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ABSTRACT

In helicopter dynamics research with interpretive
models, the process of manually deriving state eqguations for
a priori ordering schemes is tedious and of limited reliabi-
lity. The feasibility of its computerization by a completely
self contained symbolic processor in FORTRAN IV is disgcussed.
The symbolic manipulation details are presented for acoupled
rotor-fuselage system with dynamic inflow in forward flight.
The coupled system refers to a rotor with rigid blades execu-
ting lag and flap motions and to a fuselage idealized as a
simple rigid body executing roll and pitch motions. The feed-
back from dynamic inflow refers to a first-order model based on an
unsteady actuator-disk theory. The use of such a processor
offers considerable promise in that for an adequate model
representation, state equations can be generated for a
priori ordering schemes as required in stability, vibration
and combined stability and vibration analyses.

1 Introduction

During’ the past ten years, the helicopter indus-
tries have been vigorously pursuing the development of
'hingeless-type' helicoptersl—%. Still, most of the newly
assembled ' rotorcraft did not meet their air resonance and
vibration specificationsl~%. Usually remedial measures
were initiated after initial flight testing, involving
"intensive, costly, time and payload consuming efforts"3.
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Rather disguieting is the widely varying experience in the
analysis, design and implementation of such measures -4,

Resonance and rotor induced vibrations have always been
serious problems of rotorcraft development. Though much
attention has been paid to these problems, the present state-
of-the-art does not permit the development of future vehicles
with the certainty of avoiding such problems. There are two
main reasons for this situation2-%. First, most of the re-
search including correlation with test data is confined
either to highly complex global models that generate design data
or to grossly idealized models that are based on a Coleman-
type approach or on lumped-mass and hover-approximations2-6,
A clearer and more complete understanding of the physics of
these problems is precluded in the former case by model
complexity and in the latter, by model crudeness. Second,
it is recognised that "what is required is a third category
of research"2 with conceptual or interpretive models of
"intermediate complexity"2. Such models provide a better
understanding of air resonance and vibration phenomena with
parameter and mode visibility and are better suited to para-
metric analyses of a wide range of configurations. However
with consistent ordering schemes as required in stability
vibration and combined stability and vibration analyses7r ’
manual algebraic manipulation of their state eguations is an
awesome task and takes up bulk of the research effort. The
necessity for the analyst to share the algebra with the
computer has been emphasized®:9/10, even e.g., for the rigid
flap-lag model of the rotor with dynamic inflow and without
the inclusion of body dynamics9:10, In these calculations
the related multiblade equations. involved hundreds of hours
of algebra and a determination of their accuracy by inde-
pendent means.

A symbolic processor (or manipulation)is probably the
means of enabling the analyst sharing the algebra with the
computer11‘1“. It reduces the tedium of algebraic manipula-
tions, increases the reliability of generated state equations
and thus "allows the analytical work to be pushed further
before the computations start"1l, Its limited applications
have been reported in several branches of science and engi-
neering for over thirty years”'1 . As to its application
to helicopter dynamics research, only the barest beginningl3
has been made and the available. information is not compre-
hensive enough to assess its feasibility in such research.
Recently it has been s%nthesized as general purpose packages
or 'catholic systems'16 such as FORMAC (FORmula MAnipulation
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by Compiler), MYCSYMA (project MAC'S SYmbolic MAnipulator),
etc.; for an in-depth review see references 11 and 12.

With the preceding background, we now come to the mode
of assistance that is expected of a symbolic processor 'in this
"third category of research"2, The viability of this research
requires that "the improved comprehension of physical phenc-—
mena from interpretive models must be integrated into the
global models in a timely manner as they are verified"17,
Given the necessity of such a time frame, given the less than
adequate progress thus far in air resonance and vibration re-
search, now is the time to explore the feasibility of generat-
ing state equations through a symbolic processor. The ques-
tion also arises: why not explore the use of one of the
general purpose catholic s¥stems of symbolic manipulation as
is done in several studiesl1-142? A good example is the gene-
ration of finite element stiffness matrices with the help of
MACSYMA'4,  "The numerous services provided by such a system
tend to slow it down3 and to increase the user's learning
difficulties" 16, Also, there still is much research needed
in a comparative assessment of different systems 1-16 and of
their suitability in this "third category of research".
Meanwhile it does not seem realistic to burden this explora-
tory study with the subtleties of such general purpose pack-
ages. The usage of such packages is also partly precluded
by other considerations as well--cost effectiveness, limited
accessibility, core storage constraints, the need of specially
trained personnel, unlikely standardization of symbolic mani-
pulation languagesl!4,17 etc. The present feasibility study
examines how a completely self contained symbolic processor
can be developed as a natural predecessor to programming for
numerical computations, and as a viable adjunct of helicopter
research. Shorn of such general purpose packages, it shows
that the automatic generation of helicopter state equations
is basically no more involved than programming . for numerical
results in forward flight. Thus, it attempts to provide a
means of utilising the vast potential of symbolic manipula-
tion that hitherto remains practically untapped in helicopter
dynamics: research.

2 General Features

The present exploratory study centres around the
development of a symbolic processor, called HESL - Helicopter
Equations for Stability and Loads. Before turning to the
programming aspects, we present, preparatively, an overall
descriptive view of HESL in several respects: 1) The two pro-
cesses of generating state egquations and numerical computations



are carried out on the same basis in that both are programmed
in the same language, in the present study in FORTRAN IV.

2) The symbolic processor is completely self contained, and
has the facility for easy modifications and additions. It
does not reguire the assistance from any specific features of
the hardware and operating system of the host computer (high
portability). Therefore the expertise in programming and
soft—-and hardware requirements are basically no different from
those for numerical computations.

3) Compared to "catholic systems"16 such as MACSYMA, the
symbolic processor is tailored to a class of selected models
for a priori ordering schemes. By proper organization of
execution steps, %here is hardly any problem of intermediate
expression swellll and excessive core demand.

4) The automatic generation of state equationu in multiblade
coordinates is illustrated for the air resonance analysis of

a coupled rotor-body system with dynamic inflow (Figure 1) in
forward flight. For the selected model in stipulated rotating
and non-rotating reference frames the input parameters are
basically i) the position vector p , ii) the rotational speed
vector f, iii) the flow description over the rotor disk in

—

terms of u, A and v and iv) the ordering scheme.

5) The process of deriving state equations for a priori
ordering schemes comprises: 1) energy expressions, ii) gene-
ralised aerodynamic forces,. 1iii) the Lagrangian formulation,
iv) perturbed linear equations and v) multiblade coordinate
transformation. Partial or complete literal expressions are
generated at various stages for the purposey of spot-checking
and gqualitative study.

6) The combined stability and vibration analysis with an
appropriate ordering scheme,  provides "an excellent prelimi-
nary design tool"8, But the ordering scheme required in such
a combined analysis is generally of higher order than that
required in a separate stability or vibration analysis.

The use of this symbolic processor offers considerable pro-
mise, since the related state equations are digitally derived
for any stipulated ordering scheme.

3 Program Description

A detailed exposition of the symbolic processor
HESL is beyond the scope of this paper and can be found in
reference 18. However, for completeness, five essential as~
pects of the program are touched upon here. They are
1) Algebraic manipulation capabilities, 2) Commands, 3) Input-
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output details, 4) Program structure and 5) Limitations.

3.1 Algebraic Manipulationsg

These manipulations consist of combining expressions,
replacing variables in an expression by designated expres-
sions (relations) and substituting numerical or logical values
and tables into expressions., They also include the expansion
of composite functions and expressions according to stipulated
ordering schemes and the collection of coefficients of a spe~
cified variable in an expression. The algebraic manipulations
of the partial differentiation and integration are carried out
from the user supplied rules.

3.2 Commands

There are 13 commands built into the program. They are
classified into four groups: input commands, general purpose
commands, application oriented commands and special commands.
While describing the mathematical model, the input commands
are used to feed the data of expressions, relation/formula
tables, wvariable strings,etc. The general purpose commands
generate expressions of p (= 3p/3t + QXp), Up, Up, etc. and
carry out the algebraic manipulations. The application orien-
ted commands are designed to carry out the specific functions
related to the general problems of rotor-body dynamics. For
example, they generate multiblade functions (1, cos ¢, sin ¥
for three bladed rotors) for the multiblade coordinate trans-
formations, perturbed linear eguations and final multiblade
equations. The special commands look into the program manage-
ment aspects such as the termination of the program execution
and reappropriation of working core space for its optimal
utilization. A listing of these commands and associated sub-
routines are given in Tables (1a) and (1b) which also include
a brief description of the command functions.

The command 'FORM LAGRANGIAN' is the most important and
merits special mentioning. As presented in the flow chart of
figure 2 it carries out all the necessary analytical computa-
tions starting from the formation of the Lagrangian equation
to the final multiblade equations. The operations involved
are 1) Evaluation of the sub-elements of the Lagrangian i.e.,
expressions such as

3y B_F,(TTU)}, 9 (T=U) Qq. + ete.
37T 59; ad; +
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TABLE -

BLOCK I SUBROUTINES
s1 SUBROUTINE ‘Brief description/
N COMMAND TO BE LINKED function of the
© AND EXECUTED subroutine
1 READ EXPRESSION READEX Inputs an expression into
' core
2 READ TABLE FOR READTB Inputs a tabhle of rela-
SUBSTITUTION tions into core
3 READ GROUP AND RDNTOR Reads grouping and
ORDER OF ordering of variables
VARIABLES
4 READ ORDERING RDORSH Inputs an ordering scheme
SCHEME
5 SUBSTITUTE SUBTAB Substitutes a relation
TABLE INTO table into a specified
EXPRESSION expression
6 DIFFERENTIATE DFRENT Differentiates an expres-
EXPRESSION sion
7 READ DIFFEREN- DERTAB Reads table of differen-
TIATION TABLE tiation rules
8 READ VARIABLES RDCCVR Inputs a list of varia-
FOR COLLECTION bles for collection of
QOF COEFFICTENTS terms
9 RESET COUNTER RESETC Resets the terms counter
10 FORM LAGRAN Forms perturbed linear
LAGRANGIAN equations and then con-
verts them into multiblade
coordinate equations
11 FORM EXPRESSION SOMUAD Generates a new function
after performing the
required additions and
multiplications
12 INITIALISE INTMUL Generates multiblade
MULTIBLADE factors
13 END OF DATA To 'STOP' Stops execution
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TABLE - 1b
BLOCK II SUBROUTINES

;i SUBROUTINES Function of the program
1 PTEXDT Registers the details of an expression
2 GTEXDT Brings out the details of an expression
3 PUTROW Registers the details of a term
) GETROW Brings out details of a term
5 WRTEXP Prints expression details in Alpha numeric
form
6 TABSRH Identifies a table name and reglsters it in
the list of tables
7 FLESRH Identifies an expression name and registers
it in the list of expressions :
8 VARSRH Identifies a variables name and registers
‘ it in the list of variables
9 IDVRFL Identifies the group to which an input name
' belongs
10 TRNSFR Transfers the term details from one position
of the core to another position
11 MULTPY Multiplies expressions
12 DIFREN Differentiates a term of an expression
13 GTCLDT Brings the variables' list details
14  "COLECT Inputs a variable for collection of terms
containing the variable
15 RELATN Substitutes a relation into the terms of
' an expression
16 USEREL Identifies the relation to be used 1n a term
form a specified table :
17 MULEXP Product of three expressions
18 EXPEXP Product of terms
19 READVF Reads a term of an expression
20 COMPCT Shortens the length of an expression by
adding identical terms
21 ORDEXP Finds the order of magnitude of the term and

identifies whether the term to be rejected
or retained based on stipulated criteria
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(Table - 1b continued)

22 GTORSH Brings out ordering scheme details

23 MULTIB - Transforms terms of perturbed linear
equations into terms of equations in
multiblade coordinate equations

24 FORSTA Transforms expressions into coded Fortran
statements
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Fig. 2 Flow chart of command FORM LAGRANGIAN

37-9



2) substitution of perturbation relations, 3) application
of an ordering scheme to generate the perturbed linear egqua-
tions, and  4) transformation of perturbed linear equations
into multiblade eguations. Operation (1), if executed
completely at once leads to large number of terms burdening
the computer core. Accordingly, the command FORM LAGRANGIAN
does not evaluate complete sub-elements of operation (1).
Instead, it carries out operations (2) and (3) successively
with respect to each 'term' or components of the sub~elements
and retains the resulting contributions. Then, the perturbed
linear equations are generated by the summation of these
contributions. Such a strategy of effecting an cperation at
term level rather than at comqlete expression level limits
intermediate expression swelll! to an absolute minimum and is
also employed in forming the .multiblade equations from the
perturbed linear equations. Operation (4) is effected in
four phases, a) substitution of multiblade relations,

b} multiplication with the multiblade functions, c) usage of
trigonometric identities and d) application of multiblade
summation rules.

Additional features refer to modular construction and
portability. The modular structure permits the introduction
of new commands or modifications of the old commands to con-
sider major modifications in the formulation. Thus, the
same program can be utilised to consider a variety of modi-
fications or extensions of the original analytical model.
Usually the implementation of symbolic mani?ulation systems
on another computer reguires a major effort'! in that it must
take advantage of the specific features of the hardware and
operating system of the host computer!l. The present program
written in FORTRAN IV, can be implemented with minimal assis-
tance from the host computer, i.e. by utilising its Fortran
compiler. As such, it is highly.portable. A reset counter
is also incorporated which erases all previous equations and
saves core space for the next eguation. :

3.3 Input-output

The inputs to the program comprise the command names
and their parameters which are in alpha numeric format. "~
The names of expressions, relation tables, the variable
strings and ordering schemes are made of four alpha numeric
characters. It is necessary to attach a special character
with the names to signify the group (variables, expressions,
tables, etc.) to which the name belongs. For example, varia-
bles B85, Zyx, sin yy and expressions F12, KE and differentia-
tion table DERV are read as follows :
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I
H

Bo = MHEET, N
F12 = § Bri2, KE

BZEDD, sin by = PSNCY

% BPKE, DERV = @aDERV

]

As seen from the above examples, the special characters
'B', '%' and 'a' recognize respectively the variables, ex-
pressions and tables. We observe that all specific characters
are to be fed to the program before any command name is .read.
The details of the terms in the expression are formated such
that each card provides the details of one term. The program
gives two sets of outputs. The first set contains the result-
ing expressions of algebraic manipulation commands, perturbed
linear equations and multiblade equations. The expressions
details are printed term by term one below the other for easy
perusal by the user. The second set contains outputs which
are coded Fortran statements of the equations as required in
the subsequent numerical computations of Floguet transition
matrices and forced responses.

3.4 Program Structure

As typified in figqure 3 in a flow-chart form, the program
has one main program and 36 subroutines. Control of the entire
operation is done through the input commands. The main program
initialises the internal data management parameters and reads
the commands as data. Depending on the command, the required
subroutines are called and the executions are performed. Each
subroutine is like a building block, its size and scope being
so designed that its function is 'obvious, logical and rea-
sonable'18,

The subroutines can be divided into two categories. The
first category of subroutines represented by Block I in figuréd 3
and table (la) are called by the main program for executing
the command functions. The second category of subroutines
represented by Block II in figure 3 and table (1b} are called
by the subroutines of Block I in assisting its execution. The
Block II-subroutines are the fundamental blocks in performing
complex algebraic manipulations such as substitution of tables
into expressions, composite-expression expansions etc.

3.5 Limitations

A restrictive aspect of the program is the necessity of
providing all the relations needed for differentiation and
integration and trigonometric identities. This can be easily
overcome by building a data library into the program.
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4 Equations of Motion

We now come to the symbolic manipulation details of
generating the equations of motion for a priori ordering
schemes. For illustrative purposes the coupled rotor-body
model with dynamic inflow of Reference 4 is selected. A rotor-
body schematic with inflow block diagram is sketched in figure 1.
While the treatment of Reference 4 is restricted to hovering
flight, these eguations are presented here for the relatively
more complex conditions of forward flight. The coupled model
refers to a rotor system idealised as rigid blades executing
flap and lag motions and to a fuselage system idealised as a
simple rigid body executing roll and pitch motions. Hub
elasticity and blade torsional flexibility are accounted for
in a guasisteady manner®. Quasisteady aerodynamics is used
for evaluating aerodynamic forces on the rotor blade. Effects
of gravity, stall, reverse flow, compressibility and body aero-
dynamics are neglected. The processor HESL accepts dynamic
inflow models based on both first and second order harmonic
descriptions of inflow which respectively lead to three and
five inflow distributions (uniform, fore-~to-aft, etec.) or
degrees-of-freedom!?. The two matrices of inflow gain and
time constants comprise the inputs to the inflow s stem?8,19,
They are based on an unsteady actuater disk theory 9. Due to
space limitations, the presentation is restricted to an inflow
model with three degrees-of-freedom and to the flapping equa-
tions of 9B and BO for the ordering scheme e?<< 1,

Appendix I contains the input data for the generation of
equations of motion, the corresponding flow chart being shown
in figure 4. It is divided into eight parts. Each part
corresponds to a particular aspect of*the process of deriving
the equations of motions. What follows is a brief account of
input data in each part of Appendix I and corresponding for-
mulation steps and outputs.

Part I pertains to tables of relations/formulaes/identi-
ties. For the present problem a total of seven tables of
relations . is required i.e. (a) perturbation relations a PERT,
{b) integrals of inertial terms 2INRL, (c) integrals of aero-
dynamic force terms & DYNM, (d) multiblade relations 2 MULRE,
(e) integrals of terms in dynamic inflow equations a DYIN,

(£} trigonometric identities @& TRIG and (g) differentiation
rules & DERV. Due to space limitations we present the input
details only for tables (a) and {(g) in Part I. For a cocmplete
presentation, see reference 18, Typical relations in these
tables are

-

Perturbation relations 8 = 8 + 3B, o
the differentiation rules 38/3T=B,9sin B/3T

il

90,
c 0
B cos B, etc.

etc., and

(1)
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Fig. 4 Flow chart of Inputs to HESL
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while implementing the stipulated ordering scheme, the
variables are identified with two groups. In the first group
they are assigned orders such as 0(1), 0(g), 0(ec?), etc. as
in references 4 or 18. For example, 0g is of order one _while
Bkr Bk: Bpcs. A etc. are of order ¢ and cg/a, of order 52. In
the second group we have the state variables and acceleration
terms all of which have an order of é. For the selected
ordering scheme, typical expansions*input tables read:

cos Bk =1 -(1/2) Ek - Ek 8B

and sin 6 = 85 + 9865 + 6. o8z + eB(Bk - ch) + By COS Yt

g
5., sin ¢ (2)

In the perturbation scheme state variable of order 62 are
automatically deleted.

In part II, input data are presented in two divisions.
Division one contains variables (state variables and accele-
leration terms) and equilibrium state parameters along with
their orders of magnitude. The equilibrium parameters are
incorporated in a general manner in that the generated equa-
tions can be used for a variety of control settings of moment
trimmed (f = 0), propulsive trimmed (f # 0), untrimmed and
roll trimmed conditions. In division two, input instructions
are given to collect terms pertaining to a specific variable
or a parameter.

_ The derivation of eqguations of motion starts with the
definition of the rotor blade position vector and the rota-
tion vector. As seerm: from figure 1

py = ¥ cos 8 éos.;, Py = r cos B sin g, Eé_= r sin g + h (3)
Qy = o, siny - aé'cos Vs .ﬁ? = 4, COS.§ + ag sin y, Q, = 1
(4)

which constitute the user supplied inputs as identified in
part III of Appendix I.

Part IV in appendix I comprises the inputs to evaluate p. A
representative program output of py is given below
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********************#**************1

DETAILS OF THE EXPRESSION RYD i

e o ek o o o ok ok o o o o ok ok ok ok ok ok ko ok o o o o o ok

-1.000000% BTD* SBT* SZE¥* RB*
1.000000% (CBT* ZED* CZE* RB*
1.000000% CBT* CZE* RB*

~-1.000000% gBT* ACD* SNCY¥* RB*
1.000000% SBT* ASD¥* (CSCY* RB#*

-1.000000% ACD* SNCY* HB*
1.000000% ASD* CSCY* HB*

ST E Wl =

At a point (r,y ) in the rotor disk, the dynamic inflow v with
components (vg, v, “II) has the first order harmonic repre-
sentation'”:

voo= Y + v

0 r cos ¥ + v

I ; sin ¢ (5)

IT
The component v, in the above equation refers to uniform inflow
perturbation. The remaining two components vy and viy refer
to the fore-to—-aft and side~to-side perturbations. These com-
ponents assume the role of degrees-of-freedom. (The dynamic
inflow model with five degrees-of freedom is included on similar
lines). The total induced flow X is given by

A= A 4+ v (6)

where the dynamic inflow v is perturbed with respect to the
steady inflow X  such that (4/3)A represents the frim inflow
angle. Bypassing considerable algebraic details,we have the
following expressions for tangential and normal velocity compo-
nents on the air foil

Up = T (148)° cos 8 - (r sin B + hyla_ sin (¥ + 1) -

&; cos (P + zZ}} + u sin (Y + ) (7a)
Up = ¥ é + Acos B ~ (r + h sin B){ &c cos (¢ + z) +

&_ sin (Y + z)}+ psin Becos (¢ + Z) (7b)

S

The description of equation (7) is given in part V of Appendix I
which a}so includes the evaluation of the perturbed linear
expressions UTP and UPP . As an illustrative example, the out-

put corresponding to UTP follows
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Ao R R R R ok R R K Kk
Ed

i
. %
¥ DETAILS OF THE EXPRESSION UTP z
i************************************

-1.000000% SNCY* DCD* HB*
1.000000% CSCY* DSD* HB*
1.000000% CSCY* DZ#* MU*
1.000000% SNCY* MU*

1 1.000000% RB* DZD*

2 -0.500000%* RB#* BB* BB* DZD*
3 1.000000% RB*

4 -0.500000% RB* BB* BB¥

5 -1.000000%* RB* BB* DB*

6 ~-1.000000% SNCY* RB* BB* DCD*
7 1.000000% CSCY* RB* BB* DSD*
8

9

0

1

— ik

Part VI in Appendix I contains details of expressions of
strain energy of the blade-hub system, the equivalent viscous
dissipating functions for the blade and fuselage and kinetic
energy of the fuselage. The expression of the strain energy
of the blade-hub system is computed from the user supplied
relation :

N
1 2 2 2, . 2 _ _ 2
Spr. = 3 ki1 IB{ wg + R,émC mB) sin ek} (B ch eBch)
2 2 2 . 2 2
+ IB{ W, - Ry (mc - wB) sin ek} Ly (8)
2 2 .

Inputs of Part VII and VIII of Appendix I pertain to the
generation of the equations of motion for flapping degree-of-
freedom. -~ (For input descriptions of other degrees-of-freedom
motion see reference 18). The Lagrangian form of the flapping
equation of motion of the i-th blade is written as

= 3p Y L 5P
rord 5 e, Ay o A2y ar
y . Z .
_ 9B 38 38
e 35 . .. . 3P
- me3 {5 (asx) + p (=X 4 Py (—35)} dr
BB B
9 (5,.) 3(D_.)
+ = BB" -~y RPrF, ar
3B 38 c
PaCRu 2 d0
= f { Up sin & - U, Up (cos 0+ — Y} dr (9)
2 P ‘ P P



This equation is rewritten as consisting of 10 major steps
or sub-elements which are

d ) p)
JEy g=(fgdr + S f1§?(f7)dr + f figo(fg)dr +f £, £, £, dr

+f £, £, £, dr + [ £, £, £,, dr '
(10)

2 2 -
+ £, 88£f3) + f338i(f3)‘+f £, £, £45 dx + [ £, £, £,0dr =0

where the sub-elements f1 to f18 are defined as follows :

il
= mR?; = -nr3; -1, - - PaCR;
£4 mR™; £, = -mR7; f3 = 1; £y = 5— sin 8
4 €4 3 . .
= PaCR_ —_° - ., - = -
f5 > (cose + 3 Y, f6 = py f7 py, f8 Py
3p. 30, 3p 3p., |
fq = o= = X . - X
o~ 38 Tio " 17 753 2127 3
£ -—-B_EX.- £ —BEZ = £ = . £ =
13738 7 Fie =35 7 T1s T Seri Tie T Per’ 17 = Upp’
£1g = Upp- (1)

While the sub-elements. f6' f8’ f15, f16’ f17, and f18 are

evaluated by the computer, the remaining 171 sub-elements are
fed as inputs which are identified in part VII.

Finally we come to the process of deriving the flapping
equations in multiblade coordinates. This process starts with
the evaluation of equation (10) in ten major steps. Necessary
integral relations are available in @ INRL and @ DYNM. The
nonlinear equation is converted to the perturbed linear equa-
tion according to the perturbation relations @ PERT and accoxrd-
ing to the stipulated ordering scheme *E2D1. The perturbed
linear equations in turn are transformed into multiblade equa-
tions according to the multiblade relations 8@MULB. The multi-
blade equations are further simplified by the use of trigno-
metric identities 2 TRIG and multiblade summation rules. The
terms of the perturbed and multiblade equations are grouped
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according to the listing of variables as specified in divi-

sion 2 of part II in Appendix I. The inputs in Part VIII of
Appendix I describe these major steps. The corresponding

coded Fortran statements are derived from the multiblade
equations for further numerical computations. While Appendix II
presents the output of the perturbed linear equation for the
flapping motion, Appendix III shows .the multiblade equation

for collective flapping mode B .

HESL was implemented on DEC-1090 to generate the equations
of motion of the rotor-body inflow system. It takes about 15
minutes of CPU time to generate the eguations for the rotor-
body system with eight degrees-of-freedom (8¢, Bt, 811, %0,
Lrr 11, 0o and og), and about 18 minutes with the inclusion
of dynamic inflow with components Vg, Vi, and V1.

5 Concluding Remarks

In this exploratory study, one of the simplest viable
modelsZ-4,8-10 of coupled rotor fuselage systems with dynamic
inflow has been assumed for describing the basic features of
HESL, a completely self contained symbolic processor in
FORTRAN IV. Such a study demonstrates the feasibility of u51ng

symbolic manipulation in the 'third category of research'? in
helicopter dynamics. For the preceding coupled rotor-body
model with a stipulated ordering scheme HESL requires basically
the definitions of p and § and the flow descripticon parameters
Ar wand y. It (i) generates perturbed linear equations from
the nonlinear ordinary differential equations and (ii) transforms
the perturbed linear equations in multiblade coordinates. The
facility of direct coding into FORTRAN statements for subsequent
numerical computations is included. The modular structure of

the program allows the programmer to alter the existing modules
and to add new subroutines. Thus, HESL is oriented towards
flexibility of application and user modification. Unlike a
general purpose processor or 'catholic system', it has high
portability since it is written in FORTRAN IV and needs no
special assistance from any other software systems of the

host computer. Its appllcatlon oriented commands make the

user inputs minimal since the required formulation steps are
built into the commands. The intermediate expression swellll is
significantly minimised, since formulation procedures are car-
ried out at term level rather than at expression level.

The continuing study concerns extensions in several res-

pects: 1) To refine the rigid roll-pitch model of the fuselage
or rotor support to include rigid plunging motion. ii) To
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refine the rigid flap-lag model of the rotor to include elastic
flap and lag modes. 1ii) To refine the rigid rotor-support
model to include elastic beam modes.
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NOTATION

Symbol

FORTRAN Symbol

Description

HB,RB

TAU

RX,0MGY ,RXD,RZT

CcY
ZE,BT,AC,AS

IB,IICC,IISS

MU, GAMA , GAMI

OMB2 , OMZ2

37-22

Dimensionless distance from
body centre of mass to rotor
centre and blade radial
coordinate (unit 1/rotor
radius R)

Position and rotational
velocity vectors

Dimensionless time (unit 1/8)

Typical components of p,R
and the total and partial
derivatives of p with respect
to T

Rotor azimuth angle,p = 0,
aft position

Blade lead-lag and flap and
body pitch and roll motions

Blade flap or lag inertia
and body pitch and roll
inertias

Advance ratio, blade Lock
number and YIB

Dimensionless and uncoupled

. flap (non-rotating) and lead

lag frequencies squared
(unit 1/Q) -

Generalized or guasi-genera-
lized coordinate

Generalized force in the d;
direction



sing,cosg,sing
cosg,siny,cosy

sine,cose,sinas

& (=ag/dr)
8 (=a%p/dr?)

Bor BroBry

BO' SI’ Er

CDoA

THBT, THZE, BTPC
THBO, THB1, THB2
-,NUO,NU1,NU2

LAMB

LAMD

UT,UP,U0TP,UPP

SBT,CBT,SZE
CZE,SNCY,CS8CY

STH,CTH,SAS

BDT
BTDD

BO,B1,B2

BDO,BDD1,BBD

37-23

Blade profile drag coeffi-
cient over lift curve slope

Pitch-flap and pitch-lag
coupling ratios, and pre-
cone angle

Collective, longitudinal
and lateral blade pitch
angles

Inflow perturbation, uniform,
fore-to-aft, and side-to-
gside components of inflow

Total steady inflow ratio

Dimensionlesg helicopter
flat plate drag area

Dimensionless force perpendi-
cular to blade {unit Qzl/Rz)

+ v

1f ©€os wk +

r sin wk

Dimensionless tangential and
perpendicular velocity compo-
nents of flow over the air-

foil and their perturbed
linear components

Flapping velocity
Flapping acceleration

Coning, longitudinal and
lateral flapping angles

Typical flapping deriva-
tives with respect to T



.

88 .87 /Ty
Bpx/BBfapy/pB
ac/N

(-1)¥

Rp
pac/2

sin7y,cos7y

2

anB ,?.ncwC

2n, ,2nu«ma
c C s

]

DBDD,DZDD, 2D0O

RXDQ, RYQ

ASGN
MOPK
ACD,ACDD
DCD, DCDD
DEBL,DEFU
SEBL

KEFU

ECF

RaC2

87CY,C7CY

CCBB,CCZZ

CCAC,CCAS

Typical lead-lag deriva-
tives with respect to t

Partial derivative of.p  with
respect to B and of p_ ) with
respect to B Y

(Lift curve slope X solidity)/
(number of blades)

(—1)k appears only for rotors
with even number of blades

Body pitch velocity and
pitch acceleration

uchand Gac are identical
Equiﬁalent viscous dissipat-.
ing functions of blade and
fuselage

Strain energy of the blade-
hub system (root springs)

Kinetic energy of the fuse-
lage

Kinetic energy of the rotor-
body system

Potential energy of the
rotor-body system

Elastic coupling parameter

(air density X lift curve
slope X blade chord) /2

Blade flap and inplane
structural damping ratios

Body pitch and roll struc-
tural damping ratios.
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