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ABSTRACT

An example of a minimal complexity simulation helicopter
math model is presented. Motivating factors are the
computational delays, cost, and inflexibility of the very
sophisticated math models now in common use. A helicopter model
form is given which addresses each of these factors and provides
better engineering understanding of the specific handling
qualities features which are apparent to the simulator pilot.
The technical approach begins with specification of features
which are to be modeled followed by a build-up of individual
vehicle components and definition of equations. Model matching
and estimation procedures are given which enable the modeling of
specific helicopters from basic data sources such a3 flight
manuals. Checkout procedures are given which provide for total
model validation. A number of possible model extensions and

refinements are discussed. Math model computer programs are
defined and listed.
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MINIMUM-COMPLEXITY HELICOPTER SIMULATION MATH MODEL PROGRAM

I. Introduction
A. Background

The past decade has seen a trend toward increasingly com-
plex simulator math models. Part of this has been a result of
more flight control system sophistication and attention toward a
number of aerodynamic factors, including interactive aerodynamics
and aeroelastic effects. Another reason is the availablity of
large, high speed mainframe and mini-computers. Some simulation
uses such as aircraft design or failure analysis do justify at-
tention to detail. Other applications, including may handling
qualities evaluations, may be better served with lesser sophis-
tication. Since high complexity also carries the burden of high
cost of engineering labor and computer facilities, one should ex-
ercise judgment in math model design. Engineering management
should be concerned when there is a neglect to determine

precisely the deygree of complexity really needed for a given ap-
plication.

The purpose of this report is first to discuss the reasons
for striving for minimal math model complexity and second to of-
fer an example of a reasonably useful and credible bhelicopter
math model form offering real economy in terms of development and
computational requirements. Evaluation of handling qualities is
the main application unde: consideration here, but the same kinds
of factors would apply to other simulation uses.

The question being considered is really one of math model
value versus cost. The value must ultimately be expressed as the
utility of a math model to provide necessary features which can
be perceived and used by the simulator pilot. One should expect
that, as a function of complexity, this model utility approaches
a fairly flat asymptote with some reasonable level of complexity.
The other side of the coin is the cost of math model development
and checkout, also a function of complexity. Unfortunately this
function can be expected to increase exponentially. These con
trasting relationships are sketched in Figure 1. The obvious
question for the simulator user is at what level of model com-
plexity do these two cost/value curves cross. That is, what is
the point of diminishing returns on model complexity?
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Figure 1. Tradeoff of Math Model Cost with User Utility.

Experience typical of that described in References 1 and
2 has taught that math model complexity alone does not automati-
cally provide effectiveness in handling qualities simulations.
Rather, there can be distracting factors which work counter to
simulation objectives. Ultimately, limited resources prevent one
from realizing the full potential of an overly complex simulator
math model. Other limitations can be a lack of flexibility in
modeling and restricted clarity in the cause and effect relation-
ships between model parameters and features. These shortcomings
raise gquestions about the value of complexity in helicopter math
models and are a motivation to consider simpler models.

The following are some of the undesirable effects of ex-
cessive math model complexity.

1. Computational Delays

Computational 1lag and delay is a particularly important
problem resulting from model complexity. As complexity grows,
computational delay associated with the math model code increases
and, in turn, compounds overall visual system delay. Computer
speed is 1imited by the hardware and software system being used
and cannot be easily changed.




The result of the delays imposed is reduced fidelity.
NASA Ames, for example, employs both a Xerox Sigma 8 and CDC
7600 for their Vertical Motion Simulator (VMS). Using the cur-
rently implemented ARMCOP helicopter math model (Reference 3)
and the faster of the two computers (CDC 7600), the computational
delay is about 25 milliseconds. The Sigma may require 60 to 75
milliseconds to cycle. The former speed is acceptable for some
math model solutions but visual system digital delay of about 100
milliseconds can still remain. Although the impact of this
amount of delay has been minimized at Ames (using methods such as
those presented in Reference 4), more software complexity has
been added to correct a problem originally caused by complexity.
It would seem that this is not as cheap and effective as prevent-
ing the problem by simplifying the model in the first place.

2. Cost of Resources

As model complexity and the amount of computer code grows,
so do the time and effort required to implement, check, and debug
the code. The time available to do these is often 1limited and
can affect overall math model fidelity if neglected. ARMCOP, for
example, has several thousand lines of ccde. In checking and
debugging code in large programs, a certain number of errors will
go undetected, and the more code there is, the more likely errors
will persist.

In addition to checking and debugging code, there 1is the
task of determining model parameters needed to represent a
specific aircraft. The time and effort required to thoroughly
validate the model against the real aircraft can be an expensive
part of any simulation. Math models employing look-up tables can
have hundreds of parameters which need to be set and confirmed.
Since some of these values are estimates, an iterative process
may be required. Limits on time and manpower may restrict this
process and the fidelity of the model.

Validation of the math model equations (as opposed to math
model code, is also a process which may require iteration as the
model 1is changed. It is possible that errors in the math model
will exist even as the model is being used in simulation. Again.
the number of errors which exist and the time required to fix
them is a function of the complexity of the model. ime and man-
power restrictions will 1limit the ability of the users to find
and correct these errors and thus degrade the fidelity of the
model. In order to guarantee that a model is completely correct,
all parts of the model must te exercised. Lookup tables, for ex-
ample, require that all numbers in the table be verified as well
as checked for discontinuities. All equations in the model need
to be checked to ensure they are theoretically sound. With com-
plex code, it is unlikely that all of the model will be checked
as thoroughly as necessary and errors can persist in actively

used models for long periods of time before they are ever noticed
or corrected.




ARMCOP, for example, still exhibits a problem affecting
maneuvering flight even though the model has seen wide use. This
involves a large speed loss during sustained turns. Although
detected, this problem has not been corrected because of insuf-
ficent engineering labor resources. Rather problems are "patched
up” with flight control system modifications (in this case a
turn-coordinator). Again, complexity is added to fix a problem
itself arising from model complexity.

3. Inflexibility

There 1is an inherent tradeoff between complexity and
flexibility in models of dynamic systems. As more components or
features are added to a model, it becomes increasingly difficult
and expensive to perform other modifications. One measure of the
flexibility of a model is its adaptibility to new computer sys-
tems and languages or to changes in the coda. Large sets of code
are limited to large computer systems. ARMCOF, for example, re-
quires the use of a mainframe system. In order to work with the
model, one must have access to such facilities.

Once code has been implemented on a machine, it must be
checked and debugged. Modifications for debugging may require
recompilation. Most such changes are made before the code 1is
used for actual simulation, but it is possible that they will be
made during a simulation. Even simple model changes can consume
enough time to hamper simulator productivity. It is not uncommon
for a software modification, followed by a graphical check, to
require 20 or 30 minutes of simulator occupancy time.

The ability to add, remove, or modify efficiently the
dynamic characteristics of a model 1is another measure of its
fiexibility. It may be desirable, for example, to have a
helicopter simulation without rotor cross coupling. A model such
as ARMCOP, in which cross coupling is inherent, does not allow
easy removal of +this feature. In fact, coupling might be
"removed" by adding control system functions to suppress the cou-
pling, thus further increasing the complexity of the model. The

emphasis in modeling should be on efficiency while maintaining
adequate fidelity.

4. Indirectness of Cause and Effect Relationships

The ability to see the relationship between model
parameters and model response features is decreased with com-
plexity. This relationship is important to handling qualities
simulation work for two reasons. First, is the need to easily
make changes in model features. Second is the need to trace er-
rors which appear in the response modes of the model . These are
fundamental to working effectively with the model. In order to
modify response features, one must know what parameters are
responsible for those features and how to change them. In any
math model, individual parameters tend to become coupled to many




features at once making it difficult to change such features in-
dependently. The more complicated that math model, the more
impossible is it to manage individual model response features

B. Merits of Ccnsidering a Simple Math Model Form

Turning from the above above list of difficulties issuing
from medel complexity, consider some of the direct, positive
aspects of considering a simple math model form at the outset.

It would appear that there are compelling benefits for
general reductions in the levels of complexity exemplified by
math models such as ARMCOP and GENHEL (Reference 5). This leads
us to consider ways to find a compromise between math model com-
plexity and simulator utility. At one extreme are the highly
complex models which attempt to acheive effectiveness through
high computational fidelity. As mentioned, these models
encounter practical 1limits which not only hamper fidelity but
also reduce their flexibility and clarity between parameters and
features. At the other extreme are models such as the linearized
stability derivative form which are easier to manage but which
may lack fidelity or be restriced to a small operating envelope.

The merits of a "compromise" model form would thus be cost
and quality benefits derived from the achievement of specific
fidelity features through minimal software program instructions.

1. Cost

The cost benefits will accrue through minimizing labor re-
quired to quantify and checkout the math model implementation.
Developmert of even modest math models typically involve more
than onc mman year of labor. If this process can be shortened to
less than one man-month, the period envisicned for the proposed
form, then great savings clearly can be realized.

Simulator math model software checkout can also require

substantial effort. However, this 1is often simply limited by
time available and the job might not actually be completed prior
to simulator use. Again the aim is to realize greatly reduced

checkout time through software reduction and to make a comprehen
sive checkout feasible within a short period of time.

2. Quality

The quality benefits come from confidence that specific
features needed for effective simulation are represented and that

they are correct. Here quality arises from the fact that im-
plementation and checkout tasks which should be done are, in
fact, done. In a real sense, quality follows the degree of

manageability afforded bs the simulator software.

3. Engineering Understanding

R




One of the most important benefits to be derived from a
mimimum-complexity math model is in the potential for more
clearly understanding cause and effect relationships. For ex-
ample, if a particular kind and amount of cross-coupling is
desired, then how does one achieve it through adjustment of math
model parameters? It is possible by having a close, easy-to-
follow connection between the physical component representation
and the resulting physical response features.

Ar important value of engineering understanding is the
ability to make mcdel adjustments or refinements in a direct, ef-
ficient a manner as is possible for a physical helicopter model.

C. Model Attributes to be Considered

1. Simulator Application

It should be stressed that in this case the goal of the
math model is to be an effective tool for simulation. Model
fidelity alone 1is not the soluticn to simulator effectiveness.
Rather, it is the ability of the model to produce the desired
results and insights for the given application. Besides having
adequate fidelity, the model must also be affordable, manageable
easily modified and checked, and have a reasonably clear cause
and effect relationship between parameters and response features
(at least those perceivable by the pilot).

2. Handling Qualities Application

Thus we are motivated to turn to a simple model with these
qualities for helicopter handling qualitites simulation which can
be a more effective tool than existing models. Specifically, the
purpose here is to propose a minimum-complexity model format
suitable for helicopter handling qualities simulation.

It should be remembered that many handling qualities in-
vestigations 1involve examination of fairly crude and simple
parameters such as time constants, damping ratios, or static
gains. Furthermore the precision with which evaluation pilots
can perceive such changes often can be disappointing to the en-
€ineer. Thus it is not reasonable to expect that high math model
resolution is really crucial. If a pilot cannot actually observe
or be influenced by certain mat' model effects then those effects
should probably be considered as excessive complication.
(Unfortunately, there is presentlv little quantification of just
how sensitive a pilot is to various effects, and this is a poten-
tial application of a minimum-complexity math model.)

3. Full Flight Envelope Operation
The model should be nonlinear and apply to the full
operating range of a real helicopter including rearward as well

as forward flight, sideward flight, hover, and transition from
hover to forward flight. The model should include at least

..6..
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first-order flapping degrees of freedom and all rigid body de-
grees of freedom. The higher-order flapping modes and any
structural modes beyond the frequency range of interest for han-
dling qualities should not be included wunless high-gain flight
control systems are involvede.

4. Modularity

The form of the model will be modular. This will allow
the flexibility of adding alternative rotor models, if desired,
as well as other lifting surfaces. Any combination of components
can be combired including models of pilots and control systems
making the model adaptable to a variety of helicopters and sub-
systems. The full utility of the proposed model format will
become apparant as the structure of the model is described in
more detail.

5. Microcomputer Adaptability

The math model form will be compatible with microcomputer

use, at least on a non-real-time basis. It has been found that
math model development and checkout can be done tc a large extent
on small, inexpensive desktop microcomputers. This of course

demands that the software be reasonably compact.
D. Report Organization

The presentation which follows consists of four parts:

(i) apprcach to modeliig, (ii) matching and estimation proce-
dures, (iii) checkout procedures, and (iv) extensions and
modifications of the model. In addition various detailed i :for-

mation is contained in appendices.
1. Modeling Approach

In the first section, the modeling approach 1is described
in order to establish the theoretical foundation for the model.
This is useful for understanding, modifying or extending the
model and for 1its effective use asz a simulator tool. In addi-
tion. a deacription of +the features and components of this
specific model 1is given. The model is used to represent a Bell
AH-15 Cobra. All rarameters and variables from this aircraft are
provided here along with the actual code. The sample version
shows the eatent of the code in terms of number of parameters.
number of lines of code, number of computations, etc. and can be
compared to an ARMCOP version of the same aircraft.

2. Matching and Estimating Procedures

In the next section, the matching and estimating proce-
dures used to obtain model parameters are described. The sample
version of the AH-1S is used as a specific example. The model is
then exercised and the estimated parameters varied in order to
tune the model to fit performance data.

_7-



3. Checkout Procedures

The third section describes several methods of checking
the math model code. The size of the model and the modular for-
mat are conducive to efficient checking. Methods are then
presented for varifying the math model equations and are il-
lustrated using the sample version.

4. Model Extensions and Refinements

Finally, in the last section, possibilities for extending
or modifying the model are introduced to demonstrate the
flexibility of the model format. The potential for a much im-
proved level of simulation effectiveness using these extensions
and modifications is revealed and explained in terms of the ap-
proach taken to the modeling process.
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II. Technical Approach
A. Specification of Desired Math Model Features

The approach to modeling will begin with a list of desired
features. This list will serve as a specification upon which to
formulate a minimum-complexity model containing only those com-
ponents and equations directly responsible for the desired
features. The model will be customized to the problem being
studied.

We shall assume that the model is intended for handling
qualities simulation and that the features to be included in the
model should be features which are observable or needed by a
pilot. It should be assumed that the model will be operated over
a specified flight envelope and controlled by a given flight con-
trol configuration. This sets limits on speed, acceleration, and
frequency response. The features to be included by the following
example are listed in Table 1. Of course these are subject to
change depending upon the application.

Table 1. Desired Features

1. First-order flapring dynamics for main rotor (coupled or
uncoupled).

8%

Main rotor induced velocity computation.
3. All rigid-body degrees of freedon.
4. Realistic power requirements over desired flight envelorpe.

5. Rearward and sideward flight without computational <cin-
gularities.

6. Hover dynamic modes:
-=-longitudinal and lateral hover cubics
~-rotor-body coupling with flapping
7. Forward flight dynamic modes:
--short period and phuguoid
--roll mode and Dutch roll
--rotor-body coupling with flapping
8. Dihedral effect.
9. Correct transjtion from hover to forward flight.
10. Potential for rotor RPM variation.

11. Correct power-off glide for min R/D and max glide.

..9_




1. First-Order Flapping

It has been shown in Reference 6 that rotor flapping can
couple with rigid-body modes in regions which affect handling
qualities. This occurs in the lower frequency or ‘“regressing
flapping"” modes. However, this effect can be modeled with a
first-order flapping equation in the pitch and roll axes.

The time constant involved in the regressing flapping mode
is directly proportional to the product of rotor angular velocity

and Lock number. Thus only the commonly avallable rotor mass ard
geometric parameters are needed.

The actual flapping response is modified by coupling with
the fuselage at the hub restraint. Since this involves the clas-

sical rigid body modal reponse, it is discussed further under
items 6 and 7 below.

The feature of flapping which is most important to a
pilot-in-the-lcop simulation is the apparent control lag follow-
ing cyclic input. This 1lag is in effect the time required to
precess the tip path plane to a new orientation. A typical value
for the effective lag is about 0.1 sec--significant because it is
comparable to the pilot’s own neuromuscular lag.

2. Main Rotor Induced-Velocity Computation
A particularly important feature of a helicopter 1is the
relationship smong thrust, power, and airspeed. This relation-

ship arises from the induced-velocity of air rassing through the
rotor disc.

There are a number of complicating factors, but, to a

first-order approximation, induced-velocity effects can be
modeled with a classical momentum theory model wherein thrust and
induced-velocity interact in an aerodynamic feedback loop.

Computation is complicated, however, because this feedback is
highly nonlinear.

Another aspect of the induced-velocity is its effect on
adjacent surfaces. The rotor induced-velocity field impinges on
the wing, horizontal tail, and fuselage and varies with airspeed
and flight path direction.

3. Rigid-Body Degrees of Freedom

Normally, six rigid-body degrees of freedom are needed for

useful manned simulation. Pilot workload arises from constant
attention to roll, pitch, and yaw as well as translation fore-
and-aft, to the side, and vertically. Only wunder special

conditions might one desire to eliminate one of these via. for
example, the assumption of perfectly coordinated forward flignt.

_10_




4. Power Requirements Over Flight Envelope

A common source of real aircraft data appropriate for
verifying a math model is performance data in terms of power re-
quired for various trim conditions. The power or torque required
is immediately obvicus and imporiant to a pilot and varies sub-
stantially from hover through transition and finally in forward
flight.

Power requirements can be easily computed once main and
tail rotor induced velocities are established.

5. Rearward and Sideward Flight

In a full-flight-envelope model involving circulation
lifting surfaces, computational singularities can exist, depend-
ing upon the model form wused. These singularities come from
trigonometric functions for angle of attack, sideslip, etc., but
are avoided 1in this model by using a quadratic 1lift coefficient
method. For this techaique, forces for lifting surfaces are com-
puted using quadratic coefficients multiplied by the squares of
velocity components so that negative velocities cannot cause sin-
gularities. No explicit computation of angle of attack or
sideslip is needed and, indeed, should be completely avoided.

6. Hover Dynamic Modes

Hovering flight is characterized by similar dynamics in
each the pitch and roll a:xes, including sets of high and low fre-
quency response modes. In addition, the yaw axis contains a
predominant yaw damping mode. These dynamics can couple with
regressing flapping dynamics. All are apparent to the pilot in
operating the ailrcraft whether trimming, maneuvering, or flying
unattended.

Pitch and roll are classically described by the "hover
cubic,” but this generally neglects coupling with the rotor which
can be important. This is easily computed, however, through in-
clusion of the flapping dynamics as described earlier.

The phugoid mode for hover results from the combination of
dihedral and gravity force. Effective dihedral is particularly
apparent in unaggressive sideward flight because the pilot must
continually add lateral control as sideward velocity in-reases.

7. Forward-Flight Dynamic Modes

In forward flight, the dominant rigid body dynamics of a
helicaopter resemble those of a conventional fixed-wing airplane
and inciude short-period, phugoid, dutch roll, and spiral modes.
There 1is also 1likely to be significant coupling with flapping
dynamics.

_11-
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8. Correct Transition from Hover to Forward Flight

Transition effects are an important part of the piloting
task when accelerating from hover into the forward flight region.

These effects are a combined result of a "dihedral effect"

in the x-axis and the varying rotor downwash effect on the
horizontal tail.

9. Effects of Rotor RPM Variation

Rotor RPM can affect helicopter dynamics in a number of
ways, including thrust, flapping response, and heave damping.

The effects of rotor speea - - ation are tied, however, to
the rotor-engine-governor combination. For a number of applica-
tions it may be sufficlent to assume a constant rotor RPM. This

will be done here.

10. Cross Coupling

A variety of <c¢ross coupling effects can be present in
helicopters. ©Some of these such as collective-to-yaw coupling
are easy-to-see, first-order phenomena. These are generally in-
herent in the basic dynamics if reasonable first-principles
thrust and rotor models are used.

Other coupling effects may be more subile or less predict-
able and should bte added only where needed or desired by the
simulator user. These can be inserted directly in the eguaticns
of motion as coupling terms arising from both states and control-
5. One should distinguish among coupling due to (i) rotor hub
moments, (ii) flapping dynamics, and (iii) dihedral effects.

Cross-coupliing occurs naturally when ccupled rotor and
hub-moment expressions are included. However, these may no suf-
fice in matching actual cross-coupling observed in a particular
design. One approach is to begin with decoupled equations then
cystematically add terms which provide a suitable match. (This
is demonstrated in the A109 example in Appendix D.

A useful guide to cross-coupling sources is borrowed from
Refereace 7 and shown below in Table 2.

1. Correct Power-Off Glide

Helicopters, 1like fixed-wing aircraft, need to exhibit
reasonable performance when power is reduced. This can bLe a
highly complex 1issue 1if ring vortex rotor states are included.
However, many hardling qualities investigations can be conducted
using only the normal thrust model described above but tailoring
the full-dowr collective pitch and aerodynamic drag to vyield
realistic forward-veloucity autorotative glide characteristics.

.-12_




Table 2. Single-Rotor Helicopter Coupling Sources.

e

Response

Input AXISSS_
b

FrtchH Roll Yaw ClimbsDescent

(1) lateral flapping due to

longttudinel stick Desired for vertical flight

(2) \stersl Napp:ng dus o path control in forwar3

Longitucinal Stick Prime pitch rate flight

(3) lsteral Napping due to Negligible

load factor
(1) longitudinalal flapping (1) Undestred in hover,
due to lateral stick caused by directional
) {2) longitudinaial fiapping stability Descent with bank
Lateral Stick cus tg roli rats Prime {2) Desirad for turn angle at fixed power
coordination and

heading cont-ol in
forward flignt

(1) Roil due to tall retor

*hrust
(2) &cll due 10 sideslip R Undesired due to power
Ruooer Neg”g]b]e ps me (hover) cnm in hover
K 1) Transient longitudinal  [( 1) Transient lateral
fapping with load factor flappting with load factor
(2) Steady longitudinel (2) Steady latera! Power change var les
: flapping due toclimb/ flapping with climb and | requirement for tall rotor p
Collective descent in forward flight|  cescent thrust rime
caused by rotor flapping |(3) Sideslip induced by
K 3) Pitch due to changes power changs causes i

in hor i2ontal tafl lift roll due to dihedral |

(Borrowed from Blake and Alansky, AHS Forum, 1975)

B. Component Build-lip

With & srecification of desired features, essential rmode!
components  can then be chosen. These components contain the
mechanisms which provide forces and moments, power dissipation.

stahility and control, and rotor dvnamics.

The six components are considered necessary to provide sl

of the above response features are shown in Figure S
4 lists these components along with the physical feature.
“ach o component  and  the resulting response features. Tn eftec:

this is a list of qualitative model requirements which form -
starting point for detailed model design. The components an

their phsyical elements are described and discussed individually
below.
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Main rotor: First-order flapoing,
hub constraints, thrust,
induced velocity.

Cockpit: Pt1lot eye position.

Total
mass
2nd
fntertia.

Vertical tail

111t, stall, tail
rotor sidewash

Fuselage: Parasite drag--three axes.

Tatl rotor: Thrust
induced velocity

Horizontal tail:
111t, stall,
rotor downwash.

wing: LIft, stall,
rotor downwash.

Figure 2. Basic Helicopter Math Model Components.
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Tabie 3.

Components

Details of Component Build-Up.

Physical features

Response features

(or]

1.) Main rotor:

2.) Fuselage:

3.) Tail rotor:

4.) Horizontal tail:

5.) Wing:

Vertical tail:

Thrust

Torque
Induced velocity
Tip path plane lag
Induced power
Profile power
No off-axis

flapping stiffness
Decoupled TPP dynamics
Constant RPM

Mass at C.G.
Moments of inertia
Parasite power
Cross products of
inertia = 0

Thirust

Torque

Induced velocity
Induced power
Profile power

Lift / Stall
Exposure to main
rotor induced vel.

Lift / Stall

Induced drag

Induced power

Exposure to main
rotor induced vel.

Lift / stall

_.15._

1st order flap-
Ping

Power requireqd
Trim

Phugoid

Short period
Dihedral

Pitch mode

Roll mode

Min X-coupling
Power off glide

Trim

Power required
Min X-coupling
Power off glide

Trim
Power required
Roll mode

Short period
Trim

Pitch mode
Power required

Trim
Power required

Dutch rol}
Roll mode




1. Main rotor

The primary component of this model is the main rotor. It
is the main feature responsible for producing characteristics
unique to a helicopter, in particular, a vertical thrust vector
and an induced-velocity field. Other key features include rotor
torque, dihedral effect, flapping stiffness (rate damping), and
flapping dynamics (tip-path-plane lag).

The basis for the mcdel wused here 1is primarily the
autogyro theory presented by Glauert ir- Reference 8 and extended
by Lock in Reference 9. The higher order flapping dynamics as
defined by Chen in Reference 6 ara simplified according to the
first-order model developed by Curtiss and presented in
References 1 and 2.

Thrust and induced velocity are computed assuming a
uniform flow distribution. As described earlier, the tip-path-
plane orientation (flapping angles) are modeled as simple first
order lags giving the main rotor the qualities of a force ac-
tuator with a lag. The tip-path-plane dynamics can be extended
using either a coupled first-order model or a coupled second-
order model based on simplification of Chen’s rotor equations in
Reference §.

The main rotor model contributes largely to the power re-
qQuirement feature of the model. In hover, nearly 80% of total
power is absorbed by the main rotor, and, in forward flight, it
is as much as 60%. In hover, rotor downwash on the fuselage also
contributes to power losses.

Tip path prlane and hub moment equations were
rederived in a body-fixed axis system from the equations in
References 3 and 6. This was done in order to avoid the real-
time hover simulation problems which can arise from large
instantaneous changes in the wind-axis angles for small changes
in body-axis translational velocities.

It is suggested that two major components of cross cou-
pling be avoided until the detailed model matching process is
underway. One of these is the off-axis hub moments due tc flap-
ping (Lal and Mbl), and the second is the off-axis coupling in

the tip path plane dynamics. It has been found that including
these higher-order effects in a simple model does not automati -
cally produce a high quality match to flight data.

The dihedral effect is included through the variables
dbl/dv and dal/du which appear in the first order flapping equa-

tions. Values can be can be computed using first-principles
factors congisting of thrust coefficient and tip velocity. The
dihedral feature 1is responsible for the phugoid-like modes in
hover and forward flight.

-16,_
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The portion of Lb1 and Mal due to both hinge offset and

rotor spring stiffness are included in a separate parameter,
dL.dAl. Thus, the total flapping stiffness can be directly
varied through this one parameter.

Pitch and roll mode time constants are a fuaction of both
body pitch and roll damping and rotor tip path plare lag. Control
over these time constants can thus be exercised through the flap-
ping lag as well as body aerodynamic damping.

2. Fuselage

The fuselage is represented as a virtual flat plate drag
source having three dimensions. The effective aerodynamic center
can be located at any position in the body reference frame. It
would normally be expected to be near the geometric center.

The fuselage drag model 1is based on a quadratic
aerodynamic form originally found in the hydrodynamics text by
Lamb (Referencel0) and used extensively for airship applications
by Monk (Reference 11). Tais form can be easily extended to ac-
count for fuselage assymetries, 1lifting effects, and lift
gradients.

The simple fuselage aerodynamic form presented here
provides for drag in forward flight which 1limits maximum
airspeed, drag in sideward flight, and rotor downwash impinging
on the fuselage. All three of these effects are related to power
losses.

3. Tail Rotor

The tail rotor component is modeled in the same manner as
the main rotor except that no flapping degree of freedom is in-
cluded. In effect, only Glauert’s equations apply. However
thrust, induced-velocity, and power effects are correctly
modeled. Normal directional control is provided through the tail
rotor collective pitch variation.

4. Horizontal Tail

The horizontal tail 1is assumed to be primarily a lift
producer, thus only the normal force component is modeled. This
still provides for computation of drag resulting from induced-
lift if that is desired. Finally, the effects of aerodynamic
stall are included. The geometric location of the horizontal
tail in the rotor flow field is used to obtain the local apparent
wind component. The location of the horizontal tail provides ef-
fective static stability and elevator control.

As with the fuselage aerodynamics, a basic quadratic form
is used. Two terms model the effects of camber and circulation
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lift. One additional term and conditional test is included
model the effect of stall.

ct
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5. Wing

The wing component follows the same form as the horizontal
tail. In addition, the induced drag is computed in order to ob-
tain the related power-required component which can be
significant during sustained-g maneuvering.

6. Vertical Tail

The vertical tail is alsc similar to the horizontal +tail
except that it experiences the flow field produced by the tail
rotor.

C. Definition of Model Equations

OUnce the various components ¢f the model are defined, the
equations for all the components must be expressed in a way which
minimizes code and the number of parameters. The following does
80 according to the order of the computer program.

1. Main Rotor Thrust and Induced Velocity

The computation of thrust and induced velocity is based on
a classical momentum theory equation, but with a special recur-
sion scheme which yields a very quick convergence. The block
diagram showing the thrust and induced velocity =quations is
given in Figure 3.

effective blede
ietwlst Incidence, W,
p)

PSR abcR T

a
__'.__. + > Ua > + —J .\/’— H fn(U, v, W, v. T/pA)

very quickly converging
induced-velocity loop
(about S iterations)

Figure 3. Main Rotor Thrust and Induced—Velocity Blcck Diagram.
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The recursion relationship is based on breaking the
thrust-induced velocity loop at the induced-velocity node and
iterating on a solution for thrust followed by induced-velocity.
This yields a fast convergence with a fixed number of iterations-
-about 5 is sufficient.

L2 /(_xﬁ) 2 +<_,I_ )2 oA
i 7 2 2 pA 2
where
W = Wa + (a1+ i) Ua - bl A
W. = + = R [ (S + 3 ]
b 3 col 4 9tw13t
f2_ 42 2 _ .
v©= Ua + Va + W (wr 2vi)
A = 7rR2

Once induced velocity for the main rotor has been com-
puted, one can compute the longitudinal an. lateral dihedral
effects of the main rotor which are, in turn, dependent on in-
duced velocity:

2 {8C
db, /dv = da,/du = Tﬁi(ib ’V?f’)

The main rotor parameters needed for these equations are:

dmr, horizontal distance of hub from c. £.

hmr‘ hub height above the c. g.

R, rotor radius.

abcR, product of 1lift slope, number of blades, chcrd, and
radius,

(] effective blade twist.

twist’

2, main rotor angular rate.

_19_




2. Tail Rotor Thrust and Induced-Velocity

Thrust and induced velocity for the tail rotor is computed
in the same manner as for the main rotor except that no flapping
effects are included.

The parameters which define the tail rotor effects are:

dtr, distance of tail rotor from c. g.
htr, height of tail rotor above o. g.
Rtr

(abcR)tf product of 1ift slope, number of blades, chord,

and radius.

Qtr, tail rotor angular rate.

3. Fuselage Geometry and Drag

Profile drag forces are computed for the fuselage in the
X, y¥y-, and z-axes. These drag forces can consiitute a sig-
nificant portion of the overall power required and thus must be
computed prior to main rotor torque. The forces are computed at
the center of pressure located at the point (X.FUS, Y.FUS, Z.FUS)
relative to the center of gravity.

Fuselage drag forces are computed wusing a ""quadratic
aerodynamic form." In this case forces are expressed as a summa-
tion of terms formed by the product of translational velocity
components in each axis. The constants in each term are the ef-
fective flat plate drag.

fus A
Wow = W, + v local w-velocity
f fus
x.“r: = ”2)‘ X Us:- U, drag component
f f
Ynu:o = % Y: Vo' Ve side-force component
fus fus fus f
L are = % Lo Wo Wy downwash component
- 20 -
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Moments due to the drag forces relative to the

gravityv are computed.

center

The parameters required for the fuselage are:

dfus’ distance of fuselage a. c¢. from c. g.
fus .
h , height of fuselage a. c¢. from c. g.
fus . . .
qu , effective flat plate drag in x-axis
qus . ) .

v effective flat plate drag in y-axis
fus . . .
wa , effective flat plate drag in z-axis

4. Horizontal Tail Geometry and Lift

The horizontal tail 1is
aerodynamic form for airfoils.

The first step in

of

modeled in terms of a quadratic

computing the 1lift on the horizontal

tail is to determine whether the surface is immersed in the rotor

downwash field.

vector.

This will influence the local vertical velocity

The next step is to check for aerodynamic stall by compar
ing the force computed above with the maximum achievable at

same airspeed.

k3

W, + Vv,

~N
I

(20 Uy Ugt 2o Uy Wh )

local w-veliocity

normal force

stall condrtion

the




Pitching moment due to the horizontal tail is computed

based on the location of the aerodynamic center relative to the
center of gravity.

The parameters required for horizontal tail effects are:

ht

d"", distance of horizontal tail from c. g.
hht, height of horizontal tail from c. .
ZEE » aerodynamic camber effect

ZS: y 1lift slope effect

Z:;n » stall effect

9. Wing Geometry and Lift

‘ The wing is treated in the same manner as the horizontal

\ tail. It is fir:t checked for exposure to main rotor downwash

| and then for stall. For the wing, induced drag is computed in
order to determin: the power loss due to this effect. Lift and
pitching moment for the wing are also computed.

W:m E W, + v local w-velocity
vy
Z:: = % (Z,, Ug Up* Z:?Uo Wo'™  normal force
£
2

vng
ZoaUa Ug stall condition

The power dus to the induced drag of the wing is computed
based on the product of force and velocity in the x-axis.

The parameters required for wing effects are:
d”“? distance of wing from c. €.

..22_
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h""8 height of wing from c. g.

s Zzﬁg,.aerodynamic camber effect
ang’ lift slope effect
uw
prg , stall effect
min

6. Vertical Tail Geometry and Lift

The vertical tail is treated the same as the other lifting
surfaces except that it is assumed out of main rotor downwash.

a t
Vo = Vua+ v, local v-velocity

<
i

sero % (Y:: Us Ugt Y:: U, V:) normal force
p
> 7

vt
Y. .Ua Uy stall condition

The parameters required for vertical tail effects are:

th, distance of vertical tail from c. g.

th. height of vertical tail from c. g.

Y“:g , aerodynamic camber effect
YWt oolife s1 ffect

ay slope effec

vt
Ymin , stall effect
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Tetal Power Required

Total power ae to the main rotor, tail rotor, wing,
miscellansous effects are summed €iving the to
the engine.

and
tal power output Ly

Total pouwer required = phr 4 Ptr + Pfus + pnE PCllmb
phir_ pmr mr mr

= . + F . + P .
induced profile accessories

(Note: An estimate of power required for a- i=s-
sories can be found in Reference 12

r

induced T+ Vi
mr ; -~ Cp bck 2 o o
prorils” #/2 ‘Do er[(QR)% 4 46 (uE + vE]
tr_ _tr _  mtr tr
P s induced - * Vi
fus _ . )
P = Xfus Ua |+ i qus v I + qus'(w Vit
Pwng - l Xwng .U l
a
1. )
Fc*lmb: m-g-h
8. Summation of Force and Moment Equations

The first order effects of all components are summed
three fource equations and three moments equations. The force
te gravity rotated through theta and phi are also included |

in
e

e

X = - my sin & + x0T, Xfus + XWNE

Y - m g sin 9 cos g+ Y'F 4 yUF , ¢V

v mg cos B cos g4 Zmr o, qus . th s pwWne
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L = or qus tr

+ L
M - MRY Mfus + Mht
N = NT O, Ntr + Nvt

The equations of motion are expressed in terms of body
axls accelerations so that they may be directly integrated to
vield body velocities.

9. Integration and Axis Transformation

As discussed in Reference 13 the algorithm used for
numerical integration of states should be carefully chosen to
minimize digital effects.

The body accelerations are integrated using a second order
Adams method in order to account partially for the one-frame hold

between control (acceleration) input and the integrated velocity
output:

vn+l = vn + DT(1.5 an - 0.5 a

n—l)

These body velocities are then converted to earth relative

velocities using a common Euler angle direction cosine transfor-
mation.

Finally, the earth velocities are integrated tc cohbtain
earth positions using a trapezoidal integration method in order

to account partially for the zero-frame hold between velocity and
the integrated position output:

nt1 T Xt DT(0.5 v * 0.5 V-1




0. Summary of Model Parameters

given

below

A summary of all the parameters included in this model are
according to each model component. More detailed

definitions are g€iven in Appendix D.

1. Main rotor

F5.HUB Fuselage station of hub

WL .HUE Water line location of hub

IS5 Forward tilt of rotor shaft w.r.t. fuselage
E.ME Effective hinge offset

I.B Blade flapping inertia

R.MK Radius of main rotor

RFM. MR RPM of main rotor

CDO Blade profile drag coefficient

A MR Blade 1ift curve slope

B.MR Number of blades

C.MR Blade chord

TWST . MR Blade twist

K1 Blade pitch-flap coupling proportion

. Fuselage

F5.FUZ Fuselage station of fuselage center of pressure
WL.FUS3 Waterline station of fuselage center of pressure
XUU.FUS Aerodynamic quadratic model constant
YVV.FUS " " " "

ZWW.FUS

3. Tail rotor

FG.TR Fuselage station of tail rotor

WL.TR Waterline station of tail rotor

R.TR Radius of tail rotor

RFM. TR RPM of tail rotor

A.TR Blade 1lift curve slope

SCLL TR Tail rotor solidity

TWST . Tk Blade twist

4 . Horizontal tail

¥G.HT Fuselage station of horizontal tail

WL.HT Waterline station of horizonta!l tail

U UHT

LUW . HT

JMAXCHT Quadratic max 1lift coeff of horizontal tajl




5. Wing

FS.WN Fuselage station of wing 1
WL.WN Waterline station of wing |
ZUU . WN |
ZUW. WN

ZMAX . WN Quadratic max lift coeff of wing

B.WN Span

&. Vertical tail

FS.VT Fuselage station of vertical tail
WL.VT Waterline station of vertical tail
YUU.VT
YUV.VT

YMAX.VT Quadratic max lift coeff of vertical tail




III. Model Matching and Estimation Procedures

In order to demonstrate model matching and estimation pPro-
cedures, a model of the Bell AH-1S Cobra is developed. The
actual code for this example version along with a list of symbols
and a table of associated input parameters are presented in
Appendices A, B, and C. An example involving the matching of ac-

tual flight data is presented in Appendix D for the Augusta Model
109 helicopter.

The primary sources which are used in the Cobra example
are the flight manual (Reference 14), a manufacturer’s stability
and control package (Reference 15), a volume of Jane’s (Reference
16), and a flight dynamics data report (Reference 17). Other
useful references include the USAF Stability and Control Datcom
(Reference 18), the U. S. Army Engineering
Design Handbook (Reference 19) and the previously cited
Stepniewski and Keyes reference.

In this section the method is described for determining
the the individual components of the AH-1S and its associated
parameters. There are 44 total parameters needed for this model.
22 of these are simple geometrical variables which can be easily
obtained from scale drawings, from aircraft manuals, or even es-
timated from a picture of the aircraft.

A. Mass, Loading, and Geometry Data

A substantial portion of the data required is either

directly obtainable geometric data or common mass and lcading
data.

1. Geometric Data

Geometric parameters are easily obtained from aircraft
drawings or refereunce literature. Figure 4, taken from the
flight manual, provides a basis for geometric informatior.. Note
that positions of all major components are given relative to the

manufacturer’s reference system (fuselage stations, waterlines.
and buttlines).

Explicit positions can be obtained for some features such
as main rotor hub position and tail rotor hub. For airfoils it is
generally  sufficient to estimate and use the positions for one-
quarter mean aerodynamic chord. The fuselage aerodynamic center
is less clearly defined and must be estimated depending upon the
shape. Appendages such as tail boom and landing gear can be con
sidered i estimating the fuselage aerodynamic center.

.,28.,
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COMPONENT FS WL
Main rotor hub 200 1583
Tail rotor hub 521 1189
Fuselage 200 5
Wing 200 o)
Horizontal tail 400 65
Vertical tail 490 80

Figure 4. Basis for Geometric Data.
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2. Mass and Loading Data

Values for normal operating gross weight and center of
gravity are typicaliy obtained from operating manuals. An ex-
ample is shown in Figure 5. Specific choices will depend wupon
the general loading condition of interest. Here an intermediate
loading is chosen which also corresponds to other available data.

Inertial data from the Reference 15 stability and control
report are given in Table 4. While these do not correspond ex-
actly to the loading chosen above, they can be easily rescaled by
assuming a constant radius of gyration in each axis
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BE. FPropulsion Data

Required propulsion data include power available for given
operating conditions. These data can be found in Jane’'s under
the appropriate propulsion system manufacturer as illustrated in
Table 5. The specific information of interest here is the max
imam continuous power rating for the AVCO Lycoming T53-L-703 gas
turbine engine.

Other information needed consists of an approximate break
down of power, including that due to accessories. Data from the
Stepniewski and Keyes source are given in Table 8. These data
will be used to estimate power losses from the computed power re-
quired by each of the components listed previously.

The basis for torgue (power) available under varlous
operating conditions is given in Figure 6. (Percent torque is
assumed equal to percent power for the normal operating vrpm--324
in this case.)
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Table 5.

AVCO LYCOMING GAS TURBINE ENGINES

Basis for Propulsion System Data.

SFC

Manufacturer's T-O Rating ug/l; $ mg/Ns Weight dry Max Length
and civil Military kN (Ib 3t) (ivhp; less tailpipe dia overall
designation designation Type *  or max kW (hp) SVl u1) kg (Ib) mm (in) mm (ia) Remarks
T5313B — ACFS 1,044 kW (1,400 5hp) 98 (0-58) 245 (340) 384 (23) 1,209 (47-6) Powers Bell 205A
TS317A - ACFS 1,119 kW (1,500 shp)  99-7 (0-59) 256 (564) 584 (23) 1,209 (47-6) Based on TS5319A
TS311A - ACFS 820 kW (1,100 shp) 113 (0-68) 215 (496) 584 (23) 1,209 (47-6) Bell 204B
- T$3-L-13B ACFS 1,044 kW (1,400 sh 98 (0-58 :458%,0 384 (23 209 (47-6 Advanced UH-1H, AH-1G
- A 1.4 4 AH-1Q, AH-1§
LTCi1K-4K - ACFS 1,157 kW (1,550 shp 98-7 ( 234 (515) 3 . 47 -
-~ T53-L-701 ACFP 1,082 ekW (1,451 ehp) 101-4 (0-60) 312 (688) 584 (23) 1,483 (58-4 Grumman OV-1D
- YT55-L-9 ACFP 1,887 ckW (2,529 eap) 1027 (0-608) 363 (799) 615 (24:2) 1,580 (62-2) Piper Eaforcer
- T$S-L-1C ACFS 2,128 kW (2,850 shp) 101-4 (0-60) 267 ($90) 613 (24-2) 1,118 (44) Boeing CH-47B, Bell 214A
TS508D - ACFS 2,186 kW (2,930 shp) 100-1 (0-592) 274 (605) 610 (24) 1,118 (44) Bell 214A, 214B
(LTC4B-8D) flat-rated w0

1,678 kW (2,250 shp) 106-0 (0-628)
- TS5-L-11A t  ACFS 2,796 kW (3,750 shp) 89-6 (0-53) 322 (Mmo) 615 (24-2) 1,181 (46-5) Boeing CH-47
LTC4B-12 -— ACFS 3,430 kW (4,600 shp) 862 (0-51) 329 (725) 615 (24-2) 1,118 (44) Improved T55-L-11A
ALF 101 - ACFF  7-2 kN (1,620 Ib) $10-19 ( $0-36) 156 (343) 184 (23) 890 (35) NASA QCGAT
ALF S02R-3 — ACFF  29-8 kN (6,700 1b) $11-64( 30-411)568 (1,245) 1,059 (41-7) 1,44} (56-8) BAc 146
ALF S02LL-2 — ACFF  33-4 kN (7,500 ib)

$12-1 ( 30-428) 590 (1,298)

1,059 (417)

1,487 (58-56)

Canadair CL-600 Challenge?

*ACFS = axial plus centrifugal, free-turbine shaft; A
tApplies t0 TSS-L-11A, C* *, D, E* * and 71

Table 6.

Assumed Breakdown of Power Absorbtion.

CFP = axial plus centrifugal, free-turbine propelier; ACFF = ax.al plus centrifugal. free-turbine f2-
2° *, those designated * ° haviag 2% min contingency rating of 3,357 kW (4,500 shp).

X Total Power % Total Power

in Hover Max Forward
Main rotor induced power 65 15
Main rotor profile power 15 50
Fuselage parasite power 5 =5
Tail rotor total power 10 5
Misc. and =2ccessories S 5
(NOTE: Power losses due to wing stall should also be con

sidevred where the effect is suspected to be
significant. It will be neglected in this ex-
ample.)
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Figure 6. Basis for Torque (Power) Limits.
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Ecoter Data

[

Rotor system characteristics consist of geometric,
asroedynamic, and operating condition features. Most of the
geometric data including size and number of blades and hub center
are easily fcund in flight manuals. Operatiang conditions. namely
the normal operating rpm, are likewise obtained.

The: mein aerodynamic parameters include the effective sec
tion lifr curve slope and profile drag cowefficient. Commonly
azcepted  values of 5.7 and .006, respectively, are sufficient
starting voints.

The most crucial rotor parameters. however. are those
relating to the effective flapping stiffness or hinge offset.
These data are generally found only in manufscturers design
reports.  Of course in the case of a simple testeriug rotor the
sffective hinge offset is zero. Articulated rotor designs are
also Tairly easy to repres=nt as long as the secmetric hinge of-
fset 1is  known. The most difficult variety to mcdel is the
hingeless rotor since both an effective hinge offaset and flapping
svring must be determined.

Useful auxiliary information for modeling the rotor system
is respoase  data which provides direct indication of the unaug-
ment=d pitch and roll damping.

D, Acerodynamic Features

Aside from the rotor system aerodynamics, parameters must
be estimated for the airfoil and fuselage compecuents. The tech
nigques for dcing so are common and require little effort. 1¢f
nonutfacturer's stabilit and control data are available these
cairculations are trivial. Otherwise, one can refer to estimation
handbooks =uch as the USAF DATCOM (Reference 15).

te

!

Airfoil lift parameters involve three main features: can
b-r and incidence circulation lift, and stall. The first two
are highly dependent upon geometry and the third on maximum Llift

-

ing performence.

Relationships which are reeded for setting parameters  in-
voive  the gquadratic aerodynamic parameters and the more ommon
non-dimensional aerodynamic coefficients. These are given below
for use in  the estimation procedures described in Figure 7.
The equations are for the horizontal tail, but the ether airtolii
surfaces ave similar.

Fitimates tvpical for airfolils:




o s W4

DR

‘3‘““-‘  e—

th = -Sht Cht ; C is set by both camber and incidence '
; uu LO Lo
R of the airfoil.
Zht _ght CEt : note that C, =~ 2TR
uw . Lo R+2
Zgin = wsht Cgt . typical values are 1.5 to 3 depending
max

upon aspect ratio.

Similarly, fuselage drag estimates can be made for each ot
the three axes using available drag data.

N Estimates typical for fuselage drag:

Xfus: _ Sfus C
ui D
~fus | . i
where o is the projected frontal area
and CD can be e¢stimated using numerous textbouk
tabulations of 3-dimensional drag. This wiil

vary for each axis.
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WING:
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b R+2 €, =5
» I /
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24
Figure / Basis for Initial Estimates of Aerodynamic Parameters.




E. Hover Performance

The parameters listed above provide a starting point for
the math model. Additional flight manual and available flight

data will serve to make refinements in model response and perfor-
mance characteristics.

The first adjustment of model parameters can be made based
on the flight manual hover performance as shown in Figure 8.

Here the percent maximum torque is given for a specific hover
condition.

The factors which can be adjusted to achieve a good match
are the power losses due to accessories, downwash on the fuselage

and horizontal airfoils, or main rotor induced velocity factor
(if included).
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“. Torward Flight Data

UJp to this point model adjustments have centered on Lhe
mait rotor  system since body drag has been low due to tie hover
condition. With the consideration of forward flight the fuselage
now  plavs  a ma.jor role in limiting maximum speed and climb | SEPN

formance .

The main set of data useful for adjusting fuselage dray
are given in Figure 9 from the flight manual. Note that the
primary information is the torque required as a function ot
fliaht condition and loading. The two main features on this vlaot
sre  the maximum speed at continuous operating toraue and the
torgue and speed for level flight at minimum power

Additional information is geiven in Figure 10 with 1 bie-
maximam rate of climb corresponding to an increase in toraue.,

Finally in Figure 11 data are given tfor the maximum =1ide

and minimum rate of descent. These are useful for setting e
effective full-down collective pitch stop.
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As a final note. the process of tuning model parameters
should not be done without careful consideration of all secondary
effects. The best policy is to avoid making anvthing other than
simple direct first-principles corrections. There is substsntial
redundancy in some of the data shown here, and it is not possible
to achieve perfect matches in all respects. One needs to exer-
21se judgment in the degree of accuracy required as a functicon of
the model application.
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iV. Checkonut Procedures

A. General

As discussed earlier., model complexity can hamper the
thoroughriess of simulator computer program implementation and
whecking. However, the model presented here can be fully checped
with reasonable effort. This is due to the small number of mode]
constants and degrees of freedom, and minimal program branching.

The recommer.ded checking procedure involves the following :le-
MNesn e

® Use of an independent operating program.

® Verification of trim points.

& Verification of state transitions throueh n steps.

e Overlay of tinme histories.

e Identification of dominant response modes.

Some of these Steps ar= redundent but nevertheless serve
te build confidence in the correctness of the math model im-
plementation at only minimal added cost . The following is a
brief discussion of each element.

B. Dizcussion of Checkout Frocedure Elements

1. Independent, Operating Program

As a general rale, math model checkout should be ac -
complished using an independent implementation and check sour e

Furthermore. not. onlv should an independent Program be used bt
Aisow an independent computer.

This math nodel iorm enables the user to develop a math
model version on a small desktop microcomputer and run  complete

sets  of  check cases well in advance of usineg the simulator com-
puter facilities.

The specific computer system used to develop and run thi .
math model consisted of & Compaq 286 desktop computer with 640K
working memory running Microsoft Basic. Only an interpreter mode
was used although a Basic compiler is available. The interpretey

permits a highly efficient interaction between the model
developer and the computer system.

__46...




!

wbtbdl A BT T g R

—,—y—‘—."—u—l—w—"—,—y—"ij"’"ﬂ”'lm‘ LR 0 A

a2, Trim Point Verification

A check of static trim points gives an initial indication
wf correct model implementation. The full operating envelope can
be covered with just a few cases and possible discrepencies iso-

lated to airspeed. vertical velocity. or controls. A cursorv
check of suspected parameters or component equations can usually
lead to simple corrections. Trim solutions should be corrent

prior to proceding to the next item.

A sample of the trim solution printout is given in Figure

12. This same format is displayed during the trimming process

so that one can observe whether there are difficulties in iterat -
ing on a solution.

TRIMN CALCULATIONS HEFHELZ:  FULL UTILITY VERSION
CONF IGURATION: 102 AH-1S
05-25-1987  16:09:55

Pdot = 1.05E+00 DL = 15.7
Bdot = -1.44E-01 ai = 1.3
Rdot = 3.2BE-03 bl = -2
Udot = -4.BBE-02 DTR = 1.02E+01
Vact = -3,87E-02 Theta = -1.3
Ndot = 1. ALE-03  Ph: = -1.72E400
aldot= -6.01E-02 BI z -1.30E400
tldot= 9,B0E-02 Al = -2,05E400
@ = 1.J4E+04 WP = 973

Vi = 35,8 Thrust= 6§25
Vi.tr= 47.9 T.tr = 618
VB{1)= 0.00E+00 Xdot = 0.0QE+00
VB(2)= 0.00E+00 Hdot = 0.0
VBI3)= 0.00E+00 Gamma = 0.00E+00

Vi = 0.0
Hit {B) to freeze tria anvtiwe

Trimaed: Hit PRTSC to make harg copy
Hit RETURN to continue

Figure 13. Sample of Trim Point Printout.



State Transition Verification

Given that static solutions are valid. the dynamic
response characteristics should be examined next. Correct opera-
tion  is  indicated by tracking several discrete state variab e
Ltransitions and comparing with independently obtained chock
values. This is made feasible by restricting the number of de
grees of freedom and levels of numerical integration. For
axample, only about six transitions for each control variable are
ueeded to excite each term in the model equations.

lu  order to thoroughly check state transitions, & tatje
overlay is recommended. Tris is accomplished by duplicating the
~tate transition printous format of the checkout computer with
that. of the simulator computer. The original checks .30 be
printed on  transparencies then directly overlaid with thies
simulstor printout.

Examples of the state transition checks are given in Table
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Time History Overlays

In theory the combination of static and state transition
checks should be sufficient to demonstrate agreement with the in-
dependent model implementation. Howeverg additional confidence
is gained by selecting several time history cases to overlay.
These can be supplemented by checking dominant response modes

based on transfer function solutions from the original independ-
ent check model.

Useful time histories to consider are angular rates jor
both on- and off-axes for a given control input. This check:
Loth the dominant response modes and the amount of off-axis cross
coupling. Examples are shown in Figure 13 corresponding to  the
previous check information.
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). Dominant lizsponse Identification

It is alsov useful to supplement the above checks with «
comparison of identified dominant response features from the
similator computer with those features observed or computed trom
the independent checkout version. This is particularly imporvtant

for handling gualities investigations.

Dominant modes are examined bv exciting an axis with tfie
corresponding direct control and scaling the appropriate first-
wr second-order response features from the respective motion
traces. The on-axis traces presented earlier in Figure 13 serve

this purpose for extracting short-term pitch response informa-
tion.




Model Extensions and Refinements

The example which has been presented above can be moditied
in a number of ways in order to address specific simulation
needs. The above math model can be either simplified or made
more sophisticated. The folilowing is a discussion of some pos-
sible extensions and refinements.

A. Flight Control System

There is no flight control system included in the above
model other than conventional aerodvnamic interfaces such as
cyclic, collective. and tail rotor controls. Addition cof a
flight control system requires definition of relationships be-
tween the cockpit manipulator and the above aerodynamic controls
plus any stability and control augmentation systems.

As with the basic airframe math model. definiticon of
flight controls can be done with a wide range of computational
comblexity. However the same considerations can be appli=d In
srder to mateh  the level of complexitv with user utilityv. T e
main auestion is to what deegree can the simulator pilot observe
or be influenced bv math model intricacies.

B. Engine Governor

This aspect of the helicopter math model can be important
tor tasks involving maneuvering or aggressive control of «collec-
tive pitch.

The above math model is designed to accomodate an engine-
governor system since rotor speed is explicit in the equations.
[t iz necessary only to add appropriate engine governor eauaticns
of motion prior to computation of the main rotor thrust.

In general, only a second-order engine governor response
is required 1in order to handle the effective spring-mass-damper
action of the main rotor combined with the propulsion system and
governor control  laws. An adequate model is describsd n
Reference 20,

C. Ground Effect

The modeling of ground effect can be important tfor tasks
involvineg hover under marginal performance conditions. Again.
the computational complexity of such models can varv widelv.

It is recommended that., as a first cut. aroand =tfect be
medeled as an induced-velocity efficiency factor which wrimarily
it s the thrust and power required to hover. This efticiency
factor can be adequately modeled as an  exporential function of
altitude, The exponential scale height and magnitude is easily

quantified from the flight manual hover verformance shown earlier
in Figure 8.




D.

Dyvnamic Inflow

, For certain vertical response applications it may t.- 1m-
portant, to model the effective lag in thrust due to a collectjve
- Fitch  change. This is typically a first-order lag in the ranpe

of 10 to 15 rad/sec and varies with the sign of the
ritch change.

coltective
This effect can be modeled by setting a first-order Jag on

Lhe caleulation of thrust and induced velocity. Reference 1 A
) be- ¢onsulted for guidance in setting values. Other  forces  and
moments  <can also  be affected by dvnamic inflow as deszorived

11
ad . - 3
Reference 24,

E. Higher-Order Flapping, Coning, and Lead-Lag Dynamics

Higher order rotor svstem dvnamics mav be of interest
sxamining flight control system schemes or certain vibr
e¢ffects. However the modes can easily be outside the computa-
ticnal ability of the Simulator or highly distorted by the moticon
svstem. Thus is crucial for the modeler to anal
requirements relative to capabilities.
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} APPENDIX A

BASIC PROGRAM LI STING OF MATH MODEL

“ 1
Lapn - 6{*§§!§l&§!!l!l*liifQili**#flffiiili}lfi!iill!i!liiilllilll!lil!ll*iilii
, T
¢ 1560 Preliginary Calculations
i 540 -
! T Qﬁ*il*ﬁliikilfl*}l*&filii!!'!}lfililli!l!ill!l!#!lillililiil#i!il*lli#!#
§ €30 _
1848 VIJINTES = ABS(XDOT/COS(BQHHR.RAD))
b 1558 T = VT.EN.FPS/FPS.PER.KNDT

1D YTUINCFRELEDUARED = YT, INLFPS » 2
4= WTERAY

ERCEAMRE = RPN MR#2EP]/40
OMEDALTR = OPM TRa2#P] /40

V. TIP=R.MREDNEGA, MR

TROMR = CDOE,MRER, MRAC. MR
FRVTR = COORR, TREE, TRAC. TR
el FELLISS = 90
1ees YTRANS = S0 1 speed for transition from gihedral wake functiin
I TEMPRATIO=1! - LAPSE.RT#H
I FRES3LRATIND = TEMP.RATIOATEMP, EXP

H JENS.RATIQ = FRESS.RATIU/ TENP, RATIO

L8235 A0 = DENS.RATID#RHD. SEA. LEVEL : R2=R0/2

1250 EAM. O™, 18 = RO+, MR4C, NRER, NRA4/1.B #OMEBA.NR/16% {148/ 3%E, MR/F. MR)

i L= 1 7S4DNEGA. MREE.MR/R.MR / BAN.OM. 16 ) + K1 flaoping aero cpl

T [TB2.0 = UHEBR.HR/(1+lOHE8A.HR/BAH.0H.16)“2) t' flapping x-cp) coef

2 8 = LTE2. OM#OMEGA. HR/6AN. DM, 14 " flapping primary resp

173 JL DB = B.HR/Z'(!.S!X.B*E.HR/R.HR#OHEGA.HRlﬂHEGA.HR) ' priaary flapping stifiness
o JL.DA!=F?iA.HR!E.HRGC.HR*R.HR*V.TIP#V.TIP!E.HR/6:' cross flapping stiffness

1756 CT=WT/(FO*FI*R.HR#R.HR'V.TIP*V.TIP) ' thrust coefficient

1746 4.315!@=Q.HR*?.HR#C.HR!R.HRIPI tTax sigea

Rl EEIDV=SJUHE5A.HR/R.HR»(8*5T/A.SISHA+(SOR(CY!2))):' TPP dihedral eféect

LR CRITU=-DRIDV +" TPP oitchup with speed

LR LB = (NLLHUB-WL.CB) /10 ¢ D, HUR = {(FS.HUB-FS.CBY/12 :* hub re cg

Y5t LTUS = NLLFUS-NLLEGY /12 b DLFUS = (FS.FUS-FS.C6) /12 & fuselage re cq

B CANC = WLONN -NLLCBY 212 DN = iFS, 6N -FS.CBY /12 5 wing re cq

L3I0 HOHT =yt “HLCBY12 o DHT = tFS.HT -F5.C6)/12 ¢ horizonta! tail re )]

L ST WLYT LR /12 DVT = (FS.VT -£8,C6) /12 ¢ vertical fin re ¢q
- 1250 HTR = LR -BLLCGI /12 & DLTR = (FS.TR -FS.C6)/12 ;" tail rotor re cg

TOL

g RETUEN

A-t

. . R L e TN
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EORT

v;b(fi¢‘0'!#0&{1&lbélliiifififfililllillll!*lll!i*llil!ll{lfllii!ll!lili
DViAMITE: Dynamics subroutine

TEEL TP EERI RSN RRNRENE R R RRARREAS 4 lli{l§l696!l!fl&iiiilﬁlfli*ﬂQifiiiliif

EERERIERAX P RS F'reljajnary calculations sssassssasssess

L4 = COCOXETAY) ¢ 84 = SINOXE(D)) :* evaluate Euler angle triy #ns
S3 = CCSOXEASY) ¢ 85 = BINXE(S))

VAIZISVE(D) 1t - iVB(2)406-UB(1)456)
VECISVELT) 10 - (V813 4054V (1 455)
VELAIVRIE) 1 VB

JTESRRY

FRULTEVATLI VA2V RVR(ZI4VA (D) AUAL3))
HOSRRrbeRaaeb4y Rotor tip path plane dynamics +EeEmEvEssssss

UM EVABY-DCI2YHECHEY (7) +DRIDVAVA(Z)

i "Bl - AL+ esal 4 dbl/dy LV
<SUM= BVA7)4DC(3) -ECHBV (B) +DRLIDUSVA(L}

S al + Bl - e.b 4 dat/du LU

GS(T)= - 1TBAB.SUM - ITED,OMHA.SUM - VA(S) .- al.dot
GRBi= - ITB#R.SUN + ITB2,OMSE.SUM - VA4 bt.dot

BYiTi=Bl (Tt + STH(AZEBR(TY + B2RGF(T)) t' al updated
SABIZTVOE, 4 STEIA2KBR(B) + B2HAP(E)) :' bl updated
GF-7)=GR(7) 3 AF(BY=BR(5 ¢ save past values

HEsexsrersraet Main Rotor thrust and induced velotity &repssasrsess

AR = VATY 4 (BT - IV - GV(BI#VAL2) 3’ z-axis vel re rotor plane
#E = R ~Z/Z€ONCGA. MR MR¥(DC(L) 4 JJI4THST.MR): ‘2-axis vel re blade

FOR I=1 108 :° 1terative solution of thrust and induced vel
THHUST.HR=(HB~VI.HR)*0HESA.HR¢R.HR!RHO!A.HR!B.HR!E.HRIR.HR/4

VHAT. 229810102 4 VA(2142 + WRE(NR-24V].MR)
VI.HR.E=SQR((VHAT.2/2)é(VHAT.2/2)+(THRUST.HR!E/(RHU*PI!R.HR“Z))*Z) - YHAT, 272

VI ME=SDF (ABS (VI MR, 2)) ' main rotor induced velocity
NEIT T

SUARENEIRBRARRERRI IR FRA RN Fucelage ##6ssusnsssssstssbessnsnssarse

WA FUS = Va!Z) - VLR :' include rotar downwash or fuselage
DuFw=? VRO (-WA,FUS) o (H,HUB-H. FLS) V-1 D.FUS-D.HUE 1:" oos of downwash on fus

BFUS = BRI« SULLFUS # ABSIVA(L)) + VALL) 1" drag force
TS < 32 % YUVLFUS ¥ ABSIVA(2)) § VAID) " side-force
DFUS 2 RD ¢ IWWLOFUS # ARS(WA.FUS) # WAFUS ;" heave force
LFUS = Y RUSKHM FUS

"
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MFUS = ILFLS#DJFW - X FUSHH,FUS

FLINDUCEL. MR = THRUST.MR + VI.MR
BooLing = Hl*HDDT

S PRRASITE = - XLFUS#VALL) - Y.FUS#VA(2) - 1.FUS#NA.FUS
FRQFILE, "ﬁ = R2H(FR.MR/4) #0MEGA. MR€R. XR# (DMEGA. MR*2¥R MR~2 +
VAL VAT 4VAR(2YBVA(2)))
H’ = F.INDUCED. MR + P.CLIMB + P.PARASITE + P.PROFILE.MR
UR.MR = F,INDUCED.MR + F,PROFILE.MR

¢

A ]
g e -Jh -
o

et ] u J‘

P PRRRSITE
FOWER, MR/OMEGA. AR

v
¥
lf"'l!v'll'l(-

q
]

oI 75 -d

.

[

&=
{C‘.

Coscute main rotor force and moment components.

MR = -THRUST. MR # (BV(T7)-15}

YoMR = THRUST.MR # GV{B!

MR = -THRUST, MR

LR = Y.MR#H,HUE + DL.DB1#BV(B) + DL.DAL#(GV(7}4DC(3) - K14GY(8))

MMEo= 1LMR#D.HUB - LMR¥H.HUB + DL.DBI#BVI7) +DL.DAL¥(-BY(B)4DCI2) - K1#BViT):
N MR = TORGUE.MR

*eepeapiriersr Tail Rotor thrust and induced veiocity SeSRESERRxsas

VROTR = <IVALZY - VACAI#D. TR + VALAYRH, TRY = velocity relative to rotor plane
VELTR = VR.TR +Z/J#0MEGA, TR#R, TR#(DC(4) +TWST.TR®.75) :* velocity relative to blade

TR I=1 T0 € 1" iterate on thrust and incuced velocity
THRUST. TR=(VE. TR-VI. TR) #OMEGA. TR#R. TRERHO#A. TRASOL. TR¥PI#R, TR#R. TR/ 4
VHAT. 2= (VALSI +VAIS) #D, TR 2 ¢ VA{L3°2 + VR, TR#{VR. TR-28V1, TR)

VILTR.2=0BRE{VHAT. 2/2) #(VHAT, 2/2) + (THRUST. TR/Z/ (RHO¥PT#R. TR*2)) 2} - VHAT.2/2
VILTR=CGR(AES(VI, TR, 20}
UELT

FOWER, TR = THRUST, TR®VI, TR
£ TR = THRUST.TR
T8 = VUIR#HUTR
NOTR = TReD,TR

SREEFRRERRRRR Rt Rde Horizontal tall SERERERBeSERNERRREEAESRERNIEAL

CYRILTAAVIUNE-VARZ) # (H HUB-H.HT) )={ D.HT-D.HUB-R.MR ):' dnwsh 1epinges on tail?
T=, Z4(L+SGN (D, DW)) {' unifore downwash field
N D G420 AND D.DWCROMR THEN EPE.HT= 2#(1-D.DW/R.MR) ELSE EPS.HT=( :° trianglr dnwsh

W37 = VA(D) - EPS.HT®VILNR + D.HT#VA(S) : iocal z-vel at h.t.
VTAHT=EARVACLY SVA LY 4VAC2) $VA12) +NA, HTHNA, HT)
THTR2#CTULHTOABS (VAL ) #ALL) + TUMHT#ABSIVACI))SNA.HT) &' circulation 'ift on h.t.

IF ABS(WA.HTI . 3#ABS(VA(L1) THEN 7.HT=R24IMAY,HT#ABS(VTA.HT)#NA.HT :  surface stailed?

ModT = IHT#D,HT &' pitching moment

CHERPOABREIRERIELRIRRRENRE linq FRARERERAERURRRRRRARIRERERNIRARNENS
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REMN = VAIT) -VEMR ;' local 2-vel at wing )
UTELHN =5BK (VA (1) #VAL1) +NA, NNEHA, NN)

IoANERIRCZEU WNBVA T #VATEY 4 TUW, NNSVALL) #44,WN) t' roreal force
VR RIVFTZVTACWN/ VTR UNE (ZUUL WNEVACL) VA LLT 4 ZUR INSVAL L) $MALON) 2 &' inouced drag

TEOAZS WAL WNG T IHRBS (VA L)) THEN 1.WN=R2+IMAX.WNXABS (YTA.WN)#WA.WN @ surface stalled?

POHCELAN = ARS UYL WNRVALL):
B = PDWER.M® + PONER.TR + POMER.WN ¢ HP.LOSS#550

FES CREASRNERNENFER00E Vortical ta1]  ¢R¥ st ipessrSResinstininsss
Compute zercdvnamic forces on vertical tail
VET=VR000 0T TR-D YTV (L)

VT T=CLRVAL D #VATLI VA, VTHVA VTS
TOITERIR YUY, CTRRRGIVA L #VATLY + YUV VT#ABS (VAC1) ) #VALVT)

IFOABEUILVTE S THRBGIVALLY) THEN Y UT=R2EYMAX.VTHABS (VTALVT)#VALVT ¢ surface stalled?

AT Y UTHRT
VT = <YL TeDLYT '

Briepreecrepinte Goneral force equations SEBERERESRBENERERECERENENE

-
"

Al = -MagRAVESS { gravity ferees
AV o= MEGRAVRS4NCS
RAY = MYGRAVCT#(4

S |
Tz LLBRAV ¢ LLMR ¢ XLFUS £ LN :' X-force | .
Tidio= Y{.GRAV ¢+ VMR 4 Y.FUS 4 Y.TR YT ¢ Y-force ! !
FOTU = 1.GRAV + ILMF + 1.FUS 4 +LHT + 1NN i I-force ! .
Fia = ¢ LLMR 4 LFUS 4 L.TR + LT & L-poment ! f
Fi5 = s MR+ MLFUS + WHT :' M-somert; i
EYIE + N.MR + N.TR + NVT o N-moment! :
ST s GRITIILTR t pitch flap
£ig) = SRS/ ITE ' rell fHlap
IF THECK=0 THEN GOSUE 7790 :" 411l force component array
Eodv Accalerations
t
ARILY = - (VE(SIRVEIY)-YR(BIAVE(2)) + Frq)/M
ABID. = (VEGCAISVEB(T)-VBO1)8VE(6) ) + F(2)/M
AR(Z = (VRUI)AVBIS!-VE(4)#VB(T)) + F(T1/N
AT = E(4ITY -
GBS = FUEIVIY - VB AVBIE RIN-TI0 /1Y ¢ (VBUE)AVBIS)-VBIASVB(41 ) 41X2/ 1Y ORIGINAL i o ¢
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1 '
é t
! T BBb) = FL/ID 4 [XI%AB(AN/12
4 r.c
} A ‘ .
| Siov intrarats Bedy Accelerations
- Ty
SR FOR 1% = 1 7D ¢

’ VE:IRD = VECIRY 4 ST # (AL # ABCIX) + BL ¢ AP(IN)
PR sPAIEY = ABCIXY ¢ REM SAVE ACCEL PAST VALUES

£L3 S
“rarzfora to earth (A/C rel to deck) velocities

VELL) = (VBILY # 05 ¢ VB(Z) £ 85) & L4 % CO5 (XE(H))

VECZD = VB(ZHCOS(XE(AY 4VB(L) « SIN (XE(4))

YELZE = (YB(T: # 55 - UB(I) #C5 5 # (4

VECH = VEL4) ¢ (VB(S: » 54 + VE(E) # C4) ¥ TAN(XE(S))

VELZ) = VBISY » C8 - VRIS ¥ 59 ']
VEZSY = i9B{o) # T4 « VB(S) ¥ 54) / (5

Intzirate earth (A/0 relative to deck) velorities

G ST I fo
i sk 3

e

SETINE = KECIAY 4 8T # B2 # VE(IN) 4 B2 ® VP(IY))

t
YPLIN) = VEXIN) 1 REM SAVE VEL PAST VALUES
NEXT I

TINE=TINESCT

) -F THEDY=1 THEN IF CHEC!,LDTP<CHECK.LOCP.MAY THEN BOTC 3520
20 1P CHECK=1 THEN GOSUR 8BS

Sl RETURY

S a—me
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Al
A2
AB(1)

AB(1)
AB(2)
AB(3)
AB(4)
AB(5)

AB(6)
AB(7)

AB(8)

AP(1)
A.SIGMA
Bl

B2

C4

C5

Cé

CT
DA1DU

DB1DV
DC(1)

DC(1)
DC(2)

APPENDIX B
DEFINITION OF PROGRAM SYMBOLS

Numerical integration constant (Adams-two = 1.5).
Numerical integration constant (trapezoidal = 0.5).
Body-axis acceleration vector.

Body x-axis acceleration (b) component (ft/secz).
Body y-axis acceleration (@) component (ft/secz).
Body z-axis acceleration (ﬁ) component (ft/secz).
Body roll axis acceleration (é) component (ft/secz).
Body pitch axis acceleration (é) component (ft/secz).

Body yaw axis acceleration (ﬁ) component (ft/secz).
Lateral tip-path-plane angular rate (bl) (rad).

Longitudinal tip-path-plane angular rate (al) (rad).

Past value of AB(i).

Product of lift-curve-slope and solidity.

Numerical integration constant, 1-A1.

Numerical integration constant, 1-A2.

Cos[XE(4)] or Cos of roll Euler angle.

Cos[XE(5)] or Cos of pitch Euler angle.

Cos[XE(6)] or Cos of yaw Euler angle.

Thrust coefficient.

Partial of longitudinal flapping to forward velocity
(rad/ft/sec).

Partial of lateral flapping to side velocity
(rad/ft/sec).

Control vector.

Main rotor collective pitch angle (rad).

Pitch control, Bl’ (rad).

B-1
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DC(3)

DC(4)
DENS.RATIO Density ratio.
D.FUS

D.FW
D.HT

D.HUB
DL.DB1

DL.DA1
D.TR
EPS .HT

F(i)
F(1)
F(2)
F(3)
F(4)
F(5)
F(6)
F(7)

F(8)

FR.MR

FR.TR
GAM.OM. 16

GV(7)
GvV(8)
H.FUS

H.HUB
H.TR

Roll control, Al, (rad).

Tail rotor collective pitch angle (rad).

Fuselage horizontal position of aerodynamic center
(ft).

Position of downwash on fuselage (ft).

Horizontal tail aerodynamic center relative to c¢. g.
(ft).

Hub horizontal position relative to c. €. (ft).

Direct flapping stiffness (rad/secz).

Off-axis flapping stiffness (rad/secz).
Tail rotor horizontal position (ft).
Downwash field on horizontal tail relative to induced
velocity.

Force and moment vector.

Total x-force component (1b).

Total y-force component (1lb).

Total z-force component (lo).

Total rolling moment component (ft-1b).
Total pitching moment component (ft-1b).
Total yawing moment component (ft-1b).

Pitch axis flapping angle, a,, (rad).

Roll axis flapping angle, b (rad).

1’
Effective frontal area of main rotor (ftz).

Effective frontal area of tail rotor (ftz).

One-sixteenth the product of Lock Number and rotor
angular rate (rad/sec).

Longitudinal tip-path-plane angular rate (rad/sec).
Lateral tip-path-plane angular rate (rad/sec).

Fuselage vertical position of aerodynamic center
relative to c. g. (ft).

Hub vertical position relative to c. g. (ft).
Tail rotor vertical position relative to c. g. (ft).




HP.LOSS Net power 1loss due to transmission, accessories, etc.
(hp).

IS Main rotor shaft incidence (rad).

ITB Inverse tip-path-plane lag (rad/sec).

ITB2.0M ITB squared over OMEGA.MR (rad/sec).

KC Flapping coupling factor.

KIND Induced velocity factor.

.FUS Fuselage aerodynamic rolling moment (ft-1b).

.MR Main rotor rolling moment (ft-1b).

.TR Tail rotor rolling moment (ft-1b).

VT Vertical tail rolling moment (ft-1b).

Vehicle mass (slug).

Fuselage aerodynamic pitching moment (ft-1b).

.HT Horizontal tail pitching moment (ft-1b).

.MR Main rotor pitching moment (ft-1b).

. WN Wing pitching moment (ft-1b).

Fuselage aerodynamic yawing moment (ft-1b).

.MR Main rotor yawing moment or torque (ft-1lb).

.TR Tail rotor yawing moment (ft-1b).

VT Vertical tail yawing moment (ft-1b).

OMEGA.MR Main rotor angular velocity (rad/sec).

OMEGA.TR Tail rotor angular velocity (rad/sec).

P.CLIMB Power 1loss due to change in potential energy

lb/sec).

P.INDUCED.MR Power 1loss due to main rotor induced velocity
lb/sec).

P.INDUCED.TR Power 1loss due to tail rotor induced velocity
lb/sec).

P.PARASITE Power loss due to fuselage parasite drag
lb/sec).

P.PROFILE.MR Power 1loss due to main rotor profile drag
lb/sec).

POWER. FUS Power 1loss from fuselage aerodynamic drag
lb/sec).

POWER. MR Power 1loss from main rotor and fuselage
lb/sec).

L
L
L
L
M
M.
M
M
M
N.
N
N
N




POWER. TR Power loss from tail rotor (ft-lb/sec).
POWER. WN Power loss from wing induced drag (ft-lb/sec).

POWER.ROTOR.MR Power loss from main rotor (ft-1b/sec).
PRESS.RATIO Pressure ratio.

R2 One half RHO.

RHO Air density (slug/ft?).
R.MR Main rotor radius (ft).
Tail rotor radius (ft).
S4 Sin of roll Euler angle.
53] Sin of pitch Euler angle.
S6 Sin of heading angle.
ST Numerical integration step size (sec).
TEMP.RATIO Temperature ratio.
TWST.MR Main rotor twist (rad).
TWST.TR Tail rotor twist (rad).
THRUST.MR Main rotor thrust (1lb).
THRUST.TR Tail rotor thrust (1lb).
TIME Present time (sec).
TORQUE.MR Main rotor torque {ft-1lb).
VA(1l) X-axis velocity relative to airmass (ft/sec).
VA(2) Y-axis velocity relative to airmass (ft/sec).
VA(3) l-axis velocity relative to airmass (ft/sec).
VA(4) Roll-axis angular velocity relative to airmass
(rad/sec).

VA(D) Pitch-axis angular velocity relative to airmass
(rad/sec).

VA(6) Yaw-axis angular velocity relative to airmass
(rad/sec).

VB(1) X-axis inertial velocity (ft/sec).

VB(2) Y-axis inertial velocity (ft/sec).

VB(3) Z-axis inertial velocity (ft/sec).

VB(4) Roll-axis inertial angular velocity (rad/sec).
VB(5) Pitch-axis inertial angular velocity (rad/sec).
VB(6) Yaw-axis inertial angular velocity (rad/sed).
VE(1) X-axis velocity relative to earth (ft/sec).




VE(2)
