 FRA3: WIND
CESt: DROOPSTCP
CCEQO: AFT_HEAD

I S L
j.i CG CSFt GEAR
NOSE LANDING MAIN LANDING
GEAR GEAR

Figure 9. DYSCO Model of CH-46

Figure 10 on page 17 shows the three primary 5degrees of freedom that are of
interest in this study. Ilamiltons’s law of varying action has
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Degrees of Freedom for Rotor Blade Element.

been used to derive the equations of motion in a generalized coordinate system which

allows a direct solution without the consideration of force equilibrium [Ref. 18: p.12].

To avoid higher order terms that might complicate the equations of motion, an ordering

scheme was adopted to determine which terms should be ignored. The following scheme

was employed in DYSCO:

Table 1. ORDERING SCHEME USED IN DYSCO.

u/R = O(¢e?) n, {/R = O¢)
v/iR = O(¢) ¢, t/R = O(e)

w/R = Ofe) e/R = O(e)
xR = O(1) B, = O(c)
¢ = O(e)
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XH, YH, ZH, ax, ay' o, = 0(8)

where the following are:

R Rotor blade length, also inertia frame

u,v,w elastic displacement in the x,y,z directions.
¢ Pitch angle of blade element

Com principal axes of local cross section of blade
c chord length of blade element.

t thickness of blade element

« local angle of attack of blade element

e mass centroid offset from elastic axis

[ precone angle of the blade

The references for these variables are shown in Figure 11 on page 19, and Figure 12.
In Figure 11, the X,Y,Z coordinates are in inertial frame, R. The R system coordinates
are the rotor shaft axes when there is no hub motion, while x,, y, s coordinates are fixed
in the reference frame B, which rotates with respect to R frame at a constant angular
velocity Q. The coordinates x’,y’, z' are the coordinate axes of the deflected blade ele-
ment.

As mentioned earlier, the Hamilton’s Law of Varying Action is employed to
derive the equations of motion for the rotor blade. “Hamilton’s Principle”, can be ex-
pressed as:

18




Figure 11. Blade Coordinate System for DYSCO
Source: DYSCO Manual, Vol. 1
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r2[<5(U —T)— 6W]dt =
1

where U is the strain energy, T is the kinetic energy, and W is the virtual work of the
external forces. Hamilton’s law is a special case of Hamilton’s Principle, and is [Ref.
18:. p.16]

J[é(u N - oW -ZL 5150

Further developments of strain energy, kinetic energy and the virtual work of
the external forces are made in Reference 18, and are applied to the blade elastic dis-
placement through the Raleigh-Ritz method. For this, arbitrary functions for the blade

displacement can be separated into a sum of products of functions of r and t only:

Wr) = Y WY = D uY,
]

wr) = Y H0Z{N) =) 57,
J

B(r) = Y $O0) = ) b0,
k

where Y{r), Z(r), ®,(r) are modal functions and y, z, and ¢, are generalized coordinates.
These sums are substituted into the displacement equations for u, v, and w to yield
equations of motion for all the generalized degrees of freedom.[Ref. 18: p.49]

These methods are incorporated in the elastic blade module, named CRE3. The
module allows out-of-plane bending (flapping), in-plane bending (lead-lag), and torsion
(pitch change)[Ref. 18: p.50]. Mode shape data is also defined, based on the normal
modes of a non-rotating beam for given boundary conditions[Ref. 19: p.70]. Rotor hub
degrees of freedom are user defined, and will automatically couple to the fuselage com-

ponent degrees of freedom through a detailed set of transformation matrices.
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Figure 12. Hub and Perturbation Rotational Degrees of Freedom.
Source: DYSCO Manual, Vol. |
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2. Rotor Blade Aerodynamic Model

As discovered by Johns in flow visualizations [Ref. 17] and by Anderson in ve-
locity measurements [Ref. 6 ], the airflow in the vicinity of the flight deck of a ship is
extremely turbulent and unsteady. Rhoades [Ref. 5] study is the best effort to obtain
airflow velocity measurements so far, and his data were used as input to the FRA3
module. The aerodynamics of the rotor blade are further complicated by the low RPM
of the rotor blades during rotor engagement, thus introducing Reynolds numbers far
below those encountered in normal flight. While simple linear aerodynamics (compo-
nent FRAO) was used for the DYSCO model test runs, a more comprehensive approach
is needed to accommodate the changing aerodynamics that exist on the ship flight deck.
This can be accomplished with the FRA3 component of DYSCO. Using this component
implies that linear aerodynamics does not accurately model the flow over the deck of the
AOR. Figure 13 on page 23 illustrates the rotor aerodynamic logic for DYSCO.

All of the steady state aerodynamic coefficients for the rotor blade (C, C, C,)
can be either calculated or looked up from tables external to the DYSCO program. For
either option, the angle of attack (a) and Mach number (M), based on the two-
dimensional strip theory, are modified by yaw flow angle to account for the three-
dimensional aerodynamic effect.[Ref. 18 : p.52]

As observed by Rhoades [Ref. § ], angles of attack for the upflows from the side
of the ship and downflows from the forward superstructure are all greater than the low
Reynolds number stall angles in Reference 20. This indicates that drag forces on the flat
plate area of the rotor blade are likely to be the largest contributor to forcing the blades
to such high flapping angles. This view is reinforced by the results of the computer
simulations and by the blade element program in Appendix A, which shows the lift and
drag forces as a function of blade position in the rotor disk. The modified drag coefh-

clent is

Con= Cp(arp, M)

where a,, is the angle of attack corrected for compressibility effects.

B. MATHEMATICAL MODELING OF AIR-WAKE TURBULENCE
In order to fully understand the modeling methods used for representing the ship
airwake turbulence, one must understand the use of stochastic control theory. In brief

terms, the modeling is done by shaping Gaussian white noise through the use of first or
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1

STEADY STATE STEADY STATE
AERODYNAMIC AERODYNAMIC
COEFF COEFF

MODIFY YES @ NO
AERODYNAMIC
COEFF

1

AERODYNAMIC FORCES
AND PITCH MOMENT

Figure 13. Rotor Aerodynamic Logic.
Source: DYSCO Theoretical Manual

second order lag functions so that the output closely resembles the spectral densities of

the velocity components at each point in the wake of the ship.
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White noise is a theoretical abstraction used to simplify calculations. It is simply a
random process with an expected value (mean) of zero and an absolutely flat power
spectrum.

S(w) = W = constant for all w

where S(w) is the power spectral density function with respect to frequency w. Because
the mean square value (p(0)) of any random process is the integral of the spectral density

over all frequencies,

0(0) = 2+t f * S(w) do

and since white noise has a constant spectral density for all frequencies, white noise
theoretically has an infinite mean square value. This bothersome feature means that the
power spectral density does not decrease with increasing frequency. Thus shaping
functions are needed to represent real-life processes. [Ref. 21]

The best examples of the modeling of atmospheric turbulence are the Von Karman
and Dryden models, which are briefly discussed in Reference 1. The models resemble
free-air turbulence closely enough to be used in the military aircraft design process
[Ref. 3]. According to the Dryden model the spectrum of the vertical component of
random wind velocity in turbulent air is

1+ wT)

S(w) = 6T
@ =l ey

where o? is the variance in the z component, and T is the time constant. This spectral
density function is shown in Figure 14 on page 25. Figure 15 on page 26 illustrates the
realization of a signal with a Dryden spectrum.

The two functions being considered here are first and second order lag functions.
They are

A
G(S) = 1385 and

K(S + a)

F(S) =
S? + 2Aw,S + o2
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Dryden spectrum of air turbulence.

where K and A are filter gains, “a” is the location of the minimum phase zero, B and w
are the frequencies, and { is the system damping coefficient. By adjusting the bandwidth,
a model representing the measured data can be found. Once the model is formed, the
transfer functions representing the model may be used to input turbulent disturbances
into the plant matrices of a flight simulator. To obtain the simplest possible simulator
model of the turbulent flow, transfer functions must be developed for the u, v, and w

velocity components.
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Figure 15. Realization of signal having Dryden spectrum.
Source: Freidland, B., Control System Design
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III. CONSTRUCTION OF TUNNEL STRIKE AND AIR-WAKE
TURBULENCE MODELS

A. AIR-WAKE TURBULENCE MATH MODEL

The goal of the air-wake model is to mathematically simulate the turbulence felt by
a helicopter flving downwind of a ship. The methods used to do this involve finding the
spectral densities of the air-wake at discrete points along some glidepath, and then de-
veloping filters to shape random or Gaussian white noise to them. The filter will be of
the form:

_A) _ KG=21) =22 .. (s = 2(w)

HE) =2 = =) G = @) o s = P)

Filter design is accomplished here using the Signal Processing Toolbox of MATLAB.
For this project, an infinite impulse response digital lowpass filter is used, and pre-
sented in the form given above. The algorithms used by MATLAB take the spectrum
shape specifications given by the user and produce vectors for the numerator and de-
nominator, yielding a transfer function in the first canonical form. The software can
then be programmed to produce random white noise, and pass this noise through the
filter. The digital domain representation is -

Y(z) _ b(1) + bz + .. + b{n + D"
X() 1+ a2z + .o + aln + 127"

where a({) and b() are the transfer function coefficients.

This filtered white noise is then processed to find the spectral density, using break
frequencies input by the designer. This effort is directed to providing a transfer function
for the DD-963 class ship, with data obtained from the Naval Postgraduate School wind
tunnel measurements being used as the baseline. To obtain the math model, the gains,
poles and minimum phase zeros are derived for points along helicopter glide paths.

Appendix D contains the file used to transform the transfer functions to power
spectra models. The simulated spectra contrast with those offered by Nave [Ref. 10:
pp.29-32.] and Hanson [Ref. 4: pp.12-29.] in that the curves are smoother, due to
Healey’s data[Ref. 11] for the spectra containing 66,000 samples, acquired at 2.5 kHz.
vice 256 samples acquired at 164 Hz for Nave’'s FF 1052 model and 131 samples at 164
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Hz. for Garnett’s DD-963 model. The lower number of samples and lower sampling rate
produces a very jagged power spectral density curve, while the higher number of samples
will give a more accurate variance and mean, and the higher sampling rate will smooth
out the curve somewhat. Scaling of the bandwidth is accomplished by computing the
ratio between model and prototype size. Garnett used the scale factor of the ship model
to scale the frequencies of the turbulence up to the prototype. This was justified by the
use of real-world wind velocities in the wind tunnel. Thus, the 1:50 FF-1052 model's
frequencies were divided by fifty [Ref. 10: p.23.], and the 1:30 DD-963 model's fre-
quencies were divided by eighty [Ref. 9: p.20.]. NPS’s model employed much slower
tunnel velocities than real-world values, hence the frequencies are scaled using velocities
and characteristic lengths, in this case the beam of the ship. By comparing the Strouhal
number for the prototype and wind tunnel model, a scaling factor of fourteen was found.

B. DYSCO CH-46 TUNNEL STRIKE MODEL

As mentioned in Chapter I, various modules were used to construct the math model
of a complete CH-46 helicopter. Rotor blade properties were obtained from the Dy-
namics Group of Boeing Helicopter Company, and are provided in Appendix B. Ap-
pendix E contains the information entered into each of the DYSCO modules. To ease
the complexity of the system, only a two-dimensional rigid body representation was used
for the fuselage. Parameters such as C.G. location and locations and inclinations of the
rotor masts were obtained from the CH-46 Maintenance Information Manual [Ref.
22].

Anuther simplification involved eliminating the forward rotor head. Since there
have been no incidences of tunnel strikes of the forward head, due mainly to its tilt away
from the fuselage, such a simplification was justified, and lessened the computation time.

Degrees of freedom deemed important for the aft rotor head are the out-of-plane
or flapping (OP) degree of freedom, in-plane or lead-lag (IP) degree of freedom and
torsional or blade pitch (TOR) degree of freedom. All three basic degrees of freedom
were included to allow for any coupling that may occur between the three. Two modes
were allowed in the flapping degree of freedom to insure an accurate description of the
bending modes of the rotor blades.

To model the flap stops incorporated in the CH-46 to restrict the amount of flapping
at the hub, the DYSCO module CES! was used. The module not only imposes re-
strictions on the flapping, but also was used to model the lead-lag dampers for each

blade in the in-plane degree of freedom. Values for the damping, obtained from Boeing
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Helicopter Co., are included in the DYSCO input list in Appendix D. Figure 16 on page
30 illustrates a sample model using CESI.

Another constraint was needed for the pitch or torsion degree of freedom. This was
accomplished by using the simple module CCEO. This module helps model the pitch
change control rod for each rotor blade. Failure to add this constraint would result in
a rotor blade that theoretically could twist 360° in torsion. By adding a control rod with
a very large stiffness value, such twisting is prevented mathematically.

Linear constraints are added to the fuselage model to simulate landing gear. Using
CSF1, simple spring damper systems are constructed to model the nose and main land-
ing gear. Stiffness and damping coeflicients are used to ensur= that high oscillations do
not occur that would affect the movement of the rotor blades. These simple spring-
damper systems are then coupled linearly to the fuselage degree of freedom ZCG, which
is the CG degree of freedom in the Z direction. A sinusoidal forcing function is added
to the landing gear system to simulate wave action on the ship, but has been set to zero
for this study. Future studies could incorporate this forcing function.

Modeling the air flow from the side of the ship up through the rotor system has been
difficult. As covered in Chapter 11, the module FRA3 will compute aerodynamic forces
of airflows. A look-up table of low Reynolds’'s Number airfoil data was obtained from
Reference 20, based on a Reynolds number of 660,000. This was used based on the
computed Reynolds Numbers for each blade at each time step using the algorithm in
Appendix A, which was based on wind tunnel measurements by Rhoades [Ref. 5], and
scaled to the prototype. Values of wind-tunnel velocities from Rhoades are given in
Appendix F. Rhoades’ flow visualization on the windward side also indicated that an-
gles of the flow ranged from 15° to 25°, relative to the rotor disk. Since these angles are
well above the stall angle of attack for the airfoil used (12°) the predominant force acting
on the rotor blade is expected to be the drag force caused by the updraft or downdraft
of the vertical component of the wind. Appendix G contains the values used in the look
up table and the inputs for the FRA3 module.

C. SIMPLE CH-46 BLADE ELEMENT PROGRAM

The blade element program in Appendix A is an extremely basic program and was
developed to describe the flowfield around the rotor disk and cver the flight deck of an
AOR class ship. The program was further modified to compute the aerodynamic forces
acting on each rotor blade. This program assumes that the blade is a rigid beam, that

15, no bending is allowed. The algorithm was developed from wind tunnel measurements
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Figure 16. CES! Model (example)
Sovarce: DYSCO Users Manual

made by Rhoades [Ref. 5 ], which are presented in Appendix F. Using the rotational
acceleration obtained from a videotaped Dynamic Interface wind limitation flight test,
the varying linear velocities are computed as a function of one-half second time steps for
three revolutions of the rotor head. These velocities were combined with the flow field
to obtain the relative wind to the blade element, and the angle of attack at each blade
element. The following simple calculations illustrate the steps incorporated in the pro-

gram.

For ¥ =13°, Rotor traveling clockwise,
Point 1 at Blade Root
Point 5 at Mid-Span of Blade
Point 10 at Blade Tip
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The curve fit for the rotor RPM acceleration, and subsequent integration to find blade
position is as follows,

RPM = 4.2675E—02 + 3.5366t — 0.45788¢t> + 2.3410E — 02¢°
POS = 0.0071¢ + 0.02947¢% — 0.0025437° + 0.000098:* + 0.151325,

where POS is the number of revolutions completed by that blade. For the 15th time
step, the time is 7 seconds, which yields a RPM of 10.41, and a blade position of 2.92
degrees. The horizontal (u) and vertical (w) components of the wind over the flight deck,
relative to the rotor disk plane, are determined at each position of the rotor blade. For
this instance, they are found to be 2.0429 my/s and 0.9377 m/s respectively. These values
are th. 1 scaled to represent the 40 knot wind represented by the wind tunnel, which
yields a horizontal component of 58.6 feet per second and a vertical component of 26.87
feet per second.

The circumferential velocities due to rotation are determined by the RPM and the
position of the blade element from the center of rotation. The following values were
obtained for time step 18,

Radius, = 33.255 inches, Vi, unonrn = 3-025fps
Radius; = 148.1 inches, V,uinas = 13.45 fps
Radius,, = 291.64 inches, Vi, umawe = 26.49 fps

Adjustments are made for the position of the leading edge of rotor blade with respect to
the direction of the flow field, so that only the components of the flowfield normal to the
leading edge of each blade element and normal to the chordline of each blade element
are considered. This is accomplished by

Upiade = Vyotarion — Uwingd COS ¥

where u,,,, is the horizontal wind component normal to the lcading edge. For example,
for the 10th blade element, u,,, 1s —32.02 fps, indicating that the horizontal component
1s flowing up the trailing edge of the blade element.
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The inflow angle to the blade element is then determined by computing the
arctangent of the vertical and horizontal flows at the blade element. Since the CH-46
rotor blade has a linear geometric twist built in, this twist is also computed and added
to the inflow angle for each blade element. The program then uses the angle of attack
to search the look-up table presented in Appendix G and obtain the correct lift and drag
coefficients each blade element. From this, lift and drag forces are computed with re-
spect to the relative wind, and finally each are resolved into a vertical component. Re-
sults of this process are presented in Chapter IV and Appendix A.
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1V. RESULTS

A. AIR-WAKE TURBULENCE MATH MODEL

In order to obtain the best physical fit of the computer generated power spectra,
several orders of transfer functions were attempted. Basing the breakpoints on the slope
changes of the measured power spectra, a sixth order transfer function was finally used
to model the measured spectra. The parameters used in the “yulewalk” algorithm in
“MATLAB" for the modeling of the DD-963 spectrum at a point twenty-five percent of
the ship length away from the flight deck, and with the ship pointed thirty degrees to the
right of the wind are as follows for each component of the velocity in the air-wake:

m,=[100 1.0 -2.0 -32.0 —-72.0 —82.0]

£ =1[0 3/1000 35/1000 600/1000 999/1000 1]
m,=[0.0 0.5780 —4.0462 —27.1676 —41.6185 —58.9595]

F=[0 3/1000 35/1000 600/1000 999/1000 1]

m, =[0.0 1.0 -3.0 -27.0 —-45.0 —65.0]

£ =10 3/1000 35/1000 600/1000 999/1000 1]

where m is a vector containing the desired magnitude response at the points specified in
f(breakpoints) for each of the components (u, v, and w) and f is a vector of frequency
points, specified in the range between 0 and 1, where 1.0 corresponds to half the sample
frequency (the Nyquist frequency). The transfer function coefficients (see p. 28) from

those models are:

b, =[22.6588 —13.0029 —9.0971 —4.4572 —0.1487 6.3585 —0.4214]
a,=[1.0 0.5978 —0.1317 -0.3804 —0.3665 —0.0400 0.0205]
b, =[19.0600 —6.0289 ~9.0813 —2.9458 —1.5902 2.8828 0.4594]

a,=[1.0 0.5388 —0.1256 —0.2584 -0.2770 -0.0516 0.0040)
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b, =[18.5670 —3.7482 —5.4913 —8.4648 —4.1090 5.0879 0.8924]
a,=[1.0 0.7695 0.2652 -0.2462 -0.4730 -0.1138 0.0031] .

These are placed in the following canonical form of a transfer function, with Y(z) as the
output and U(z) as the input.

Y@) b)) + b2z + . + bn+1)z"
U2) 1+ a@z™' + o + an+ 1z

Having modeled the power spectrum of the wind tunnel measurements, the model
was then scaled to the prototype using a Strouhal scaling factor of fourteen. This was
further reduced to a pole, zero, gain format transfer function, using conversion algo-
rithms in MATLAB. This format is useful in determining the inputs needed for digital
simulation. The measurements used for this simulation were the u, v, and w components
of the velocities of the air-wake at a point twenty-five percent of the ship length away
from the touch-down point on the flight deck. These measurements are shown in
Figure 17 on page 35. The transfer coeflicients, when used to filter random generated
noise, produce the spectra shown in the following figures. The solid line in each spectra
is the MATLAB generated model, while the dashed line power spectra is the measured
spectrum by Healey [Ref. 11 ]. Both the wind tunnel and Strouhal scaled models are
presented. ’

When comparing the measured and simulated spectra, the smoother nature of the
former is noted. This could be attributed to the very large size of the samples of meas-
ured data, which were then averaged in groups of sixty-four, while the simulated spec-
trum curve was formed with a random signal generator that had no way to control the
variance of the signals. The larger variance in the simulated spectra could be a source
of higher than normal turbulence, but should be evaluated by a real-time simulator flight
prior to adjustments. The MATLAB predicted spectra are much smoother than those
obtained by Fortenbaugh and Hanson. For example, the power spectral density curves
derived by Hanson for yaw angle of 330° shows very large variances. The very wide
variance presented by Hanson could be due to his small data size and small sample rate
[Ref. 4: p.30.]. Figure 24 on page 42 is presented only to illustrate the greater variance
(more “spikey”) at the lower frequencies in the Hanson and Fortenbaugh models. In the
NPS wind tunnel, frequencies lower than three radians per second were not measured,

but the overall smoothness Healey’s measured spectrum indicates a lower variance. The
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Comparison of Measured Spectra Components

10—1 - — v r 71 T vy ooy Y LA L AL A S 2 | L T LA lrtE
2 ;

A S ]
10 3 TN U Component —————— E
3 \\ V Component — ~— — 3

[~ .. w Com Ol‘lent ............... n
1031 M\ P
104 3
g 3

- -1

- -
105 E E
: ;

-6 _
10 : 1
10‘7;__1 F I W W N 1 A4 L&Al YR W
100 10 102 10¢

Frequency (Hz)

Figure 17. Wind Tunnel Spectra - U, V, and W Components
algorithm used by Ilanson allowed for changing the variance of the air wake component

velocities, thus permittig hiin to reduce the variance by the sixty to seventy percent
needed to comply with pilot’s reports of the simulator trials [Ref. 4: p.30.].
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§(f), U Component

U-Component Spectral Density, DD-963, 30 Degrees Yaw
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Figure 18. Filtered Noise for U Component Simulation.
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S(f), V Component

V-Component Spectral Density, DD-963, 30 Degrees Yaw
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Figure 19. Filtered Noise for V Component Simulatio}l.
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S(f), W Component

W-Component Spectral Density, DD-963, 30 Degrees Yaw
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Figure 20. Filtered Noise for W Component Simulation.
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S(f), U Component. Prototype
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Figure 21. Filtered Noise for U Component Prototype.
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S(f), V Component, Prototype

V-Component Spectral Density, DD-963, 30 Degrees Yaw
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Figure 22. Filtered Noise for V Component Prototype.
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W-Component Spectral Density, DD-963, 30 Degrees Yaw
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Figure 24. Comparison of Hanson’s and Fortenbaugh’s Models.

The high variance values found in the MATLAB simulation could also be reduced
by increasing the number of points used in the random signal generator. For this model,
4000 points were used. Larger sizes of white noise sets could not be generated due to
memory limitations with the PC version of MATLAB. Higher functioning versions of
MATLAB, on systems with much larger memory could produce sets one or two orders
of magnitude higher, thus reducing the problem of higher variance in the simulated
spectra. To test this assumption, the same algorithm was run on PRO-MATLAB, in-
stalled on the VAX Mini-2000 using VAX/VMS. Since the memory available was con-
siderably greater than that of a PC, the number of white noise points was increased by
an order of magnitude, to 25,000. The power spectra obtained were much smoother, and
gave an improved representation of the wind tunnel flowfield. This approach also con-
firms Hanson's theory that the frequency used to generate the white noise signal will
affect the quality of the simulation [Ref. 4: p.11]. By varying the number of discrete
white noise points generated, it may be possible to eliminate the need to interpolate the

42




white noise prior to filtering when using Hanson’s model. The improved computer
simulation for the full scale prototype is shown in Figure 25.

The poles, zeros and gains obtained from MATLAB for the wind tunnel model are
given in Table 2 through Table 4.

Since the random signal changes with each computer simulation, the portrayed
spectral densities can be assumed to change somewhat with each real-time run. Further
study in conjunction with real-time simulator flights are needed to further refine this
approach to air-wake simulation. Results of filters designed for the complete glidepath
for a 330° yaw angle are presented in Appendix H.

Table 2. POLES, ZEROS AND GAINS FOR U COMPONENT OF THE WIND
TUNNEL MODEL

Poles Zeros Gain
0.8213 -0.7259 22.6588
-0.2352 + 0.67071 -0.2340 + 0.6886i
-0.2352 - 0.6707i -0.2340 - 0.6886i1
-0.7520 0.8506 + 0.06001
-0.3728 0.8506-0.06601
0.1761 0.0666

Table 3. POLES, ZEROS AND GAINS FOR V COMPONENT OF THE WIND
TUNNEL MODEL

Poles Zeros Gain
0.7755 0.8947 19.06
-0.7343 0.6382

-0.1697 - 0.6119i -0.1694 - 0.60631
-0.1697 + 0.61191 -0.1694 + 0.6063i
-0.2983 -0.7142
0.0577 -0.1491

B. DYSCO CH-46 TUNNEL STRIKE MODEL
After several attempts to accurately duplicate the velocity field around the whole
rotor disk, it was determined that a separate flowfield would be considered for each rotor
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Comparison of Two Models with Different Variances
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Figure 25. Wind Tunnel U-Spectra Simulation Using PRO-MATLAB.

blade. This assumes that the behavior of the rotor blades are independent of each other,

without any interaction via the hub, since the rotor head is fully articulated. It also as-




Table 4. POLES, ZEROS AND GAINS FOR W COMPONENT OF THE WIND
TUNNEL MODEL

Poles Zeros Gain
0.7541 -0.2436 + 0.79871 18.5670
-0.2433 + 0.79841 -0.2436 - 0.79871
-0.2433 - 0.7984i1 -0.7153
-0.7376 0.8984
-0.3243 0.6669
0.0248 -0.1609

sumes that the airflow velocity conditions at a particular point in time is constant for the
length of the rotor blade. Since the conditions of the velocity field were dependent on
the rotor blade position, a history of rotor blade RPM vs. time was required. It was
obtained from videotape of a Dynamic Interface flight test conducted aboard an AOR
class ship. The time history is illustrated in Figure 26 on page 46.
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Figure 26. Rotor RPM Time History for Rotor Engagement

By combining this time history with the flowfield measured by Rhoades [Ref. 5], the
velocity components relative to the rotor disk for each time step were obtained. This
fixes the field in space, and uses only one Reynolds number for the range of velocities
cach rotor blade will “see.” Actual relative velocities (combined effects of mean airflow
and rotor blade velocity) are computed by DYSCO. The algorithm for mean velocity
components and blade position is based on the velocity measurements obtained for the
AOR wind-tunnel model [Ref. 5: p.71.]. The entire program used to determine the ve-
locities, and scale them to the 40 knots simulated in the wind tunnel is listed in Appendix
A, along with the results for each rotor blade.

These velocity components were then input to the DYSCO CH-46 model by
changing the velocity inputs in the FRA3 module for each time step. The wind values
were input using downward flows as positive (+ ) and upflows as negative (-), consistent
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with the DYSCO users manual [Ref. 18: p.56.]. When combined with lift, drag and
moment coeflicients for a NACA 0012 airfoil, the Runge-Kutta integration in DYSCO
could not converge to a solution. After several attempts to correct the divergence, use
of DYSCO for the tunnel strike model was abandoned.

C. SIMPLE CH-46 BLADE ELEMENT PROGRAM
Using the methods outlined in Chapter IV, the total vertical forces for each rotor
blade where computed with respect to the rotor blade position. These forces are pre-

sented in Figure 27, Figure 28, and Figure 29.

Vertical Blade One Forces
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Figure 27. Total Vertical Forces on Blade One.

These results indicate that for blade one, there are large upward forces at the 180°
postion and considerably smaller downward forces (less than 50 lbs.) at the 360° posi-
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tion. Although this program does not include centrifugal forces on the rotor blade, such
forces would limit the affect of the large upward forces on blade displacement. Blade
two exhibits similiar behavior, with large (150 1bs.) upward forces at the the 180 ° posi-
tion and low downward forces at the 360° position. Blade three exhibits forces opposite
that of one and two, showing a large upward force near the 360° position, and a small
downward force near the 220° position. The distribution of forces agree with the be-
havior of the blade displacements observed in tunnel strike videos. The shift in forces
on blade three are due to the increased rotational velocities when the strong upflow is
encountered. Beyond the second revolution, the linear velocities due to the rotation of
the blades prevent the net forces from acting in the downward direction. Although the
aerodynamic forces appear to be increasing past two revolutions, the resultant force on
each blade would move away from the vertical as the centrifugal forces on the rotor
blade increased with RPM. The aerodynamic forces correspond with known behavior
of the rotor blades in low RPM environments, where the blades tend to rise or “sail” at
the 180° position, and dip down when the blade is over the fuselage of the aircraft
(360°).
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Figure 28. Total Vertical Forces on Blade Two.
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V. CONCLUSIONS AND RECOMMENDATIONS

A. AIR-WAKE TURBULENCE MATH MODEL

Initial results show good agreement between predictions of the sixth order math
model and the measured data from the wind tunnel model. Higher order transfer func-
tions appear to model the measured turbulence with greater accuracy. Such a high order
transfer function would not present computational difficulties in a real-time simulation,
since the power spectra could be calculated prior to the running of the helicopfér simu-
lator, and the results stored for use as the helicoptcr passed through the points simulated
by the math model. Since each point would have only thirty-nine variables (eighteen
poles, eighteen zeros and three gains) for the components of the turbulence, the prior
computation would not be time consuming nor utilize a large area for data storage.

This approach requires the measurement of the airwake at numerous points along
the prescribed approach paths for each type of helicopter the DD-963 class of ship.
Measurements would also have to be made with the wind at various angles to the ship
heading. For those measurements already completed, filters must be designed to model
the power spectra for each component. As noted in Chapter IV, comparison of the re-
sults with Hanson’s first order model showed a much smoother curve (with less vari-
ance). This results in an overall lower variance than Hanson’s model, eliminating the
need to reduce the variance of the turbulence velocity components to simulate real-time
conditions. The scaling of the frequencies to match the frequencies of the prototype will
not affect the coeflicients of the transfer functions. The output is simply scaled to match
the lower frequencies of the prototype. Thus, the poles and zeros of the transfer func-
tions will not change when applied to the prototype.

The smoothness of the computer model is enhanced with a smaller variance, ac-
complished by using a larger set of random signals to simulate the white noise. As the
number of white noise points increases, the variance approaches zero, thus reducing the
scatter in the PRO-MATLAB simulation that occurred in the PC simulation. Needing
further study are:

Computational compatibility with existing real-time simulators.
Measurement and modeling of additional approach paths to the ship’s flight deck.

Pilot evaluation of the turbulence mode! on a real-time simulator.
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Since actual frequencies over 1.0 Hz. are not considered important for most manned
air-vehicles, the response of the filters at those higher frequencies are considered to be
negligible.

B. CH-46 TUNNEL STRIKE MODELS

In this preliminary analysis, an attempt was made to “produce” a blade strike by
exposing the helicopter blade to the mean flow, as measured by a hot-wire anemometer
over the flight deck of an AOR model. Due to the extreme divergence occurring during
the Runge-Kutta integration scheme in DYSCO, a solution was not obtained. Further
study is needed to investigate if the DYSCO routines are suitable for such low Reynolds
Number applications. The results of the wind tunnel measurements should also be used
in more sophisticated blade analysis programs, such as RACAP and CAMRAD. For
the Blade Element Program, progress was made in identifying those areas of upward and
downward aerodynamic forces on the rotor blades. The program has shown that meas-
urements of flowfields over model ships in wind tunnels can be applied to estimating the
distribution of mean aerodynamic forces on each rotor blade with respect to blade po-
sition. Further development of this program should include its validation, incorporation
of rotating beam theory, accounting for the blade mass and bending characteristics along
with rotor blade flapping. Further measurements of flowfields over various classes of
ships should also be made at various yaw angles to analytically investigate those areas
of high aerodynamic forces present during rotor engagement and disengagement.
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APPENDIX A. CH-46 BLADE ELEMENT PROGRAM
PROGRAM ELEMENT1

dededededefedodedodek hdededehdedefovedededekdokdededdfe e de R Fekehede ok ke

* PROGRAM TO DETERMINE VELOCITY FIELD *
* OF AOR FLIGHT DECK AT 90 DEGREES YAW *
* FOR GIVEN ROTOR ENGAGEMENT ACCELL *
* AND FIND LIFT AND DRAG FORCES *

* ON THE ROTOR BLADE USING BLADE ELEMENTS*
Fedededededededeteedofendeiciolodedeieeleiododrieodookdolofoeddelodeoledoion

aoOooOoaaaaoaonn

DIMENSION TIME(41),U(41),W(41),POS(41),REV(41),PHI(41),RPM(41),
+VROT(41,10),UM(41),WM(41),A0A(41,10),A0AL(101),CLL(201),CL(41,10),
+CDL(101),CD(41,10),A0AT(41,10),DRAG(41,10),RSEC(10),TWIST(10),
+DBLADE(41),A0AAVG(41),AOAD(101) ,DRAGV(41,10) ,DBLADV(41),FORCE(41)

REAL MAG1(41,10),LIFT(41,10),LBLADE(41),LIFTV(41,10),LBLADV(41)

DOUBLE PRECISION MU REN1(41 10), RENAVG(41)

OPEN(UNIT=9,FILE=' FLOWI DAT' STATUS’ old' )

OPEN(UNIT‘IO FILE='TIMESTEPS. DAT STATUS— OLD )

OPEN(UNIT=15,FILE=' LCOEFFE. DAT' STATUS- OLD')

OPEN(UNIT-—U,FILE" DCOEFFE. DAT' ‘STATUS‘ oLD' )

OPEN(UNIT=16 ,FILE='SECTIONS. DAT STATUS' OLD )

OPEN(UNIT=18,FILE='GRAPH1.DAT', STATUS— OoLD')

REV=NO. OF REVOLUTIONS

POS=ANGLE OF REFERENCE BLADE IN RADIANS

U=VELOCITY COMPONENT TANGENTIAL TO ROTOR DISK
=VELOCITY COMPONENT PERPINDICULAR TO ROTOR DISK

aaoaoaaan

READ(10,*)(TIME(I), I=1,41)
READ(15,*)(AOAL(J),CLL(J), J=1,101)
READ(17,*)(AOAD(J),CDL(J), J=1,101)

COMPUTE BLADE POSITION

Qo

DO 100 I=1,41
REV(I)=.0071*TIME(I)+0.029470*(TIME(I))**2.0-0. 002543*(TIME(I))
+%%3, 0+0. 000098*( TIME(I))**4. 0+0. 151325

RPM(1)=4.2675E-02+3. 5366*TIME(I)-0.45788*TIME(I)**2. 0+2. 3455E~02
+*TIME(I)**3.0

CHANGE REVOLUTIONS TO RADIANS

aQaOoQ

POS(I)=REV(I)*2.0%*3.141593
PHI(I)=REV(I)*360. 00

COMPUTE THE TWIST ANGLE AND RADIUS OF EACH BLADE SECTION

aanaa

DO 25 I=1,10
RSEC(L)=(L*28.71-28.71/2.0)+18.9
TWIST(L)=(4.353-0. 02779*RSEC(L))

25 CONTINUE
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C

C COMPUTE THE ROTATIONAL VELOCITY AT EACH BLADE ELEMENT

c
DO 27 J=1,10
DO 28 N=1,41
VROT(N,J)=RPM(N)*2. 0*3. 1416/60*(RSEC(J)/12.0)

28 CONTINUE

27 CONTINUE

c

C COMPUTE VELOCITIES HORIZONTAL AND PERPINDICULAR TO ROTOR DISK

c

20 if((PHI(I).GT.0.0). and. (PHI(I). le. 90.0))goto 30
if((phi(i). gt.90.0). and. (phi(i). le. 180.0))goto 40
if((phi(i). gt. 180.0). and. (phi(i). le.270.0))goto 50
if((phi(i). gt.270.0). and. (PHI(I).LE. 360.0))GOTO 60
if(phi(i). gt. 360. 0)phi(i)=phi(i)=-360.0
goto 20

30 U(I)=2.05+(phi(1)/90.0)*(1.83-2.05)
W(I)=0.94+(phi(i)/90.0)*(0.87-0.94)
goto 70

40 U(I)=1.83+((phi(i)-90.0)/90.0)*(1.80-1.83)
W(I)=0.87+((phi(i)=90.0)/90.0)*(0.84-0.87)
goto 70

50 U(I)=1. 80+((phi(i)-180.0)/90.0)*(1.61-1.80)
W(I)=0.84+((phi(i)-180.0)/90.0)*(0.53-0. 84)
goto 70

60 U(1)=1. 61+((phi(1)-270.0)/90. 0)*(2. 05-1. 61)
W(I)=0.53+((phi(1)-270.0)/90.0)*(0.94-0.53)
70 continue
100 continue
va=(2. 327%%24 37%%2)%*%(0, 5
do 200 k=1,41
C CONVERT WINDTUNNEL COMPONENTS TO SCALED IN FPS
u(K)=(U(K)/va)*(40*1. 688)
W(K)=(W(K)/va)*(40*1. 688)
200 continue
C
C COMPUTE THE REYNOLDS NUMBER FOR EACH TIME STEP
C
DO 610 N=1,10
DO 300 I=1,41
TERM1=VROT(I,N)-U(I)*COS(POS(I))
MAGL(I,N)=(TERM1%**2.0 + W(I)**2.0)%**0.5
REN1(I,N)=6400%*1. 6*MAGI(I,N)
300 CONTINUE
610 CONTINUE
C
C DETERMINE THE ANGLE OF ATTACK FOR EACH TIME STEP
C
DO 620 N=1,10
DO 600 I=1,41
TERM1=VROT(I,N)-U(I)*COS(POS(I))




AOAT(I,N)=(ATAN(W(I)/(TERM1)))*(180.0/3.1416)+TWIST(I)
IF(AOAT(I,N).LT.0)AQAT(I,N)=AOAT(I,N}+180.0

DO 700 J=1,101

IF(AOAT(I,N).EQ. AGAL(J))GOTO 900
IF(AOAT(I,N).LT. (AOAL(J)+0.5). AND. (AOAT(I,N).GT. ADAL(J)))

+GOTO 910

IF(AOAT(I,N).GE. (AOAL(J)+0.5). AND. (AOAT(I,N).LT. AOAL(J+1)))

+GOTO 920
GOTO 700
900 AOA(T,N)=ACAT(I,N)
CL(I,N)=CLL(J)
GOTO 2000
910 AOA(I,N)=A0AL(J)
CL(I,N)=CLL(J)
GOTO 2000
920 AOA(I,N)=AOAL(J+1)
CL(I,N)=CLL(J+1)
GOTO 2000
700 CONTINUE
2000 DO 750 J=1,101

IF(AOAT(I,N).EQ. AOAD(J))GOTO 901
IF(AQOAT(I,N).LT. (AGAD(J)+0.5). AND. (AOAT(I,N).GT. AGAD(J)))

IF(ACAT(I,N).GE. (AOAD(J)+0.5). AND. (AOAT(I,N).LT. ACAD(J+1)))

+GOTO 911
+GOTO 921
GOTO 750
c 901 AOA(I,N)=AOAT(I,N)
901 CD(I,N)=CDL(J)
GOTO 600
c 911 AOA(I,N)=AOAD(J)
911 CD(I,N)=CDL(J)
GOTO 600
c 921 AOA(I,N)=AOAD(J+1)
921 CD(I,N)=CDL(J+1)
GOTO 600
750 CONTINUE
600 CONTINUE
620 CONTINUE

c
C DETERMINE LIFT AND DRAG FORCES
c

DO 660 J=1,10

DO 650 N=1,41

TERM1=VROT(N,J)-U(N)*COS(POS(N))

MAG1(N,J)=(TERM1**2,0 + W(I)**2,0)**0.5
LIFT(N,J)=CL(N,J)*0. 5*%0. 002378*(MAG1(N,J)**2,.0)*(28.71/12.0)*1.6
DRAG(N,J)=CD(N,J)*0. 5*%0. 002378*(MAG1(N,J)**2.0)*(28.71/12.0)*1.6
LIFTV(N,J)=LIFT(N,J)*ABS(COS(AOA(N,J)*3.1416/180))
DRAGV(N,J)=DRAG(N,J)*SIN(AOA(N,J)*3.1416/180)

650  CONTINUE
660  CONTINUE

c

C COMPUTE SUM OF L

c LBLADE(1)=0.0
DBLADE(1)=0.0
ADOAAVG(1)=0.0

IFT AND DRAG FOR BLADE ELEMENTS, AVG AOA AND REN
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RENAVG(1)
LBLADV(1)
DBLADV(1)
DO 1500 N=1,41
DO 1000 I=1,10
LBLADE(N)=LBLADE(N)+LIFT(N,I)
DBLADE(N)=DBLADE(N)+DRAG(N,I)
LBLADV(N)=LBLADV(N)+LIFTV(N,I
DBLADV(N)=DBLADV(N)+DRAGV(N, I
)
I

0.0
0.0
0.0

AOAAVG(N)=( AOAAVG(N)+AOA(N, I
RENAVG(N)=(RENAVG(N)+REN1(N,
1000 CONTINUE
AOAAVG(N)=AOAAVG(N)/10
FORCE(N)=LBLADV(N)+DBLADV(N)
1500 CONTINUE
WRITE(9,10)
10 FORMAT(3X, 'TIME(SEC)"',2X, 'POSITION',2X, 'RPM',3X,'AOA AVG',6X,
+'REN AVG',6X,'LIFT',3X, 'DRAG')
WRITE(9,15)(TIME(I),PHI(I),RPM(I),AOAAVG(I),RENAVG(I),LBLADV(I),
+DBLADV(I),I=1,41)
15 FORMAT(FS8. 2,2X,F8. 2,2X,F7. 2,3X,F7. 2,3X,D10. 4 ,4X, 2F8. 2)

WRITE(16,*)( 'BLADE POSITION ANGLE OF ATTACK')
WRITE(16,1600)(PHI(N),(AOA(N,I), I=1,10), N=1,41)

WRITE(16,*)( 'BLADE POSITION REYNOLDS NUMBER')
WRITE(16,1700)(PHI(N),(REN1(N,I), I=1,10), N=1,41)
WRITE(16,%)('BLADE POSITION RELATIVE VEL. IN FPS.')
WRITE(16,1800)(PHI(N),(MAG1(N,I), I=1,10), N=1,41)
WRITE(16,%*)('BLADE POSITION SECTION LIFT (LBS.)')
WRITE(16,1800)(PHI(N),(LIFT(N,I), I=1,10), N=1,41)
WRITE(16,*)('BLADE POSITION SECTION DRAG (LBS.)'")
WRITE(16,1800)(PHI(N),(DRAG(N,I), I=1,10), N=1,41)
WRITE(16,%*)('BLADE POSITION SECTION VERTICAL LIFT (LBS.)')
WRITE(16,1800)(PHI(N),(LIFTV(N,I), I=1,10), N=1,41)
WRITE(16,*)('BLADE POSITION SECTION VERTICAL DRAG (LBS.)')
WRITE(16,1800)(PHI(N),(DRAGV(N,I), I=1,10), N=1,41)

WRITE(16,%*)( 'BLADE POSITION LIFT COEFFICIENT')
WRITE(16,1800)(PHI(N),(CL(N,I), I=1,10), N=1,41)
WRITE(16,*)('BLADE POSITION DRAG COEFFICIENT')

WRITE(16,1800)(PHI(N),(CD(N,I), I=1,10), N=1,41)
WRITE(18,1900)(POS(N),FORCE(N), N=1,41)

1600 FORMAT(F6.2,2X,10F6.1)

1700 FORMAT(F6. 2,2X,10D9. 3)

1800 FORMAT(F6.2,2X10F7.1)

1900 FORMAT(2X,F6.2,2X,F9.3)
END
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A'

AERODYNAMIC VALUES OF BLADE ONE

TIME

(SEC)

POBONNGRUU PSP LLRN RS

POSITION

(DEG)

RPM

\o\o\ooo.oo\nxtc\mbu!-

AOA AVG

(DEG)

146.
139.
126.

57

REN AVG

. 4723D+05
. 4091D+05
. 3322D+05
. 29Q09D+05
. 3584D+05
. 5183D+05
. 6979D+05
. 8348D+05
. 8759D+05
. 7811D+05
. 5820D+05
. 3326D+05
. 2204D+05
. 3712D+05
. 4853D+05
. 3711D+05
. 3113D+05
. 5626D+05
. 8580D+05
. 9955D+05
. 8584D+05
. 5292D+05
. 2472D+05
. 3587D+05
. 3014D+05
. 6787D+05
. 1170D+06
. 1086D+06
. 5235D+05
. 3294D+05
. 9572D+05
. 1536D+06
. 8278D+05
. 7632D+05
. 1862D+06
. 1013D+06
. 1666D+06
. 1682D+06
. 1860D+06
. 1801D+06
. 2717D+06




B.

AERODYNAMIC VALUES FOR BLADE TWO

TiME
(SE

)

.00

\O\OQG\J\JO\O\UIU!J-\J-‘(»U)NN!-‘H.

POSITION

(DEG)

174.
178.
186.
199.
215.
234.
255.
279.
304.
331.

RPM AQA AVG

(DEG)

.04 28.80
1.70 28. 80
3.14 25.92
4.40 24.48
5.47 24.48
6. 39 27.72
7.16 37.80
7.82 78. 84
8. 36 127.80
8.82 144,00
9.21 150. 12
9.55 144,00
9. 84 118.08
1C. 13 61.20
10.41 31.68
10. 71 23.76
11. 04 21.60
11.43 23.76
11. 88 38.52

14.76 97.56
15.83 34.20
17.08 20.88
18.52 20. 16
20.17 45.36
22.05 128.16
24.17 90. 36
26. 56 22.32
29.23 17.28
32.20 72.36
35.48 68. 04
39.10 15.48
43.07 38. 88
47.41 39.96
52.14 12.60
57. 27 61.20
62.82 11.52
68. 81 39. 24
75.26 12. 60
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REN AVG

. 6566D+05
. 7021D+05
. 7297D+05
. 7237D+05
. 6685D+05
. 5549D+05
. 3913D+05
. 2340D+05
. 2468D+05
. 4042D+05
. 5154D+05
. 4219D+05
. 2975D+05
. 4180D+05
. 6901D+05
.9010D+05
. 9392D+05
. 7672D+05
. 4682D+05
. 2340D+05
. 35372405
. 3771D+05
. 3340D+05
. 7391D+05
. 1101D+06
. 1017D+06
. 5512D+05
. 2857D+05
. 4357D+05
. 1196D+06
. 1329D+06
. 5971D+05
. 7175D+05
. 1739D+06
. 1049D+06
. 1207D+06
. 1944D+06
. 1129D+06
. 2324D+06
. 1627D+06
. 2188D+06




C.

AERODYNAMIC VALUES FOR BLADE THREE

TIME

(SEC)

\O\omm\i\ac\oxmmbbmpwwwr‘

POSITION

(DEG)

294.
298.
306.
319.
335.

RPM

\oxoxooooow.\aoxmp}o:-a‘

AQA AVG

(DEG)

144. 00
142. 20
145. 44
149.76
151.92
151.92
149. 04
139. 68
111. 60
59.76
34. 20
24.48

59

REN AVG

. 3173D+05
. 3132D+05
. 3500D+05
. 4189D+05
. 5021D+05
. 5674D+05
. 5304D+05
. 4059D+05
. 2953D+05
. 3984D+05
. 6363D+05
. 8409D+05
. 9239D+05
. 8228D+05
. 5902D+05
. 3151D+05
. 2432D+05
. 4149D+05
. 4099D+05
. 2980D+05
. 5475D+05
. 9065D+05
. 1055D+06
. 8355D+05
. 4231D+05
. 2831D+05
. 3097D+05
. 8161D+05
. 1323D+06
. 9710D+05
. 3812D+05
. 7805D+05
. 1645D+06
. 9863D+05
. 9155D+05
. 1971D+06
. 9377D+05
. 2192D+06
. 1295D+06
. 2601D+06
. 1647D+06




D. BLADE ELEMENT RESULTS FOR BLADE ONE

BLADE

POSTION

(DEG)

RABDONMNNORAPOARANDDOOPNRIARAROORNEAELEPNDIOLPNOTAANETOIARANFO

ONONPFPROPAAARAENANNDNAODBPLPONNODOPROINPOPLPAARANEFOOAAORFO

FENORNOMNMIOLPONOARRRLTETNNNRONNIENGOIRNNIIEROACONOOOETO

ANGLE OF ATTACK

4

(DEGREES)

SECTIONS

DORPLPROPONOOPTRRARONNOARNTTOIROONMNNIITARIORITONETPFOEO

5

147.
140.
126.

DPFOPORPROPLPENAONRAAIARNAPORNRANNNIIONNAAT PP OOONDADOO O

DO EOOL PO PROCOPLROORONRANNOANIFROPONOORANDOOOO PO

NOPTPFPRRODRNENOORACOENENOARARANAOOPAROANNOOARANONNO O

NOONEPORPFAAPFOANPEPRPORPRPFPORANOORDONDAARFAANMNOOONOOO

PMNONICOCORRODARDOPFTOOINANNOOAAORRINOONOARAFOOMNDNOOS

NNONDODSTONFPOONIFPFPODPFROPAO0OORFCOPRPRNOFrRAAPFrCONPFOO P®®O




SECTION VERTICAL LIFT (LBS.)

POSITION

BLADE
(DEG)
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SECTION VERTICAL DRAG (LBS.)

BLADE POSITION
POSITION
(DEG)

.........................................

-----------------------------------------

4/4/41614/4626332552440421249728253665341442

.........................................

.........................................

9162/4111141307536.l.o09074542175667764282727
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91-/31810308902743077887490240375830411395

-----------------------------------------
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.........................................
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NINOR A AONDOIIVIN MOOINTOONIONANOARA NI DS Qoo o
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ELEMENT RESULTS OF BLADE TWO
ANGLE OF ATTACK

(DEGREES)
SECTIONS
1 2 3 4 5 6
28.8 28.8 28.8 28.8 28.8 28.8
28.8 28.8 28.8 28.8 28.8 28.8
28.8 28.8 25.2 25.2 25.2 25.2
25.2 25.2 25.2 25.2 25.2 25.2
28.8 25.2 25.2 25.2 25.2 25.2
32.4 32.4 28.8 28.8 28.8 25.2
50.4 46.8 43.2 39.6 39.6 36.0
108.0 100.8 93.6 86.4 82.8 75.6
140.4 140.4 136.8 133.2 129.6 129.6
151.2 151.2 147.6 147.6 144.0 144.0
154.8 154.8 154.8 151.2 151.2 151.2
151.2 151.2 147.6 147.6 147.6 144.0
136.8 133.2 129.6 126.0 122.4 115.2
82.8 75.6 72.0 68.4 61.2 57.6
39.6 36.0 36.0 32.4 32.4 32.4
28.8 25.2 25.2 25.2 25.2 21.6
25.2 25.2 25.2 21.6 21.6 21.6
28.8 28.8 25.2 25.2 25.2 21.6
57.6 50.4 46.8 43.2 36.0 36.0
140.4 133.2 129.6 122.4 115.2 108.0
154.8 154.8 151.2 151.2 147.6 144.0
154.8 151.2 151.2 147.6 147.6 144.0
129.6 122.4 118.8 111.6 100.8 93.6
46.8 43.2 39.6 36.0 36.0 32.4
25.2 25.2 21.6 21.6 21.6 21.6
25.2 25.2 21.6 21.6 21.6 18.0
90.0 75.6 61.2 50.4 39.6 36.0
154.8 151.2 147.6 144.0 136.8 129.6
136.8 129.6 122.4 108.0 97.2 82.8
32.4 28.8 25.2 25.2 21.6 21.6
25.2 21.6 21.6 18.0 18.0 14.4
140.4 129.6 111.6 90.0 68.4 54.0
133.2 118.8 100.8 82.8 64.8 50.4
21.6 21.6 18.0 18.0 14.4 14.4
111.6 79.2 50.4 36.0 28.8 21.6
100.8 75.6 54.0 39.6 32.4 25.2
21.6 18.0 14.4 14.4 10.8 10.8
144.0 126.0 100.8 72.0 46.8 36.0
21.6 18.0 14.4 10.8 10.8 10.8
118.8 82.8 54.0 36.0 25.2 21.6
36.0 21.6 14.4 10.8 10.8 7.2
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SECTION VERTICAL LIFT (LBS.)

BLADE POSITION
1

POSTION
(DEG)

-----------------------------------------
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SECTION VERTICAL DRAG (LBS.)

1

BLADE POSITION

POSTION
(DEG)

.........................................
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.........................................

.........................................
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F. BLADE ELEMENT RESULTS FOR BLADE THREE

BLADE POSITION
POSTION

(DEG)
1
294. 47 144.0
298.29 144.0
306.76 147.6
319.27 154.8
335.26 154.8
354. 25 154.8
15.77 154.8
39.43 147.6
64. 89 126.0
91. 86 79.2
120.10 43.2
149.43 28.8
179.72 25.2
210. 89 25.2
242.92 36.0
275. 82 97.2
309.69 147.6
344.66 154.8
20.91 154.8
58.68 136.8
98. 27 68.4
140. 02 32.4
184.33 25.2
231.65 32.4
282.49 111.6
337.39 154.8
36.98 147.6
101.91 57.6
172.90 25.2
250.72 39.6
336.19 151.2
70.18 111.6
173.63 21.6
287.51 100.8
52.85 129. 6
190.75 21.6
342.34 147.6
148. 81 21. 6
331.41 144.0
171.43 18.0
30.23 136.8

OCHFPPFPOODORORNRARNERPTONPNIOINONNNDNROPFONNIITOOONOINAOOO

PEPPOPOIRORNETNANEORNONTRRANDDENENAIANOFTPFONOPONIAODO

ANGLE OF ATTACK

(DEGREES)
SECTIONS
4 5 6
144.0 144.0 144
144.0 144.0 140
147.6 147.6 144
151.2 151.2 151
154.8 151.2 151
154.8 151.2 151
151.2 151.2 147
144.0 140.4 140
118.8 115.2 111
64.8 61.2 57
36.0 36.0 32
25.2 25.2 25
21.6 21.6 21
21.6 21.6 21
28.8 28.8 25
68.4 61.2 54.
140.4 133.2 129,
151.2 151.2 147
151.2 147.6 144
122.4 118.8 111
50.4 46.8 43
25.2 25.2 25
21.6 21.6 21
25.2 21.6 21
68.4 57.6 50
144.0 140.4 136
133.2 129.6 118
39.6 36.0 32
18.0 18.0 18.
25.2 21.6 18.
133.2 118.8 104.
61.2 50.4 39.
18.0 14.4 14,
36.0 28.8 21.
68.4 50.4 39.
14.4 14.4 10.
90.0 61.2 43.
14.4 10.8 10.
54.0 36.0 25.
10.8 10.8 10.
43.2 28.8 21.
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SECTION VERTICAL LIFT (LBS.)

BLADE POSITION
1

POSTION
(DEG)
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SECTION VERTICAL DRAG (LBS.)

BLADE POSITION

POSTION
(DEG)
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APPENDIX B. CH-46 ROTOR BLADE PROPERTIES

-------------------------------------------------------------------------

Blade Station Pitch CG Flapwise Chordwise Torsional
Station Radius Inertia Offset Stiffness Stiffness Stiffness
(r/R) (in) (1b. *s*s) (in) (1b. in*in) (1b. in*in) (1b. in*in)
0.0167 5.5 5.7 0.0 570. 0E06 285. 0E06 70. OE06
0.05 4. 85 5.7 0.0 160. 0E06  285.0E06 70. OEQ6
0.10 6. 90 .51 0.0 81.0E06  345,0E06 70. OEO6
0.15 1.15 1.72 0.028 160. 0E06  260. OEQ6 67.0E06
0.20 0.78 1.35 04 48.0E06 218.0E06  28.0E06
0.25 .65 2.90 -.93 20. OE06 370. OEQ6 18. OE06
0.30 .52 2.1 -, 69 21.0E06  420.0E06 17. 0E06
0.35 . 505 2.09 -.74 20.0E06 412.0E06 17. 0E06
0.40 . 499 2.08 -.78 20.0E06  405.0E06 17. 0E06
0. 45 .48 2.04 -.82 19.5E06  395. 0E06 16. 9E06
0.50 .45 2.10 -.84 19. 5E06 392. OEO6 16. 5E06
0.55 .42 2.00 -.86 19. 5E06  390. OE06 16. 2E06
0. 60 .42 2,12 -.58 16.0E06 410.0E0Q6 15. 5E06
0.65 .42 2.11 -.51 16.0E06  420.0E06 15. 2E06
0.70 .42 2.11 -.51 16. 0EO6  420. 0E06 15. 2E06
0.75 .42 2.55 -.76 16.0E06 570.0E06 15. 2E06
0. 80 .41 2.11 -.51 16. OEO6  420. OEO6 15. 2E06
0. 85 .45 2.19 -. 34 18.0E06  435. 0EQ6 16. 5E06
0.90 .50 2.40 .25 15.0E06  440. OEO6 16. 0E06
0.95 .85 2.35 .33 12.0E06  420.0E06 14. OEO6
1.00 1.30 3.10 -.63 18.0E06  755.0E06 15. 2E06
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APPENDIX C. GENHEL FLOW DIAGRAM
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APPENDIX D. MATLAB META FILES
A. U-COMPONENT MODEL FOR WIND TUNNEL

mu=[1 .1 =.2 =3.2 =7.2 -8.2]*10
fu=[0 3/1000 35/1000 60071000 999/1000 1]
[bu,au] =yulewalk(6,fu,mu)

{ Au,Bu,Cu,Du] =TF285(bu,au);
{Zu,Polesu,Ku)=5S82ZP(Au,Bu,Cu,Du,1)
x=rand(1,4000);

yu=filter(au,bu,x);

pack

Pu=spectrum(x,yu,200,100);
disp('Hit RETURN to see plots');
pause

meta comp_u

spcplotu(Pu,1000);

B. V-COMPONENT FOR WIND TUNNEL MODEL
clear

mv={0 .1 =.7 =4.7 =7.2 -10.2]*(10/1.73)
fv=(0 3/1000 35/1000 600/1000 999/1000 1]
[bv,av] =yulewalk(6,fv,mv)

{Av,Bv,Cv,Dv] =TF2SS(bv,av);
[2Zv,Polesv,Kv] =SS2ZP(Av,Bv,Cv,Dv,1)
x=rand(1,4000);

yv=filter(av,bv,x);

pack

Pv=spectrum(x,yv,200,100);

disp('Hit RETURN to see plots');

pause

meta comp_v

spcplotv(Pv,1000);

C. W-COMPONENT FOR WIND TUNNEL MODEL

mw=[{0 .1 -.3 =2.7 -4.5 =-6.5]*10
fw=[0 3/1000 35/1000 600/1000 999/1000 1]
[ bw, aw] =yulewalk(6, fw,mw)

( Aw,Bw,Cw,Dw] =TF2SS(bw,aw);
[2w,Polesw ,Kw] =5S2ZP(Aw,Bw,Cw,Dw,1)
x=rand(1,4000);

yw=filter(aw,bw,x);

pack

Pw=spectrum(x,yw,200,100);

disp ('Hit RETURN to see plots');
pause

meta comp_w

spcplotw(Pw,1000);
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D. U-COMPONENT FOR PROTOTYPE MODEL

mu={1 .1 -.2 -3.2 -7.2 ~-8.2]%*10;

fu={ 0 3/1000 35/1000 600/1000 999/1000 1};
[ bu,au] =yulewalk(6, fu,mu)

[ Au,Bu,Cu,Du} =TF2S8S(bu,au);

[Zu,Polesu,Ku] =SS2ZP(Au,Bu,Cu,Du,1)
x=rand(1,4000);

yu=filter(au,bu,x);

pack

Pu=spectrum(x,yu,200,100);

disp('Hit RETURN to see plots'); .
pause

meta comp_4u
spcpltéu(Pu,1000/14);

E. V-COMPONENT FOR PROTOTYPE MODEL

mv=[0 .1 -.7 =4.7 -7.2 -10.2]*%(10/1.73);
fv=[{0 3/1000 35/1000 600/1000 999/1000 1},
[bv,av]=yulewalk(6,fv,mv)
[Av,Bv,Cv,Dv]=TF2SS(bv,av);
[2Zv,Polesv,Kv]=SS2ZP(Av,Bv,Cv,Dv,1)
x=rand(1,4000);

yv=filter(av,bv,x);

pack

Pv=spectrum(x,yv,200,100);

disp('Hit RETURN to see plots');

pause

meta comp_é&4v

spcpltav(Pv,1000/14);

F. VW-COMPONENT FOR PROTOTYPE MODEL

ow={0 .1 -.3 -2,7 =4.5 -6.5]*10;

fw=[0 3/1000 35/1000 600/1000 999/1000 1];
[ bw, aw] =yulewalk(6, fw,mw)

[ Aw,Bw,Cw,Dw] =TF2SS(bw,aw);

[{Zw,Polesw,Kw] =SS2ZP(Aw,Bw,Cw,Dw,1)
x=rand(1,4000); .
yw=filter(aw,bw,x);

pack

Pw=spectrum(x,yw,200,100);

disp ('Hit RETURN to see plots');

pause

meta comp_4w

spcplté4w(Pw,1000/14);

f is a vector of frequency points, specified in the range between 0 and 1, where 1.0
corrsponds to half the sample frequency (the Nyquist frequency).

m is a vecotr containing the desired magnitude response at the points specified in f
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b and a are row vecotrs containing the n + 1 coefficients of the order n filter whose
frequency-magnitude characteristics match those given in f and m.

[A,B,C,D] are the state space vectors representing the digital filter transfer function.

[Z,P,K] are the vectors representing the minimum phase zeros, poles and filter gain
of the digital filter transfer function.
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APPENDIX E.

H46A-1 /MODEL

ON FILE Ul

Frdedededededededededriedednbdr et drdedtededene

H46 BASELINE

INDEX COMP NO.

1 CRE3

CCEO
CFM2
CSF1
CLC1
CES1
CSF1

NoawpwnN
- N N~

DATA SET
H46A2

AFT_HEAD
H46

GEAR
COUP_G
DROOPSTO
BLADE_WG

INPUT FOR DYSCO MODULES

MODEL H&46A-1 Fedededefedededoidoiefedekddedeiehededededete ke

FORCE  DATA SET
FRA3 WIND

REQUIRED DS/DM= NACA0012/AIRFOIL

NONE
NONE
FSS1 WAVES
NONE
NONE
NONE

Fefededededededode ek rdrfedededrke e dodedetfe e e Fede A A e s e e dnede e deedededrie e dedede e dede ke de dedede Ao de e e e dedeke

Fetedededeedededededeioiciviedeleieloiiciodk dokieieiodeldoleieioioedioioloieiovicletoioioieoicioleloioiefokdoioe foieioieelododok
GLOBAL VARIABLES

1 VSOUND - SOUND VELOCITY

2 RHO -~ AIR DENSITY RATIO

(]

1.11700E+03
1, OO000E+00

Fededededededededededededrdededertdorrdelrede e deidede Rl e dedededede e dedede do e de ke e e dr ke e R el bl dede il
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Fededededededededk Fedede ek

H46 AFT ROTOR (3 BLADES:

Fedededededededededededededededededededodedr e dedededededok deedrdrrdteodedede dede st de e de ook dedede e e e et
CRE3. ROTOR ELASTIC BLADES

H46A2  /CRE3

B2)

Fedededhddeddedfhihk

INPUT FOR ROTOR COMPONENT
1 Jv - INPLANE DOF = YES
2 JW - OUTPLANE DOF = YES
3 JP - TORSION DOF = YES
4 JS - SHAFT PERTURBED DOF = NO
5 JX - XHUB(LONG) DOF = NO
6 JY - YHUB(LAT) DOF = NO
7 JZ - ZHUB(AXIAL) DOF = YES
8 JAX - ALFX(ROLL) DOF = NO
9 JAY - ALFY(PTCH) DOF = YES
10 JAZ - ALFZ(YAW) DOF = NO
11 NV - NO. OF INPLANE MODES= 1
12 NW - NO. OF OUTPLNE MODES= 2
13 NP - NO. OF TORSION MODES= 1
14 NB - NO. OF BLADES = 3
15 PHL - PTCH HORN LNGTH (IN)= 8.67000E+00
16 PHSTA - PTCH HORN STA (IN) = 4.30000E+01
17 NX - NO. OF STATIONS = 20
18 ITYP - MODE INPUT 1 OR 2 = 2
19 X - (REAL) STATIONS
5.11000E+00 1.42000E+01 4. 30000E+01
7.65000E+01 9.18000E+01 1.07100E+02
1.37700E+02 1.53000E+02 1.68300E+02
1.98900E+02 2. 14200E+02 2.29500E+02
2. 60100E+02 2.75400E+02 2.90700E+02
20 NIP - INPLANE HINGE STA = 2
21 NOP - OUTPLANE HINGE STA = 1
22 NTOR - PTCH BEARING STA = 3
23 CIPP - IP MODAL DAMPING = 0.00000E+00
24 COPP - OP MODAL DAMPING = 0.00000E+00
25 CTORR - TORSION MODAL = 0.00000E+00
26 IBIP - IPBC1O0R 2 = 1
27 IBOP - 0P BC1OR 2 = 1
28 IBTO - TORSION BC 1 OR 2 = 2
29 NI - NO. OF IMPLICIT DOFS= 9
30 NIDOF - (DOF) IMPLICIT DOF NAMES
WGT 1 WGT 2 WTIP O WGT 12
WIIP 2 WGT 13 WGT 23 WTIP 3
31 XSTA - (REAL) STAS FOR IMPLCT DOFS
9. 83200E+01 1.95600E+02 3. 06000E+02
1.95600E+02 3.06000E+02 9.83200E+01
3. 06CO0E+02
32 DIST -~ (REAL) DISTANCE TO EC
0. 00000E+00 0. Q000QE+00 0. 00000E+00
0. 00CQ0E+00 0.00000E+00 0. 000CO0E+00
0. 00000E+00
33 IBN - BLADE NO. FOR IDOFS
1 1 1
2 3 3
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5. 80000E+01
1. 22400E+02
1. 83600E+02
2. 44800E+02
3. 06000E+02

0. 00000E+00

WGT 22

9. 83200E+01
1. 95600E+02

0. 0G000E+00
0. 00000E+00




50

51

52

53

54

55

SE

SEA

KM1

KM2

THP

t OO0 COO0O I OO0OCO0OO0 I OO0OO0O 1 OOOOO

" ¥ 9
NN O

IP SPRING RATE = 0.00000E+00
IP DAMPING RATE = 7.85380E+03
OP SPRING RATE = 0.00000E+00
OP DAMPING RATE = 0.00000E+00
TORSION SPRING RATE = 3.57793E+03
TORSION DAMPING RATE= 0. C00000E+00
RPM = 1.70770E+01
ROTATION DIRECTION = -1
AZIMUTH OF REF BLADE= 7.92710E+01
PRECONE ANGLE (DEG) = 0.00000E+00
HUB WEIGHT (LB) = 0.00000E+00
HUB M.0.I. ABOUT Y- = 0.0C000E+00
ROOT PTCH ANG (DEG) = 3.00000E+00
NONLIN TERMS = NO
UNIFORM BLADE = NO
(REAL) MASS PER UNIT LENGTH
. 50000E+00 5.50000E+00 1. 00000E+00
. 50000E-01 5. 20000E-01 5.05000E-01
. 80000E-01 4.50000E-01 4&.20000E-01
. 20000E-01 4. 20000E-01 4.20000E-01
.50000E-01 5.00000E-01 8.50000E-01
(REAL) CG OFFSET FROM EA
. 00000E+00 0. 00000E+00 2.50000E-01
. 30000E-01 -6.90000E-01 -7.40000E-01
. 20000E-01 -8.40000E-01 -8.60000E-01
. 10000E-01 -5.10000E-01 -7.60000E-01
. 40000E-01 2.50000E-01 3.30000E-01
(REAL) AREA CENTROID OFFSET
. 00000E+00 0. 00000E+00 0. 00000E+00
. 00000E+00 0. 00000E+00 0. 00000E+00
. 00000E+00 0. 00000E+00 ©. 00000E+00
. 0C000E+00 0. 00000E+00 0. 0000Q0E+00
. 00000E+00 0.00000E+00 0. 00000E+00
(REAL) MASS ROG ABOUT
. 00000E+00 0. 0CO0CQE+00 0. 00000E+00
. 00000E+00 0. 00000E+00 0. 000COE+00
. 00000E+00 0. Q0000E+00 0. 00000E+00
. 00000E+00 0. 000OCOE+00 0. 00000E+00
. 00000E+00 0. 00000E+00 0. 0Q0000E+00
(REAL) MASS ROG ABOUT
. 00000E+00 0. 00C00E+0G 0. 00000E+00
. 00000E+00 0. O0000E+00 0. O0000E+00
. D0O000E+00 0. 00000QE+00 0. Q0000E+00
. 00000E+00 0. 00000E+00 0. 00000E+00
. 00000E+00 0. 00000E+00 0. 000Q00E+00
(REAL) AREA ROG OF CROSS
. 000C0E+00 0. 00000E+00 0. 00000E+00
. 0O0000E+00 0. 00000E+00 0. 00000E+00
. 00000E+00 0. 00000E+00 0. 00000E+00
. 000J0E+00 0. 00000E+00 0. 00000E+00
. 00C00E+00 0. 00000E+C0O 0. O0000E+00

(REAL) PRETWIST RATE DEG/IN

. 00000E+00 0. 00000E+00
. 80000E-02
. BOOOOE-02 -2.80000E-02
. 80000E-02 ~-2.80000E-02

-2.80000E-02
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0

. 00000E+00

[l i S« -]

| T T
albhng

[ [=NeoNaoNaNe] [=NeRoNoNa] [oN=NoNoNe] O0O0OO0O0

-2. 80000E-02 -2
-2.80000E-02 -2
-2.80000E-02 -2

. 0C000E-~01
. 99000E-01
. 20000E-01
. 10000E-01
. 30000E+00

. 20000E-01
. 80000E-01
. 80000E-01
. 10000E-01
. 30000E~-01

. 00000E+00
. 00000E+00
. DO0O0E+00
. 00000E+00

. 00000E+00

. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00

. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00

. 00000E+00
. 00000E+00
. 00000E+0Q0
. 00000E+00
. 00000E+0Q0

. 90200E-01
. 80000E-02
. 80OOOE-02
. 80000E-02




56

57

58

59

60

61

62

63

EIY

EIZ

EA

GJ

EB1

EB2

EC1

EC1STA

JIL
NXIL
JIPIL
JOPIL
JTORIL

» N

11 1 1 OO0 QO I OO0OOO I OO0 IOOOOOQ It HimEiEy | O00C0COC 1 HEPEFRERIDUI P OLWLWN

. 80000E-02 -2.80000E-02 -2

(REAL) CHORDWISE EI*10E-6
2.85000E+02 8
. 70000E+02 4. 20000E+02 4
. 95000E+02 3.92000E+02 3
. 20000E+02 4. 20000E+02 5
. 35000E+02 4.40000E+02 4

. 85000E+02

(REAL) BEAMWISE EI*10E-6

. 70000E+02
. 00000E+01
. 95000E+01
. 60000E+01
. 80000E+01

1. 60000E+02
2. 10000E+01
1. 95000E+01
1. 60000E+01
1. 50000E+01

. 00000E+01 7.
. 80000E+01
. 69000E+01
. 52000E+01
. 65000E+01

. 00000E+00 0.
. 00000E+00 O.
. 00000E+00 O.
. 00000E+00 O.
. 00000E+00 0.

. 000Q0E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00

. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00

. 00000E+00

(REAL) SECTION EA*10QE-6

. 00000E+00 0. COQ000E+00
. 00000E+Q0 0. 000QOE+00
. 00000E+00 0. 00000E+00
. 0000CE+00 0. 0O00CE+00
. 000CQ0E+00 0. 00000E+00

(REAL) SECTION GJ*10E-6
0000QE+01

1. 70000E+01
1. 65000E+01
1. 52000E+01
1. 60000E+01
(REAL) CROSS
00GO0E+00
00000E+00
00000E+00
00000E+00
00000E+QQ
(REAL) CROSS
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
(REAL) CROS
. 000C0E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
(REAL) CROS
. 00000E+00

SEC INTEGRA

SEC INTEGRA

SEC INTEGRA

SEC INTEGRA

2
2
1
1
1

[eNeoNoNoNe]

. 0000Q0E+00

. C0O000E+00
. 00000E+00

COOCOUMOOOOONOOOOO

. 00000E+00
INTERNAL LOAD

NO. OF STATIONS
INPLANE MOMENTS

OUTPLANE MOME
TWIST MOMENTS

. 00000E+00
. 00000E+00
. 00000E+00Q

COO0OO0COHOOOOOHOOOOOHOOOOOL = i i~

00000E+00

NTS
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. B0O0OE-02

. 00000E+01
. 12000E+02
. S0000E+02
. 70000E+02
. 20000E+02

. 10000E+02
. 00000E+01
. 95000E+01
. 60000E+01
. 20000E+01

. 00000E+00
. 000C0E+00
. 00000E+00
. 00000E+00
. 00000E+00

. 00000E+01
. 70000E+01
. 62000E+01
. 52000E+01
. 40000E+01

. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+QQ

. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+0Q0
. 00000E+00

. O0000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00

. 00000E+00
. 00000E+00
. 00000E+00
. GO000E+00
. 00000E+00
YES

-2

NN

s N N

bt D [eNeRNoNoNo]

OCOO0OOO [eNeoNoNoRa) OCO0OO0OO0OO0O [eNeRoNo N

. BOOOOE-02

. 75000E+02
. 05000E+02
. 10000E+02

. 20000E+02
. 55000E+02

. 00000E+01
. 00000E+01
. 60000E+01
. 60000E+01
. 80000E+01

. 00000E+00
. 00000E+00
. 00000E+00

. 00000E+00

. 00000E+00

. 40000E+01
. 70000E+01
. 55000E+01
. 52000E+01
. 52000E+01

. G0000E+00
. 00000E+00
. 00000L+00
. 00000E+00

. 00000E+00

. CO000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00

. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00

. 00000E+00
- 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00

~*rdedededererededertdedediedt e Fede sk drde e e dert e dede e e dedr ke dedededede et e e e e e e e e e ek e e R b o e e e




Fedededrdedek i dedededriodei

H46 FUSELAGE

e e sk sl ke o e o oL

H46

Frkkdddhtd it

-----------------------------

INPUT FOR STRUCTURAL

RBM
IXCG
IYCG
12CG
IROLL
IPTCH
Iyaw
CG
NMODE
NR
NROT
XROT
ZROT
ASF
ASL
IX

Iy

1z
TAX
IAY
IA2
NI
MASSL

L2l N W I PN e

---------

Illlllllllll'llllllllll

RIGID BODY MODES
LONGITUDINAL
LATERAL

VERTICAL

ROLL

PITCH

YAW

CG STATION (IN)
NO. OF ELASTIC MODES
NO. OF ROTORS
ROTOR NUMBERS
ROTOR STATIONS
ROTOR VERTICAL HT
FWD SHAFT ANGLE
LAT SHAFT ANGLE

(LI I N (S L L O O 1

LU S (O (O 1

HUB TRAN DOF - LONG
HUB TRAN DOF - LAT
HUB TRAN DOF - AXIAL=
HUB ANGL DOF - ROLL =
HUB ANGL DOF - PITCH=
HUB ANGL DOF - YAW =

NO. OTHER IMPLCT DOF=
FUSELAGE MASS (LB) =
PITCH MOI ABOUT CG

....................

2.94500E+02
0
2
1
7.40000E+01
8. 00000E+01
9. 50000E+00
0. 00000E+00

1. 94400E+04
1. 16 700E+05

COMPONENT CFM2. MODAL FUSELAGE

2
4. 76000E+02
1. 28000E+02
7. 00000E+00
0. 00000E+00

...................................

e
Wnn"n‘ltnﬂunnaunnn"nnununnnnuNnnunuirwvwn"‘nnn?iuﬂnnu"nnn‘nn"unnnw‘ua\nnunnnnwn?\'
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Fededededededededededededed ke AFT_HEAD/CCEO Fededrdededededkdode o

CONTROL RODS FOR H-46 AFT HEAD

Fedededededededed e dededededededesededededededededodededededededededefe e ek dedb e dedededodededede ke dededeok
INPUT FOR CONTRUL SYSTEM COMPONENT CCEO. CONTROL RODS

1 KROD - CONTRL ROD STIFFNESS= 3.00000E+03
Fededededede sk sk e dedededes st dededededodede e il dodede dede deoioiefok e e dede e e dede ek

Fedededededdedekdedkdeekor GEAR JCSF1 Fededekdedededededeiio o

LANDING GEAR

Fedrdeskdedede e R A e dededeierak s de de e dedbddoie el dededededededododedokeadeok ook
INPUT FOR COMPONENT CSF1. FINITE ELEMENT

1 NCDF - NUMBER OF DOF = 2
< CDFLI - DOF NAMES = FG 0 AG 0
3 CM - (REAL) MASS MATRIX
NULL MATRIX
4 CC - (REAL) DAMPING MATRIX
NULL MATRIX
5 CK - (REAL) STIFFNESS MATRIX

DIAGONAL MATRIX (DIAGONAL VALUES PRINTED)

6. 50000E+03 6. 50000E+03
6 CF - FORCE VECTOR 0. 00000E+00 0. 00000E+00

7 IGR - GLOBAL REFERENCE NO
Fededriededededededededede dedrieieieiekoiredededrndedridnieeodeieieieiokdeirid deinbededeirk dokedoioiedodeirkdededrrkedeedeok
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Fededvdededrdedededodededefek COUP_G /CLC1 dededeedededededdedodededede

RELATE GEAR DOF TO FUSELAGE

Fededesrdedr e dededrdeded kool ool ek deiededeb i ik de ek ek ek dekok ook
INPUT FOR COMPONENT CLC1l. LINEAR CONSTRAINTS

1 NCDF - NUMBER OF DOF = 2
2 CDFLI - DOF NAMES = Z2CG 1000 PTCH1000
3 NCIDF - #f OF CONSTRAINT EQNS= 2
4 CIDFLI - IMPLICIT DOF NAMES = FG 0 AG 0
5 COEF - (REAL) COEFFICIENT MATRIX
GENERAL MATRIX
ROW 1
1. 00000E+00 2. 64000E+Q2
ROW 2

1. 00000E+00 ~5. 00000E+01
Fedrdrdededoddedriedededededek dedeieioidekdefokdekirrininrinededreirielededed deodedokodoiokdokedriiodeiodnt e ko

DROOPSTO/CES1 ON FILE U1

Fededededdededededededededede DROOPSTO/CES1 Fededdekekdedeiekdoioiodiok

DROOP STOP FOR ROTOR HEAD (FLAP STOP)

Fededede R drdest e dede e dededeedededeiededeieder e dededek et e e A et de dr e Aot
INPUT FOR CGMPONENT CES1. ELASTIC STOP

1 MCDF - ## OF DOF-EXCEPT BASE= 6
2 CDFLI - (DOF) DOF NAMES
OP 2110 OP 2120 OP 2210 OP 2220 OP 2310
0P 2320
3 BASE - EXISTNCE OF B¢ i DOF= YES
4 CDFLBI - BASE DOF NAME = ZHUB1000
5C1 - UPPER DAMPING COEFF = 0.00000E+00
6 C2 - LOWER DAMPING COEFF = 0.00000E+00
7 K1 - UPPER SPRING COEFF = 0.00000E+00
8 K2 - LOWER SPRING COEFF = 0.00000E+00
9 DELT1 - UPPER GAP SIZE = 2.10000E-02
10 DELT2 - LOWER GAP SIZE = 0. 00000E+00

Fededere e s e e A ek st dere s e A AR e e ARk T A e A R e e et e e dedededededeok e e e e e dede ek
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dedededod R edededrdedede kot

BLADE_WG/CSF1

Blade weight DOF for CRE3

Feddek e dedfrhdded okt

Fedededededededededededeed et de il b dede et dede dede e dededededee ek derede sk de e de dedede sk e dede e e
INPUT FOR COMPONENT CSF1. FINITE ELEMENT

1 NCDF
2 CDFLI

3 CM

4 CC

5 CK

6 CF

7 IGR
8 LDC
ROW
ROW
ROW
ROW
ROW
ROW
ROW
ROW
ROW

- NUMBER OF DOF = 9
- (DOF) DOF NAMES
WGT 1 WGT 2 WTIP
WIIP 2 WGT 13 WGT
- (REAL) MASS MATRIX
NULL MATRIX

0 WGT
23 WrIp 3

- (REAL) DAMPING MATRIX
NULL MATRIX

- (REAL) STIFFNESS MATRIX
NULL MATRIX

(REAL) FORCE VECTOR

. 00000E+00 0. 00000E+00 0. 00000E+00
. 00000E+00 0. 00000E+00 0. 000C0E+00
. 00000E+00

GLOBAL REFERENCE =
(REAL) LOCAL DOF VECTORS
GENERAL MATRIX

[oNeoNoN

YES

O}OOOOOE+OO 0. 00000E+00 1.
0?00000E+00 0.
0?00000E+00 0
0?00000E+00 0
0?00000E+00 0
0?00000E+00 0.
0
0
0

00000E+00

00000E+00 1. 00000E+00

. 00000E+00 1. 00000E+00

. 00000E+00 1. 00000E+00

. 00000E+00 1. 00000E+00

00000E+00 1. 00000E+00
O?OOOOOE+OO
O§00000E+00
0?00000E+00

. 00000E+00 1. 00000E+00

. 00000E+00 1. 00000E+00

. 00000E+00 1. 00000E+00

12 WGT

22

0. 00000E+00
0. 0G000E+00

At e e e dede s e e e A e e e e e de e e de de e e de e e e i e e e e e A e dedoded Ao e e Ao e e A e e ek
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Fekekdedededededeokdehdeiek

LOW REYNOLD'S NUMBER AERODYNAMICS FOR NACA0012 AIRFOIL

WIND /FRA3

REQUIRES DS/DM NACA0012/AIRFOIL
NO SEQUENTIAL FILES REQUIRED

dededededededededededededededdedfrdedeidededededededede oo ek e ededede e dede e Ao R e Aok ok e e e b ke e ok ok dededee ok

INPUT FOR FORCE FRA3. ROTOR AERO GENERAL

P el b pb b b b
CUVPWNHMOWVWENAWM WA

22

23
24

25

IEQS
INFTAB
TUNSTD
VAIRH

ASTALL
RFCT
TIPLOC
XH

ALT
K27
Cbo
Qic
Q2C
ALAMDA
NXA
XAERO

AFTAB1
STA-AF1

XACC

CHORDC

SF)

FL

? 26 FD

[ T T Y- IR W I - R T N SN S TR T T TR T T I V. I T R T |

D ps P O 1 1 =HOITOOO

1

. 00000E+00
. 87500E+01
. 87500E+01

. 00000E-01
. 00000E-01
. 00000E-C1

. 00000E+00

. 00000E-01

AERODYNAMICS BY EQS =
INDUCED VEL BY TABLE=
UNSTEADY AERO

(REAL) WIND VELOCITY
. 22335E+01
STALL ANGLE (DEG)
INDUCED VEL FACTOR
TIP LOSS COEFFICIENT=
HUB EXTENT (IN)
VEHICLE HEIGHT (FT)
TIP VORTEX COEFF
BLADE DRAG COEFFAT
Q1C COEFFICIENT
Q2C COEFFICIENT
NONDIM INDUCED VEL
NO. OF STATIONS

O WUkt =2 OO \O =

Fefdrkdedededekdehhkk

NO
NO

NO/YES
0. 00000E+00 2. 47238E+01

. 20000E+01
. 65000E+00
. 50000E-01
. 16000E+01
. 00C00E+00
. 00000E+00
. O0000E-03
. 00000E+00
. 00000E-01
. 00000E+00

10

(REAL) NONDIM AERO STATIONS

. 00000E-01 2.00000E-01 3.00000E-01 4.
. 00000E-01 6.00000E-01

. D0000E-01 1. 0000CE+00
NO. AIRFOIL TABLES
NAME AF TABLE 1
NO. OF STATIONS AF 1
STATIONS FOR AF 1

1 2
6 7

7.00000E-01 8.

(REAL) A/C OFFSET FROM E.

. 00000E+00 0. 00000E+00
. 00000E+00 0. 00000E+00
. OOOO0E+00 0. OO00OE+00

(REAL) CHORD (IN)

1. 10000E+01
1. 87500E+01
1. 87500E+01
NO. AERO FACTOR STAS=

0
0

—

(REAL) NONDIM FACTOR STAS

2.00000E-01
6. 00000E-01
1. 00000E+00
(REAL) FACTORS FOR CL
. 000C0E-01 5.00000E-01
1. 00000E+00
. 80000E-01 8.90000E-01
- (REAL) FACTORS FOR CD
5. 00000E-01

82

3.
7.

—

7.

3
8
C.
. 00000E+00
. 00000E+00

. 87500E+01
. 87500E+01

10
00000E-01
00000E-01

. 00000E-01
. 00000E+00

00000E-01

4

1
NACA0012/AIRFOIL
10

oo &~

-

00000E~01
00000E-01

5
10

. 00000E+00
. 00000E+00

.87500E+01
. 87500E+01

. 00000E-O1
. 00000E-01

. 00000E+00
. 00000E+00

. 00000E+00




. 00000E+CO 1. 00000E+00 1.00000E+00 1.00000E+00
. 00000E+00 1. 0000CE+00

(REAL) FACTORS FOR CM
.00000E+00 1. 00000E+00 1.00000E+00 1.00000E+00
. 00000E+00 1. 00000E+00 1.00000E+00 1. 00000E+00

. 00000E+00 1. 00000E+00
FedeRFedededed e Fede R ded e sk A Aot dede Atk dee s ARk deded dede ot e de dede ook

27 FM

[ T
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APPENDIX F. VELOCITY FIELDS OF THE ROTOR BLADES

(RHOADES)

ALL VELOCITIES IN M/S

TURS W

0.082

-7.263 -3.9%
-3.962

-3.3%7

~14.93¢

0.002
-3.063
~1.883

f/MS 4 SKEU W

0.062 -4.679

0.042

0.07
0.068

-0.02
-3.085 -0.00%

-0.01¢

HEAN N
a.
-0.007

ums v
0.50%
-17.137
-11.904
~9.3%

0.164
-2.736
-35.1%
-3.766
-3.053

SKXEUW Vv
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it
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m @000
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goie-t
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2

e

=5REAY.

HoseTe
“E3%5R
ccocoe

ummuna

e -
nzzzzz

“NATY
]

B

2zggny
NNIN =
Bicass
=SRERY
Boggnt
wERERE
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§18AE8
‘ [-X-X-2 -3
3585
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it

m.mnmm,
” 000.0
Iy588
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41111
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APPENDIX G. LOOKUP TABLES FOR DYSCO FRA3 MODULE AND
BLADE ELEMENT PROGRAM

MACH NO. AOA LIFT DRAG MOMENT
(DEG) COEFF. COEFF. COEFF.
0. 060 -180.00  0.000000 0.022000 0.000000
0. 060 -176.40 -0.091100 0.049100 0.315800
0. 060 -172.80 -0.035400 0.087320 0.417300
0. 060 -169.20  0.152700 0.148200 0.384600
0. 060 -165.60  0.367900 0.231100 0.305300
0.060 -162.00 0.570700 0.266200 0.290900
0.060 -158.40  0.734400 0.353300 0.315100
0. 060 -154.80 0.863200 0.475100 0.349400
0. 060 -151.20  0.952600 0.604700 0.383200
0.060 -147.60  0.997300 0.740700 0.41540Q0
0. 060 -144. 00 1.013100 0.881500 0.445000
0.060 -140.40 1.031500 1.025800 0.470800
0.060 -136. 80 1. 043500 1.166400 0.491700
0.060 -133. 20 1.039100 1.293900 0.507100
0.060 -129.60 1.008400 1.408400 0.519200
0. 060 -126.00 0.951200 1.510200 O0.528500
0. 060 -122.40  0.881500 1.599400 0.535100
0. 060 -118.80 0.801000 1.676900 0.539200
0.060  -115.20 0.710900 1.751000 0.541000
0.060 -111.60 0.612300 1.822000 O0.540600
0. 060 -108.00 0.506600 1.888200 0O.538100
0. 060 -104.40  0.394800 1.947900 0.533700
0. 060 -100.80  0.278400 1.994300 0.527600
0. 060 -97.20  0.158400 2.020500 0.519800
0. 060 =93.60  0.036200 2.027700 0.510600
0. 060 -90.00 -0.087100 2.022000 0.500000
0. 060 -86.40 -0.210200 2.007900 0. 488400
0.060 -82.80 -0.332000 1.985500 0.476000
0. 060 ~79.20 -0.451100 1.954300 0.462800
0. 060 =75.60 -0.566400 1.915700 0.448700
0. 060 =72.00 -0.676600 1.870300 O0.433600
0. 060 -68.40 -0.780500 1.817600 0.417500
0. 060 ~64.80 -0.876900 1.756600 0.400400
0. 060 64.80 0.887100 1.757600 -0.400400
0. 060 68.40  0.795200 1.818000 =-0.417500
0. 060 72.00 0.696100 1.870100 -0.433600
0. 060 75.60  0.591000 1.915500 -0.448700
0. 060 79.20  0.480800 1.954300 -0.462800
0.060 82.80 0.366600 1.985500 =-0.476000
0. 060 86.40  0.249400 2.007900 -0.488400
0. 060 90.00  0.130300 2.022000 -0.500000
0. 060 93.60 0.010200 2.027700 -0.510600
0. 060 97.20 -0.109700 2.020500 -0.519800
0. 060 100.80 -0.228400 1.994300 -0.527600
0. 060 104.40 -0.344900 1.947900 -0.533700
0. 060 108.00 -0.458100 1.888200 -0.538100
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OO0 O0OOOOOOCLCOO0ODODOOCOCOOOOC0

. 060
. 060
. 060
. 060
. 060
. 060
. 060
. 060
. 060
. 060
. 060
. 060
. 060
. 060
. 060
. 060
. 060
. 060
. 060
. 060

111.
115.
118.
122.
126.
125.
133.
136.
140.
144,
147.
151.
154.
158.
162.
165.
169,
172.
176.
180.

.567100
. 670800
. 768000
. 857900
. 939300
. 011100
. 063600
. 089900
. 087500
. 053800
. 986500
. 894500
. 791600
. 688600
. 602300
. 629600
. 722800
. 779900
. 550600
. 000000

QOO OCOOOOO O = = s
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. 822000
. 751000
. 676900
. 599400
.510200
. 408400
. 293900
. 166400
. 025800
. 881500
. 740700
. 604700
.475100
. 353300
. 266200
. 231100
. 148200
. 087300
. 049100
. 022000

. 540600
. 541000
.539200
.535100
.528500
.519200
.507100
.491700
. 470800
. 445000
. 415400
. 383200
. 349400
. 315100
. 290900
. 305300
. 384600
.417300
. 315800
. 000000
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APPENDIX H.

WAKE TURBULENCE MODELING FILTERS FOR 330°

87

YAW
P lw {Zetoes) -0.23771 0.6911) | -0.7228 | 0.00001 | -0.2377 -0.69IT“ Data lor Polnt 6w same as Gv.
K~ 0.8765 | 0.07011 | 0.8765 | -0.07011 -0.0214 | 0.00001 | Pt 7a |Zerocs | -0.2400 | 0.68771 | -0.7246 | 0.00001 | -0.2400 | 068771
22.3113| Potes | 0.8900 | 000001 | 02381 | 0.67961 | -0.2381 | 067961 K = 0.9101 [ 0.0000i | 0.7963 | 0.00001 | -0.0498 | 0.00001
"1 07482 0.0000i | -0.3573 | 0.00001 | ©.1041 | 0.00001 §218263] Pales | 0.8022 | 0.0000i | -0.2408 | 0.67581 | -0.2408 | -0.675%%
Piiv |Zeroes| 08592 | -0.07051] 0.8592 | 0.0705) | 0.4642 | 0.0001 ~0.7495 | 0.0000} | -0.3626 | 0.00001 | 0.0787 | 0.0000i
K= 1 | 06735 | 000001 | 04260 | -0.27791| -0.0426 | 02779 | Pi. Tv | Zesoes | -0.2400 | 0.63771 | -0.7246 | 0.00001 | -0.2400 | -0.68771
14595 | Poles | 0.8969 | 0.00001 | 0.5154 | 0.0000i | -0.7068 | 0.00001 | K = 09101 | 0.00001 | 0.7964 | 0.00001 | -0.0498 ] 0.00001
104426 | 0.28281 | 04426 | -0.2828i | -0.1054 | 0.00001 J21.8265] Poles | 0.8023 | 0.00001 | -0.2408 | 0.67591 | -0.2408 | -0.675%i
Piiw |Zeroes| -0.7021 | 0.43901 | -0.7021 | -0.43901 | -0.5936 | 0.00001 ~0.7495 | 0.0000¢ | -0.3626 | 0.00001 | 0.0787 | 0.0000
K= |~ [0872 [ 003941} 08762 | 00394 | 0.2447 | 0.00001 | Pt. Iw | Zeroes | -0.2383 | 0.69051 | -0.7231 | 0.00001 | -0.2383 | -0.6905i
16.707 | Poles | -0.7030 | ©.43551 | -0.7030 | -0.43351 | 0.9283 | 0.00001 | K = 0.8873 | 0.00001 | 0.7094 | 0.00001 | -0.0264 | 0.0000
10.6873 | 0.0000i | 0.2889 | 0.0000i | -0.1360 | 0.00001 |21.9524] Potes | 0.70135 | 0.00001 | -0.2388 | 0.6778) | -0.2388 | -0.678%
Pt 2n |Zeroes| 0.2262 | 059108 | -0.7220 { 0.0000i | -0.2262 | 0.69104 -0.7484 | 0.00001 | -0.3583 | 0.00001 | 0.0999 | 0.0000i
K= 0.7830 | 0.0000i | 0.5852 | 0.00008 | 0.0793 | 0.0000i | Pt. B |Zcroes|-0.2400 | 0.68771 | -0.7246 | 0.0000i | -0.2400 | -0.68771
36.5917| Potes | -0.2252 | 0.67451 | -0.2252 | 0.67451 | -0.7475 | 0.00001 | K = 0.9101 [ 0.0000i [ 0.7963 | 0.00001 | -0.0498 | 0.00001
0.7088 | 0.00001 | -0.3566 | 0.00001 | 0.3122 | 0.00001 J21.8265] Poles | 0.8022 | 0.00001 | -0.2408 | 0.6759i | -0.2408 | -0.675
P 2v | Zeroes | -0.2340 | -0.68831 | -0.7271 | 0.0000{ | -0.2340 | 0.68831 70.7495 | 0.00001 | -0.3626 | 0.0000; | 0.0787 | 0.00001
K~ 0.7977 | 0.00001 | 0.5497 | 0.0000i | 0.0492 | 0.0000i | Pt 8v |Zeroes | -0.2400 | 0.68771| 0.7246 | 0.0000i | -0.2400 -o.mmr
26.6721] Poles | 02343 | 0.67181 | 02343 | 0.6718i| 0.7107 |00000i § K = ©.9101 | 0.00001 | 0.7964 | 0.00001 | -0.0498 | 0.6000
07513 | 0.00001 | -0.3666 | 0.0000i | 0.2572 | 0.00001 §21.8265| Poles | 0.8023 | 0.00001 | -0.2408 | 0.675%i | -0.2408 | -0.6755i
Pt2w |Zevoes| -0.2377 | 0.69111 | -0.7228 | 0.00001 | -0.2377 | -0.6911i -0.7493 | 0.0000i | -0.3626 | 0.00001 | ©.0787 | 0.0000i
K= 08765 | 007011 | 08765 | -0.0701i] -0.0214 | 0.00001 | PL Bw | Zeroes | -0.2383 | 0.69051 [ .0.7231 | 0.00001 | -0.2383 | 06905
72.3112] Potes | 0.8900 | 000001 | -0.2381 | 0.67%1 | -0.2381 | -0.679%if K = 0.8873 | 0.00001 | ©.7094 | ©.0000i | -0.02564 | 9.0000i
-0.7482 | 0.00001 | -0.3573 | 0.0000) | 0.1041 | 0.0000 21.9524] Poles | 0.7015 | 0.0000i | -0.2388 | 0.6789i | -0.2388 | -0.678%
Data fot 3w, v, 3w, 4y, 4v, 4w s1c the same 83 2w -0.7484 | 0.00001 | -0.3583 | 0.0000i | 0.0999 | 0.0000i
Pt Su | Zeroes| -0.2400] 0.6877) [ -0.7246 | 0.00001 | -0.2400 | -0.68771] P1. 9u | Zeroes | -0.2400 | 0.68771 | -0.7246 | 0.00001 | -0.2400 | -0.6877
K= 0.9101 | 0.00001 | 0.7964 | 0.00001 | -0.0498 | 0.00001 | K = 0.9101 | 0.00001 | 0.7964 | 0.00001 | -0.0498 | 0.00001
3178265] Poles | 0.8023 | 0.00001 | 0.2408 | 0.675% | -0.2408 | 0.675% §11.8265] Poles | 0.8023 | 0.00001 | .0.2408 | 0.67591 | -0.2408 | -0.675%
0.7495 | 0.00001 | -0.3526 | 0.0000i | 0.0787 | 0.0000) -0.7495 | 0.00001 [ -0.3626 | 0.0000 | 0.0787 | 0.0000i
Pt. Sv |Zeroes | -0.2377 | 0.69111 | -0.7227 | 0.00001 | -0.2377 [ -0.69111]] PL.9v | Zetoes | -0.2400 | 0.68771 | -0.7246 | 0.00001 | -0.2400 -ﬁﬁ#
K= 0.8765 | 0.07011 | 0.8765 | 00701 | -0.0214 ] 0.0000i § K= 0.910] | 0.00001 | 0.7963 | 0.00001 | -0.0498 | 0.0000
723112] Poles | 0.8900 | 0.00001 | -0.2381 | 0.67961 | -0.2381 | -0.6796i §21.8265| Poles | 0.8022 | 0.00001 | 0.2408 | 0.675% | -0.2408 nmsmL
07482 | 0.00001 | -0.3573 | 0.00001 | ©.1041 | 0.0000i -0.7495 | 0.0000i | -0.3626 | 0.0000 | 0.0787 | 0.0000i
Dats for Point 5, w a3 for Point 5, v PLOW | Z -0.2383 | 0.69051 | -0.7231 | 0.00001 | -0.2383 | 06905
Pi. 69 | Zetoes| -0.2400 | 0.68771 | -0.7246 | 0.00001 | -0.2400 | 068771 K= 0.887) | 0.0000i | 0.7094 | 0.0000i | -0.0264 | 0.00001
K= ©.9101 | 0.00001 | 0.7964 | 0.00001 | -0.0496 | 0.00001 §21.9524] Poles | 0.7015 | ©.00001 | -0.2388 | 0.6789% | -0.2388 | -0.67891
71 8265] Potes | 0.8023 | ©0.00001 | -0.2408 | 0.67591 | -0.2408 | -0.675% -0.7484 | 0.00001 | -0.3583 | 0.00001 | 0.0999 | 0.0000:
70,7495 | 0.00001 | -0.3526 | 0.00001 | 0.0787 | 0.0000i | P1. 10w | Zeroes | -0.2396 | 0.68811 | -0.7243 | 0.00001 | -0.2396 | -0.68811
1 6v |Zetoes| -0.2378 | 0.691%1 | -0.7223 | 0.00001 | -0.2378 | 069181 K« 0.9007 | 0.00001 [ 0.5314 | 0.0000 | -0.0463 | 0.0000)
K= 08931 | ©.00001 | 0.4844 ) 0.00001 | -0.0103 ) 0.0000 §21.8721] Poles | -0.2403 | 0.67631 | -0.2403 | -0.67631] -0.7492 | 0.00000
71,927 | Poles | -0.2381 | -.6Ro41 | -0.2381 | -0.68041 | -0.7480 | 0.00000 0.5319 | 0.00001 | 03618 | 0.00001 | 0.08(5 | 8.00001
0.4759 | 0.00001 [ .0.3562 | 0.00001 | 0.i1i79 | 0.0000! Daia for Point 10 v same 83 for 10w




Pt 10 w] Zeroes [ -0.2386 | 0.69001 | -0.7234 | 0.0000i | -0.2386 | -0.69001 | b1 14 v] Zerocs | -0.2400 | 0.68771] -0.7246 | 0.00001] -0.2400 | .0.64771)
Ke 0.8571 | 0.02681 | 0.8751 | 0.02681 | -0.0316 | 0.00001 [ ¥ < 0.5101 | 0.0000i | 0.7967 | 0.0000i | -0.0498 | 0.00001
220159 Poles | 0.8255 | 0.00001 | -0.2392 | 06783 | -0.2392 | -0.67831§21.8265) Poles | 0.9022 | 0.0000i | -0.2408 | 0.57591 | -0.2408 | 0.6756i
~0.7486 | 0.00001 | -0.3592 | 0.00001 | ©.0949 | 0.00001 -0.7495 | 0.00001 | -0.3626 | 0.00001 | 0.0787 | 0.00001
Pt 11 w)Zeroes | -0.2400 | 0.68771 | -0.7245 | 0.00001 | -0.2400 | 06877 ] PL 14w | Zeroes | -0.2396 | 0.686811 | -0.7243 | 0.00001 | -0.2396 | -0.68811
K= 0.9061 | 0.00001 | 0.7503 | 0.00001 | -0.0497 | 0.00001 § K = 0.9007 | 0.00001 | 0.5314 | 0.0000] | -0.0363 | 0.0000
21.8425] Poles | 0.7537 | 0.00001 | 0.2408 | 0.67591 | -0.2408 | -0.6759 21 8721 Poies | -0.2403 | 0.67631 | -0.2403 | 0.67631] -0.7493 | 0.0000i
07454 | 0.00001 | -0.3526 | 0.00001 | 0.0787 ] 0.0000i 0.5319 | 0.00001 | -0.3618 | 0.0000i | 0.0815 | 0.0000i
PU L v|Zeroes | -0.2396 | 0.68811 | -0.7243 | 0.00001 | -0.2396 |- 0.68811] r. 15 « | Zeeoes | -0.2400 | 0.68771] -0.7246 | 0.00001 | -0.2400 | -0 68791
K= 0.5007 | 0.00000 | 0.5314 | 0.0000i | -0.0463 | 0.0000i | K= ©0.9101 | 0.00001 | 0.7964 | 0.00001 { -0.0498 | 80000
2178721 Toles | 02403 | D.67631 | -0.2403 | 06763 | -0.7492 | 0.00001 J21.8265] Poles | 0.8023 | 0.00001 [ -0.2408 | 6.67551 | -0.2408 | 06759
103319 | 000001 | -0.3618 | 0.00001 | 0.0815 | 0.0000} -0.7495 | 6.00001 | -0.3626 | 0.00001 | 0.6787 | 0.0000i
[P 1T =|Zeroes | 02386 | 069001 | 07234 | 0.00001 | -0.386 | 0.69001 | F1. 15 v | Zevoes | 0.3400 | 068771 07345 | 0 00001 | 53406 | 558771
K= 08571 | 002681 | 0.8571 | 0.02681| -0.0316 | 0.0000i § K = 0.5097 | 0.00001 | 0.7933 | 0.0000i | -0.0458 | 0.0000
22.0159| Poles | 0.8255 | 0.00001 | -0.2392 [ 06783 | -0.2397 | 06763 §21.8275] Poies | 0.1580 | 0.00001 | -0.2408 | 0.67551 | -0.2408 26759
07486 | ©.00001 | -0.3592 | 0.00001 | 0.0949 [ 0.00001 -0.7495 | 6.00001 | -0.3626 | ©.00001 | 0.0787 | 0.0000i
Tt 129 | Zeroes| -0.2400 | 0.68771 | -0.7245 | 0.00001 | -0.2400 -uwliﬁ. 1S w{Zetoer | 0.8976 | 0.00001 | -0.2386 mﬁi‘l 0.7221 | 0.00001
m;p 0.9101 | 0.00001 | 0.7964 | 0.00001 | 00498 [ 0.00001 § K = 02386 | 0.69231 | 0.0303 | 0.0725i 0.0503 | 0.07251
Toles | 0.8023 | 0.00001 | -0.2408 | 067391 | 0.2409 | 067591121 8961] Poles | -0.2391 | 0.68101 | -0.2391 | -0 6810i] -0.7477 | 6.00001
| 0.7493 | 0.00001 | -0.3626 | 0.00001 | 0.0787 | 0.6000 103539 | 0.00001 | 0.1100 | 0.09331{ 0.1100 | -0.00951
Fi. 12v| Zeroes | -0.2400 | 0.68771 | -0.7246 | 0.00001 | -0.2450 | -0.68771 | Pr. 16 w| Zeroes | -0.2400 | 0.68771 | -0.7246 | 0.00001 | -0.2400 | -0.68771
K= 0.9097 | 0.00001 | 0.7933 | ©0.0000 | -0.0498 | 0.00001 | K = 0.9101 | 0.00001 | 0.7964 | 0.0000i | -0.04938 | .00001
21.8279] Poles | 0.7969 | 0.00001 | -0.2408 | 0.67591 | -0.2408 | -0.6759i } 21.8265] Polcs | 0.8023 | 0.00001 | -0.2408 | 0.6759i | -6.3400 | 0.675%
107495 | 0.00001 | 0.3636 | 0.00001 | 0.0787 | 0.0000i -0.7495 | 0.0000i | -0.3626 | 0.0000i | 0.0787 | 0.0000i
Pt 12 w| Zetoea| -0.2377 | 0.69111 | -0.7228 | 0.00001 | -0.2377 | 0.69111| Pr. 16 v | Zeroes| 02400 | 0.68771| -0.7246 | 0.00001 | .0.2400 | 0E87H
K= | | 08765 | 0.0701 | 0.8763 | -0.07011| 00214 | 0.0000i | K = 0.0101 | 0.00001 | 0.7963 | 0.0000i [ -0.0498 | 3.00001
17.3112| Poles | 0.8900 | 0.00001 | -0.2381 | 0.67961 | -0.2381 | -0.6796i |21.8263| Fotes | 0.8023 | 0.00001 | 02408 | 0.67591 | 02400 | 06755
'1°0.7482 | 000001 | -0.3573 | 0.00001 | 0.1041 | 0.0000i -0.7495 | 0.0000i | -0.3626 | 9.00001 | 0.0787 | 0.00001
Pi. 138 Zeroes | -0.2400 | 0.68771 | -0.7246 | ©.00001 | -0.2400 | 0.687 71| Pi. 16w | Zeroes | -0.2387 | 0.68991 | -0.7235 | 0.00001 | -0.3387 | 068991
K= 0.9101 | 0.00000 | 0.7964 | 0.0000] | -0.0498 | 0.00001 | K= 0.8705 | 0.04441 | 0.8705 | -0.04441| -0.0319 | 0.0000i
21.8265] Poles | 0.8023 | 0.00001 | -0.2408 | 0.67501 | -0.2408 | -0.67591§22.0645| Poles | 0.8567 | 0.00001 | -0.2392 | 0.67831 | -0.2392 | 06783
-0.7495 | ©.00001 | -0.3626 | 0.00001 | 0.0787 | 0.00001 -0.7487 | 0.0000] | -0.3592 | 0.00001 | 0.0946 | 0.00001
PL13v | Zeroes | -0.2400 | 0.68771 | -0.7246 | 0.00001 | -0.2400 | 0.68771] F1. 17w | Zeroes | -0.2400 | 0.68771 ] -0.7246 | 0.0000] | -0.2400 | -0.68771]
K- 09100 | 0.0000{ | 0.7959 | 0.00001 | 00498 ) 0.00000 | K = ©.9101 | 0.0000i | 0.7964 | 0.0000 | -0.0498 | 0.0000
21.8267] Poles [ 0.8018 | 0.00001 | -0.2408 | ©.6759% | -0.2408 | -0.675% | 21.8263| Poles | 0.8022 | 0.00001 | -0.2408 | 0.67591 | -0.2400 | 0.675%i
07495 | 0.00001 | -0.3626 | 0.00001 | 0.6787 | 0.0000i ~0.7495 ] 0.00001 | -0.3626 | 0.00001 | 0.0787 | 0.0000i
Pt 13w | Zeroes | 0..2386 | 0.69001 | -0.7234 | 0.00001 | -0.2386 | 0.60001| Pr.i7 v | Zeroes | -0.0396 | 6.66811] -0.7243 | 0.00001 | 0.2396 | 068511
K= |  [08571 | 002681 | 08571 | 002681 | 00316 | 000001 ] K« ©.9007 | 0.00001 | 0.5314 | 0.00001 | -0.0443 | 0.0000i
22.0159) Poles | 0.8255 | 0.0000i | .0.2392 | 0.6873 | -0.2392 | -0.6783i |21.8721| Poles | -0.2403 | 0.6763i | -0.2403 | 0.67631 | -0.7492 | 6.0000¢
507486 | 0.00001 | -0.3592 [ 000001 | 0.0949 [0.e0001 165319 To.00001 [ -0.3618 | 2.00001 | ©.9815 | 6.00001
Pr. 14 w|Zevoes| -0.2400 | 068771 | -0.7246 | 0.00001 | -0.2400 | -0.6877i Data for Polat 17w same as for Polst 16w,
K= ©.9101 | 0.00001 | 0.7964 | 0.00001 | -0.0498 | 0.0000}
21.8265| Poles | 0.8023 | 0.00001 | 0.2408 | 0.67591 | -0.2108 | -0.675%
~0.7495 | 9.0000i | -0.3626 | 0.00001 | 0.0787 | 0.0000(
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