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FOREWORD

Ever increasing use has been made during recent decades of schematic diagrams in representing mechani-
cal and acoustical systems. This development is a natural outgrowth of the same technique as was developed
earlier for electric networks. Such diagrams are important because of their usefulness in two connections.

First, a mechanical or an acoustical system can be analyzed much more rapidly with a schematic diagram
than without. Indeed, systematic methods have been developed in recent years which can generate correct
descriptive equations for the system given its schematic diagram and specifications of the properties of each
element in the system. Furthermore, the use of such methods tends to minimize blunders in analyses, such
as wrong signs for terms, which even the most experienced analyst is apt to make from time to time.

Second, as an analyst gains experience with schematic diagrams he develops an insight into the character-
istic performance of collections of interconnected elements. Thus he develops an ability to anticipate the
performance of a system, at least in a qualitative way, based solely on a study of its schematic diagram. This
is an attribute of schematic diagrams that is most useful, as was discovered ear|ier by electrical and elec-

trical and electronics engineers.

It is to be noted that each of the foregoing points concerns a determmatlon of the performance of a
system; i.e., an analysis of the system. It is not surprising, therefore, that schematic symbols are constructed
primarily to make analyses easier and more straightforward. In recent years, however, there has developed
a considerable interest in schematic diagrams in connection with the synthesis problem. From this point of
view one starts with a specification of the overall performance desired in a system. If some specifications are
then assigned to the schematic diagram, such as the number of junctions and branches in the diagram,
it is conceivable that the constitutive equations for the elements can be determined. Although techniques of
this sort have not been worked out in detail as yet, they are receiving a lot of attention at the time of this
writing and hold great promises for the future.

Because this standard concerns a relatively new field, the Writing Group was forced to make some de-
cisions. The most important one concerned the question whether it is desirable to try to evolve some stand-
ard symbols now rather than to wait a number of years-in the hope that some fairly uniform practices may
evolve. It is recognized that standards are much easier to establish if a unanimity of opinion exists. The
Writing Group believed, however, that a significant contribution could be made to an evolving practice if
some sort of a standard practice could be adopted now. No doubt, any user of this standard will find some
things that he likes and some that he would like to see changed. Suggestions for improvement based on
experience gained in the use of this standard will always be welcome and should be mailed to the Secretary,
American National Standards Committee Y32, in care of the ASME.

This standard was prepared by a committee working under the auspices of the American National Stand-
ards Committee on Acoustics, S1, and the American National Standards Committee on Mechanical Shock
and Vibration, S2. It was approved by the above American National Standards Committees and by American
National Standards Committee Y32 on Graphic Symbols and Designations on November 23, 1971 when it
was sent to American National Standard Institute for approval as an American National Standard. The
ANS| approval was received on April 20, 1972 and it was designated ANSI ¥32.18—1972.
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ANSI Y32,18-1972

AMERICAN NATIONAL STANDARD

SYMBOLS FOR MECHANICAL AND ACOUSTICAL ELEMENTS
AS USED IN SCHEMATIC DIAGRAMS

1. Scope

This document presents standard symbols and
definitions that may be used in constructing
schematic diagrams for mechanical and acoustical
systems whose performances are describable by
finite sets of scalar variables. The choice of
symbols described herein is based upon the fol-
lowing assumptions:

a. A system can be divided conceptually into
a finite set of elements each of whose dynamical
properties are known,

b. To each such conceptual element there can
be assigned a set of terminals.

c. Symbols for the elements shall be inter-
connected to form a schematic diagram for the
whole system so that field equations shall be
satisfied at every junction point and around every
closed loop.

The symbols which appear in this standard
were evolved with the following principles in
mind:

a. It shall be possible to draw the symbols
easily and quickly.

b. The symbol shall be distinctive and where
feasible shall suggest some well-known embodi-
ment of the element in question.

c. The symbols shall preferably have been
used previously in the scientific literature.

NOTE 1. Questions concerning the specific form
for a so-called equivalent circuit of an
electromechanical or any other type of
mixed system are not within the scope
of this standard.

NOTE 2. An Appendix (not a part of this
standard) provides background informa-
tion on the use of the symbols in
constructing schematic diagrams.

2. Terms Used

Diagrams

in Connection with Schematic

The meanings to be attached to terms or ex-
pressions as used in this standard are to be con-
sistent with the definitions in American National

Standard Acoustical Terminology (ANSI §1.1-1960
or latest revision) and American National Standard
Letter Symbols for Acoustics (ANSI Y10.11-1953
(R 1959), or latest revision).

In addition, the following listed terms will be
useful in schematic diagramming and therefore
the sections of this document where they appear
are tabulated.

Notations 3.8
Coding 3.2
Directivity of a Variable 3.6
Terminals 33

3. Characteristics of Schematic Diagrams and
Symbols

3.1 General. The schematic symbols appear-

‘ing in this standard contain the following types

of information:

a. Coding

b. Terminals
c. Directivity
d. Labels

e. Notations

The first two types of information are always
present; the latter three may or may not be
necessary in any specific case. The criterion
that is used to decide whether they shall or shall
not be included in a schematic symbol is whether
or not they are needed for clarity and complete-
ness of information.

3.2 Coding. The coding is that portion of a
symbol which by its configuration specifies the
characteristics of the physical element which
stands in one-to-one correspondence with the
symbol. Thus the symbols corresponding to the
rigid masses and acoustical cavities will all have
different codings. (See Subsection 4.4).

3.3 Terminals. The terminal is that portion of
the symbol representing connection to adjoining
elements or to points of physical access to the
whole system. A terminal is represented by an
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open circle joined to the coding by a line. (See
Subsection 4.4).

3.4 Across Variables. Across variables de-
scribe quantities which are observable or act on
an element relative to a reference.

3.5 Through Yariables. Through variables de-
scribe quantities which are observable or are
transmitted continuously through an element.

3.6 Directivity. Directivity is a property as-
sociated with a path connecting two terminals of
_ the same element. It specifies either the reference
terminal of the associated across variable or the
direction’ of propagation of the corresponding
through variable. In the former case a — sign is
placed by the reference terminal and a + sign by
the other terminal; in the second case an arrow-
head is added to the line terminating on the
reference node with the arrowhead pointing toward
the reference node. (See Subsection 4.4).

NOTE: These two methods of indicating direc-
tivity are not independent for one implies
the other. Thus it is not necessary or
desirable to use both designations in
the symbol for any element.

3.7 Labels. Labels are numbers or letter sym-
bols placed beside or on the coding of an element.
They are used as needed to provide information to
a user of the diagram of a system. (See Subsec-
tion 4.4).

3.8 Notations. There will be certain items of
information which will be needed in addition to
the above symbol information in order to completely
describe the system which corresponds to the
diagram. These extra items of information may be
added by a margin of the diagram and are called
notations. Typical items that are contained in the
notations are:

a. Statements describing the coordinate sys-
tems assigned to the system,;

b. Definitions of labels;

c. Constraints imposed by perfect couplers.

4. General Symbols

NOTE A: Letter notation labels identify modes
of motion.

NOTE B: Sense of motion indicated by +, — of—m.

NOTE C: The exact meaning of the label must
be given in notations for any non-linear
dissipative element.

ANSI Y32.18-1972

4.1 Rectilinear Motion

4.1.1 lnertance

M
O——t——-—

See 4.7.2.

1 -
Squ/////ams

4.1.3 Dissipation

RM

o— b—o

See Note C.

4.1.4 Generator (across variable)

u(t)

4.1.5 Generator (through variable)

F(t)
0 0
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4.2 Rotary Motion 4.3 Acoustical (Eulerian)

4.2.1 Inertance 4.3.1 Inertance

S

4.3.2 Compliance

See 4.7.2.

4.2.2 Compliance

5y

C
R See 4.7.2.

O_@___O 4.3.3 Dissipation

Ry
4.2.3 Dissipation 0—"I|-——O

See Note C.

RR
O @ O

4.3.4 Generator (across variable)

See Note C.
pt)
4.2.4 Generator (across variable) - +
w(t)
- +
(o, O

4.3.5 Generator (through variable)

4.2.5 Generator (through variable)

T(t) | U(t)
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4.4 Typical Application; Schematic Diagram 4.5.2 Inverse Coupler

.................. TERMINAL - oo

| !

! f

_ - DIRECTIVITY —_ i DIRECTIVITY |

Ve ~ H ~ |

Sl (D S | - N

~ N o >, ug Pj
TS 7 COMMON
ul(t) "’ 9 NEWTON-SEC/M REFERENCE
4
! commie :
N LABEL J
fi = Spj
n:

Sl.li+Uj = 0*

4.5 Perfect Coupler
P *Relation is redundant in that it can be inferred

from the first relation and the fact that the ele-
ment is a perfect coupler. It is helpful however

4.5.1 Direct Coupler to include it in the notations.

NOTE 1: Although only two sections are
shown in the above symbols, by exten-

O—y —»0 sion the element may include any
finite number of sections.

NOTE 2: It is frequently the case that there are
interconnections between the sections
of a coupler.

4.6 Multi-terminal Element

4= —==O3———=—q

oe— Lo
a,---:?g-“z-:T
|
|

Examples of notations:

u; = ly;

If; + f; = 0* H defined in terms of the across variable a; and
the corresponding through variables. .
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5. Description of Symbols

5.1 General. The standard symbols are listed
in Section 4. General Symbols.

5.2 Symbols for Pure Inertances. Symbols for
a pure inertance are suggestive of rigid pieces of
matter or a portion of fluid within a stationary
pipe. The coding contains a solid circle at its
centroid, suggesting that the element can be
specified precisely by considering only the
motion of its center of mass and as if all forces
were concentrated at this point.

5.3 Symbols -for Pure Compliance. The Sym-
bols for pure compliance are suggestive of springs
in the case of rectilinear and rotary motions and
of a cavity in acoustical systems.

5.4 Symbols for Pure Dissipations. The Sym-
bols for pure dissipations are suggestive of a
piston moving in a viscous oil, a disk spinning
in a viscous oil, or a fluid being forced through a
porous screen.

5.5 Symbols for Pure Sources of Excitations
(Generators). The symbols given in Section 4 are
simple and obvious modifications of the symbols
used for electrical sources so as to allow ready
distinction between the two types of energy
sources. It should be noted that only two types of
generators have had widespread use in mechanical
and acoustical systems. In one type the value of
an across variable is a specified function of the
time; in the other a through variable is a specified
function of the time. In either case the device has
an inherent directivity so that their symbols must
include this information.

5.6 Symbols for Perfect Couplers

5.6.1 General. A perfect coupler is a con-
ceptual element which does not generate, store or
dissipate energy, yet can transfer energy from
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one part of a system to another. There are two
types of couplers, the distinction being based on
the nature of the constraints they impose. Symbols
for perfect couplers are shown in Section 4.5.1
and 4.5.2.

5.6.2 Direct Couplers. A direct coupler
transforms through and across variables in:one
system to through and across variables, respec-
tively, in another system. It is necessary to
assign directivities to all sections of a perfect
coupler.

5.6.3 Inverse Couplers. An inverse coupler
transforms across and through variables in one
system to through and across variables in the
other system, or vice versa. The sense of the
direction of all sections of the coupler must be
indicated.

5.7 Symbols for General Elements. Many
mechanical and acoustical systems may be
represented by lumped or pure elements given in
Section 5.2 through 5.6 and often this. is the most
informative thing to do. Yet cases do arise in
which it is advantageous to consider an inter-
connected set of pure elements as a single entity
with perhaps multiple terminals. For example,
generators are not easily included in an analysis
if single 2-terminal elements are created concep-
tually by combining each pure generator with
purely passive element. Such a conceptual com-
bination is still called an element. The element
must be labeled and its constitutive relations
specified” in the notations. Furthermore, if the
element has more than two terminals the assign-
ment of an independent set of across variables,
say a; must be specified between appropriate
pairs of terminals. The symbol for a general
multi-terminal element is shown in Section 4.6.

5.8 Supplementary Symbels. The following
supplementary symbols may be used.

5.8.1 Uncoded Line. An uncoded line is
used to interconnect any two (or more) terminals
for which the appropriate across variable is
always zero in the system being analyzed.

5.8.2 Reference Terminal. The reference
terminal is used to identify a stable point of
reference, normally external to the system being
represented by the schematic diagram. The
reference terminal need not represent an identifia-
ble or fixed physical state. A minimum of one
reference terminal should appear in any schematic
diagram.



APPENDIX

General Information on the Construction
of Schematic Diagram

Al Purpose and Scope of Appendix

This appendix, although not a part of the
standard, is provided for the use of readers so
that they may have at hand a brief description of
those concepts which provide the theoretical
basis on which the construction of such diagrams
rests and a summary of those techniques that
have been found to have general applicability in
this subject area. '

A2 Basic Concepts

A2.1 The primary function of a schematic
diagram is to provide a useful conceptual tool for
analysis of physical systems. It is not surprising,
therefore, that the concepts associated. with the
construction of schematic diagrams are derived
from those constructs created in the mind of an
analyst and those operations which he pursues in
creating accurate descriptions of the performance
of the systems. An analyst is concerned not
only with an accurate description of the performance
of a system but with the finding of accurate
numerical predictions of its action. The des-
criptive phase of his work is partly conceptual
and partly mathematical, while the predictive
phase is purely mathematical and in fact concerns
the formal solution of a set of equations usually
integro-differential in form. It is important to
realize that schematic diagrams are designed to
be aids only in the descriptive phase of an anal-
ysis — not in the solution of mathematical
relations. If an analyst seems to use a schematic
diagram in predicting the performance of a sys-
tem, it is probably because he has developed an
intuition for the way solutions will come out by
virtue of his having previously solved other sys-
tems having similar schematic diagrams. Hence
this discussion will be limited hereafter to the
descriptive phase of an analysis.

A2.2 As an analyst begins his consideration
of a system he is faced with four sorts of
arbitrary choices. The first of these concemns a
decomposition of the given system into a set of
simpler parts called elements. The notions
behind such a decomposition can be viewed as
follows. The fact that an analysis is being under-

taken implies that the performance of the system
is not known in advance. However, the analyst
can mentally divide the system into a sequence
of smaller parts and this division can be carried
to a point where the performance of each part is
well known. The endpoint of the division is
arbitrary, obviously, for arriving at a set of parts
whose respective performances are known is a
function of the training, experience and above all
the taste of the analyst. The great majority of
workers, however, prefer to carry a decomposition
to the point where the resulting parts represent
pure elements. Typical pure elements are inertias
without ‘any compressibility or viscous effects,
springs without inertia, levers without inertia or
springiness, generators without passive reactions,
etc. Tt is to be noted that this standard concerns
mainly symbols for pure elements although some
allowance has been made for other elements.

A2.3 A decomposition assumes that each of
the resulting elements has a known performance
and that this performance can be specified ac-
curately. The statement implies that the per-
formance of an individual element can be repre-
sented by a set of mathematical relations. Clear-
ly such a set of relations involves a set of
variables and some parameters characteristic of
the element. Relations of this sort are called
Constitutive Equations and ate a basic ingredient
in every analysis. One of the prime functions
performed by a schematic diagram is to suggest
for each element the nature of its constitutive
equations; in fact it is just the representation of
this sort of information which in general makes
one symbol differ from another. The process of
adding this information is called Coding the
Diagram.

Before constitutive equations can be written
down, the analyst must select the variables which
are used in the equations. That this choice is
generally arbitrary is readily seen by examining
a few situations. Take a pure spring as one such
example. Its constitutive equation can be written
in the form f = — Ks where f is the force trans-
mitted by the spring, K is its stiffness, and s is
the extension of one end of the spring relative to



the other. However, it could be written equally as
well in terms of variables which were time
derivatives of [ and/or s to any order. Other
examples are easily found. Hence an analyst
must specify the variables he expects to use in
writing constitutive equations. Consistency re-
quires that if a choice is. made for one element,
the same choice must be made for all other
elements; thus a choice of variables is charac-
teristic of the system as a whole. This second
arbitrary decision on the part of the analyst is
not always indicated in a schematic diagram.
There are instances in which a letter symbol or
notation in a schematic diagram might seem to
imply a unique selection of variables. Two
examples are the letter symbol placed beside the
graphic symbol for a generator and the notation
associated with the graphic symbol for a perfect
coupler. Such symbols and notations are intended
to be only suggestive and not mandatory in use.

A2.4 The third arbitrary choice which an
analyst must make concerns which of those energy
mechanisms present in a given system he shall
analyze in detail. Consider a loudspeaker, for
example. A certain amount of heat is produced by
the flow of air about the voice coil and cone.
Now the analyst must decide whether or not to
describe this thermal mechanism in detail. Most
generally it is not so described and its presence
is indicated by assigning a viscosity to the
relative motion of the voice coil and cone. Since
in this case thermal effects are not analyzed in
detail, the mechanism which produces heat is
said to be dissipative, i.e., it converts energy
from a form which is being analyzed in detail
into a form which is not being so analyzed. The
converse of this situation, namely an element
which converts energy from a form not described
in detail into one which is analyzed in detail, is
called an energy source or generator.

Any element which does not convert energy to
a form not being analyzed is of course called
conservative. The important point here is that an
analyst must make decisions of this sort prior to
the drawing of a schematic diagram or the
prosecution of a formal analysis.

A2.5 The final type of arbitrary decision
which an analyst must make has to do with the
possible introduction to approximations into the
analysis. Typical examples of the idea being de-
scribed here are (1) treating a lever as being
rigid and massless whereas neither of these

conditions holds absolutely, and (2) considering
the air in a short section of an acoustical pipe
system to be a pure inertia whereas it is certainly
compressible. Approximations of this sort are
made regularly in practice and if done judiciously
and with insight, very little error is introduced
into an analysis. Again the point is that such ap-
proximations must be decided in advance of the
construction of a schematic diagram, for such
decisions affect the number of pure elements that
must be represented in the diagram.

A2.6 There are certain basic mechanical
concepts which must be kept in mind if one is to
construct schematic diagrams with facility. To il-
lustrate these notions, consider an element of a
mechanical system. It is well known that this
element can be treated as if it were subjected to
(1) a set of forces (or tractions) which act at the
surface of element, (2) a set of surface moments
(or couples), (3) a set of body forces, and (4) a
set of body moments. Forces of types (1) and (2)
are usually elastic in their origins but not
necessarily so, as for example with surface
forces arising as a result of the reactions of sur-
face charges with an electrical field. Further-
more, some of the moments under item (2) have
their origins in the surface forces of item (1), but
a moment can exist as a mechanical entity not
uniquely decomposable into a set of forces and
lever arms. An example of the latter is the moment
created by a concrete wall on a protruding
cantilever beam. By contrast, body forces and
moments are associated with volume elements of
the device. Well known examples of body forces
are gravitational attractions and inertial forces,
the latter being the more frequently encountered
for they always appear wherever an inertance is
accelerated. As for the fourth item, a magnetized
bar placed in a uniform magnetic field experiences
a body moment and no body force, and is thus an
example of the fourth type of external excitation.

A2.7 In each of the four cases given in the
previous section the forces or moments can be as-
sociated with a particular surface or point. This
statement is obvious in the case of surface forces
and moments. Body forces and moments can be
associated with an appropriate centroid; for
example inertial forces are accurately associated
with the center of mass of the element, The
points or surfaces at which forces or moments
can be considered to act are called the Terminals
of the element. The identification of terminals on



each element is a necessary step in the con-
struction of any schematic diagrams.

A2.7.1 It is necessary to comment in pass-
ing that a terminal may or may not coincide with a
physical junction in the original mechanical sys-
tem. A physical junction implies a connection
made by a process such as bolting, riveting, weld-
ing, soldering, etc. Such junctions characteristical-
ly do specify some of the terminals of elements
but not all of them. For example, the point ter-
minal associated with an inertial force is never
created by any of the shop processes mentioned
above. It is best, therefore, to think of terminals
as being mental constructs and if one or more of
the terminals so identified turns out to coincide
with a physically created junction then this
should be treated as just a happy circumstance.

A2.8 Forces and moments acting on the ele-
ments of a system were identified in sections
A2.6 and A2.7 with the terminals of that element,.
It is well known that each of these forces or
moments is a Directed Quantity where by
‘‘/directed’’ we do not mean the notion of a
directed vector in 3-space but rather the more
elementary notion that the forces or moments act
either into or out of the element. Now it is a
general law of mechanics that the sum of the
forces (or moments) acting into an element is
always exactly equal to the sum of those leaving
the element where clearly both surface and body
excitations must be included in order to achieve
a balance. This balance is true of each and every
mechanical element no matter what it may be;
hence it is a universal law applicable to all me-
chanical systems. A universal relation such as
this is called a Field Equation.

A2.9 The field equation described in A2.8
can be interpreted as implying that forces (or
moments) are propagated continuously through an
element; i.e. as much force (or moment) comes
out of the element as goes into it. Thus if it is
assumed that forces and moments are transmitted
continuously through an element then prediction
of the action of the element when subjected to
those excitations will be exactly those which oc-
cur in fact. This notion is called the Principle of
the Continuity of Force. Thus forces (or moments)
act as if they were transmitted continuously
through an element and it is for this reason that
such variables have been called by Firestone [1]
Through Variables. One can go so far as to assert
that any physical system can be analyzed if and
only if it is possible to find through variables

which satisfy the continuity principles. For ex-
ample, a necessary ingredient in the analysis of
electric networks is Kirchhoff’s current law
which is thus one of the field equations for the
discipline. It can be concluded therefore that a
continuity principle must hold for every possible
analysis, and that this notion when applied in
any particular situation defines a field equation.
This notion of continuity of through variables is
so basic that it has been conventional from the
very beginning of schematic diagrams to imply
this principle by representing all elements of a
system by coded continuous lines. Such a tech-
nique gives rise to junction points in the diagram
and this in turn has led to a statement clearly
motivated by the diagrammatical representation of
a system to the effect that at all junction points
the sum of the through variables entering a junc-
tion point must be equal to the sum of those
leaving.

A2.10.1 There is a second type of field
equation which is pertinent to an analysis of a
mechanical system and hence of importance in the
construction of schematic diagrams. To introduce
this subject let us return to the constitutive
equations for a linear spring end let us write this
in the form

a _
dz‘Kv

where v is the relative velocity between the ends
of the spring. One variable is the transmitted
force, f, which is a through variable. The rela-
tion, however, requires the use of another variable,
v, which is not a through variable. The important
physical characteristic of this variable is that it
involves two terminals of the element for its
specification. On a more experimental level, it
may be noted that the quantity can be measured
by attaching a relative velocity meter to the
two terminals of the spring so that the meter
spans the spring. Variables which have this two-
point property can be measured conceptually by
attaching an appropriate meter at two terminals
of an element, which property led Firestone [1] to
call them Across Variables since meters for
their measurement span the element. Across
variables are in fact the difference of two like
scalar quantities as they exist at the two ter-
minals associated with the variables. These
variables are also directed quantities because
one terminal must be selected as a reference
position and the scalar quantity at the other ter-
minal then compared to the value existing at the



reference. Such a comparison automatically
establishes a direction. It is a well known fact
that the constitutive equations for any element
will contain equal numbers of through and across
variables; the example of the spring is a simple
case of this general principle in which there is
exactly one variable of each type.

A2.10.2 Assume now that there exists an
ordered sequence of terminals

Ly by o o0 5 tn

along a continuous path and with each terminal
there is associated a scalar quantity giving the
ordered sequence

0y, Oy + . . ,0,,

Now define a set of across variables such as

a, = 0;— g,,a, = 0y — 0y, etc.

Let it be assumed also that the pair at the
beginning and end of the sequence also define
an across variable, say

ap, =0, - 0y

Thus there are n across variables defined and
these form a closed loop. One can think of a
specified (or positive) wd of traversing the
loops noting that the positive direction of some
of the variables corresponds to the direction as-
signed to the loop, a, for example, while the
others are oppositely directed. Note now that if
we add together all those across variables which
are directed the same in the loop and then
subtract the sum of all those which are opposite-
ly directed, the result is identically zero. This is
a universal property of across variables which is
usually stated in the form: the algebraic sum of
all across variables around a closed loop is zero.
Such a general statement is a field equation
which must hold regardless of the nature of the
constitutive relations associated with the ele-
ments. An inverse statement of the same principle
is the following: no system can be analyzed un-
less there can be found a set of across variables
appropriate to the system under analysis having
the property that their algebraic sum around
every closed loop is zero. Thus it is seen that an
analysis of a system cannot be consummated un-
less it is possible to select appropriate through
variables which algebraically add to zero at
every junction point and appropriate across
variables which algebraically add to zero around
every closed loop.

A2.10.3 In the case of fluids flowing
through stationary pipes, there seems to be
enough confusion about the choice of appropriate
through and across variables to warrant a special
comment, especially since this case is of
fundamental importance with acoustic elements.
It is customary (although not necessary) to
analyze these fluid systems through the use of
Eularian variables. This means that no attempt
is made to follow the motion of a particle of the
fluid as it proceeds along the pipé, which is the
procedure generally followed in describing the
motion of rigid bodies. Instead one focuses
attention on the flow of fluid past a given cross-
section of the pipe, The section is stationary, of
course, since the pipe was stated to be stationary.
Clearly the volume flow of fluid past the section
is a natural choice for the through variable.
What then is an appropriate choice for the across
variable? Universally this has been taken to be a
difference in pressure. Such confusion as exists
arises from the fact that to some workers a pres-
sure implies a stress of a force-like quantity and
certainly these quantities are through variables.
The difficulty can be resolved immediately if it
is recognized that a pressure is in fact a scalar
quantity. Let us recall Pascal’s principle in this
connection. This principle as usually stated says
that at any point in a fluid at rest the pressure is
the same in every direction. This usual statement
is not very precise, for what it really says is that
no direction can be attached to the pressure at
any point in a fluid. Since a direction cannot be
assigned, clearly it is a quantity which has only
a magnitude and is therefore a scalar quantity.
Once this point is understood then clearly a pres-
sure difference, being a difference of two scalar
quantities associated with two terminals, is an
appropriate across variable.

A2.10.4 Consider now an acoustical cavity
which has a constitutive equation of the form

d
U=CA]}'(P¢—P:)

where U is the volume flow into the cavity, C4
is its acoustical compliance and the quantity
(pc — ps) is the sound pressure. From the dis-
cussion in the previous section, it is seen that
the sound pressure is an appropriate across
variable for describing the performance of the
element. It is written here in a form so that the
actual scalar quantities appearing at the terminals
are readily apparent. Let us now identify the ter-



minals associated with the across variable, sound
pressure. Since p, is a mean pressure inside the
cavity, then it is associated with some point in
the cavity at which this pressure exists. The
quantity p; however is not in the cavity at all
but is associated instead with the average pres-
sure of the air outside the cavity. Thus the second
terminal is not physically in or a part of the
cavity. This example serves to illustrate the fact
that the terminals associated with an element
need not always be physically on or in what at
first glance appears to be the element. The
situation can be kept straight if the analyst
focuses his attention on the meaning of variables
rather than the actual appearance of the element.
Another common example of the same situation is
found in the treatment of inertias whose per-
formance is governed by the constitutive equation

f=de

7; .
Here the across variable V is a velocity of the
mass relative to some inertial reference. Hence
one of the two terminals is physically at the center
of mass of the element while the other terminal is
quite external to it.

A2.11 For purposes of analysis a system is
conceptually divided into elements in order that
constitutive equations can be written down. The
system as a whole performs its function however
only because the elements do not in fact operate
in isolation but rather are joined together in some
fashion. This means that at least two terminals
of every element are also terminals for one or
mote other elements. The fact that some terminals
are common to two or more elements is summed up
in the statement that the system is Connected. A
specification of the connection in a given system
is called its Connectivity.

A2.12 It was pointed out in A2.10.1 that the
directivity associated with an across variable
designates one of the pair of terminals, across
which the variable acts, as a reference terminal
and vice versa. Frequently there is one terminal
in a system which is a common reference terminal
to several elements. Such a terminal carries the
obvious name of Common Reference. Typical
examples are a common inertial reference for
rigid body- systems in which case all across
variables associated with inertias in the system
share a common reference terminal and constant
pressure references for acoustic pipe systems in
which case the reference is usually the mean pres-
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sure of the air. A common reference terminal is
associated with a basic piece of information
about the system under analysis; hence it is
desirable to include this fact in a schematic
diagram.

A2.13 A coded line in a schematic diagram is
a topological item; i.e., it can be stretched,
warped, or moved about in the diagram. Clearly
then it is not a vector in the 3-dimensional space
sense. The directivity that is associated with it
concerns only which of its terminals is a reference
point. It must be concluded therefore that a line
in a schematic diagram is associated with a pair
of scalar variables, one through and one across.

A2.14 Consider now the problem of creating a
schematic diagram for a system which moves
about in the x-y plane, in which case it is con-
ventional to think of forces and velocities as true
space vectors. How then does one deal with this
situation knowing that the parts of a schematic
diagram can correspond only to scalar quan-
tities? The answer is that one now thinks of a
vector not in the elementary sense of a directed
quantity in 3-space but rather in the more general
sense that a vector is a collection of scalar quan-
tities usually written as a linear array either as a
single line or as a column. This is a matrix
notion of course. If this notion is applied to the
problem at hand, then a vector force acting on an
inertance for example can be represented by the
array of scalar quantities

s, 1)

where the subscript x means the force acting in
the x direction and likewise for the subscript y.
In a similar fashion, the vector velocity of the
inertia can be represented by the array

lux, uy]

The procedure then is to create a connected
diagram which is associated only with forces and
relative velocities acting in the x-direction and a
second connected diagram which concerns only
forces and motion in the y-direction. These two
connected diagrams, which are called subnet-
works, will contain elements which show that the
two sorts of motions react on each other. The
diagrammatic element which shows this action is
called a perfect coupler. It is perfect in the
sense that it does not create, supply, store, or
dissipate energy. It can, however, transfer
energy. Furthermore, it is a diagrammatic element
which can define an interaction without producing



an actual connection. The generalization of this
notion to the problem of dealing with the motions
of mechanical systems in a physical 3-space is
obvious.

A2.14.1 The use of a coupler as given in
the preceding paragraph is a special case of a
more general notion. First of all, it is to be noted
that by considering the motion along two orthogonal
axes as being independent we are in effect say-
ing that we are dealing with two different types of
energy and that our perfect coupler provides the
mechanism for transferring or transforming energy
from one type to the other. Our coupler must be
perfect on physical grounds, for clearly such a
transfer does not create, store or dissipate
energy in the coupling mechanism itself. The key
notions here are (1) there can be more than one
type of energy present in a system, (2) each
type can be treated independently provided al-
lowance is made for a transfer of energy between
them, (3) the principle of independence generally
gives rise to unconnected subnetworks in a
schematic diagram, and (4) the transfer is ac-
complished by a perfect coupler. Once these
ideas are understood, then it is apparent that a
system can in fact involve many types of energy
but this causes no problem as long as transfer
mechanism are included in the analysis.

A2.14.2 Perfect couplers abound in the
physical world around us. Sometimes they exist
in a readily apparent form, as for example in the
lever. This device is perfect in its action only if
it is idealized, or approximated, by assuming it
is both rigid and massless which idealization is
the rule rather than the exception in practical
engineering work. This example provides us with
two further generalizations of the notions as-
sociated with a perfect coupler. In the first place,
it is obvious that the lever need not actually
change the energy type, for the input to a lever
may be motion along the x-axis for example and
its output be of the same type. Thus the more
general notion is that a perfect coupler is a
device capable of transferring energy from one
part of a system to another without losses of any
sort. Now let us note that the lever became a
perfect coupler by assuming it was rigid and
devoid of inertia. The process of making such an
assumption is a purely mental operation, of
course. The second generalization then is that a
perfect coupler represents in general a process or
action which is arrived at by a mental process or
abstraction. Suppose in the case of the lever it is
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decided that too much error is introduced into an
analysis by assuming that it is rigid and mass-
less. It is now possible to consider the actual
lever to be made up of three pure elements, a
pure elastance, a pure inertia, and a perfect
coupler. Such a decomposition is strictly a
mental or conceptual operation as indeed is the
case with most decompositions. A few examples
of perfect couplers arrived at by mental opera-
tions are the following: a rack and pinion devoid
of inertia and compressibility, the conversion of
rigid motions into fluid motions, a gear train with-
out inertia, compressibility or friction, and the
conversion of electrical energy to motion of the
voice coil in a loudspeaker. :

A2.14.3 A perfect coupler performs its
function by imposing a set of constraints on the
variables used to define the element. In a certain
sense, then, a perfect coupler is characterized by
a set of constitutive equations. It is special only
in that the imposed constraints are of such a
nature that the net power input to the device is
identically zero; i.e., just as much power leaves
the element as enters.

A2.14.4 It is convenient to divide perfect
couplers into two types simply because the two
types are manipulated differently in arriving at
correct equations for the system as a whole (see
[2]). The first type is characterized by the fact
that any one of its constitutive equations involves
variables of only one type, either through or
across. In the second type of coupler, any single
constitutive equation contains variables of both
types. These two types of couplers have been
called by Firestone [3] Direct and inverse in the
order described. It is useful to distinguish be-
tween the two types when constructing a schematic
diagram and this has been done in this standard.
A simple example of a direct coupler is the voice
coil mechanism mentioned in paragraph A2.4 in
which case the constraints are given by the pair
of relations

fu = ki

e = ~ku

Where k is a constant depending on such things
as the dimensions and turns on the voice coil and
the strength of the magnetic field, and e is the
voltage induced in the coil by its motion. An
example of an inverse coupler is the transforma-



tion from rigid body to fluid motions governed by
the two constraints

fu=35p
Ug = ~Suy (S=area)

in which thé first is usually presented as a
definition of pressure and the second of volume
current.

In each of the foregoing examples it is
noted that there are as many through (or across)
variables contained in the constraints as there
are equations. This is a general principle and
has led to the technique of diagramming a coupler
as being made up of as many 2-terminal elements
as there are equations of constraint.

A3 Diagram Construction Procedures

With the concepts explained in Section A2 in
hand, it is now possible to outline a systematic
procedure for constructing a schematic diagram
for a mechanical or acoustical system. The steps
in the process are as follows:

Step 1. Select a consistent set of across and
through variables which will provide an appropriate
basis for describing the system.

NOTE: The adjective ‘“‘consistent’’ arises out
of the following context. If a system
contains more than one energy me-
chanism, then, in general, there will be
different sorts of across (or through)
variables used in various parts of the
' system. For example, forces and relative
velocities may be used in describing
some elements while torques and angular
velocities are used for others. In any
given element, a product of appropriate
acro$s and through variables will be in
general give scalar quantities with
specific physical dimensions. Con-
sistency requires that the variables be
so chosen that the physical dimensions
of such scalar products be the same for
- every element in the system.

Step 2. Decompose the system conceptually
into a set of elements such that the performance
of each element can be defined precisely in terms
of the variables selected in Step 1.

NOTE: Often physical insight into the charac-
teristics of a system can be improved by
decomposing the system into pure ele-

- ments.

Step 3. Identify the conceptual terminals of
each element by noting just where connections
should be made in order to indicate the across
variables used to describe the element.

NOTE: It is suggested here that the across
variables be used to identify the ter-
minals of the elements. The through
variables could have been used instead
but experience has shown that the use
of across variables for this purpose is
somewhat easier.

Step 4. To assist in identifying those pairs of
terminals for each across variable used to define
an element, draw a temporary line between the
corresponding pair of terminals.

NOTE: The assumption is made here that the
across variables are all independent;
i.e., no redundant variable has been
introduced.

Step 5. Code the collection of lines arising
from step 4 so as to indicate the nature of the
elements with which they are associated.

Step 6. Check the terminals of all elements by
pairs for the possible existence of a pair (or pairs)
of terminals for which the appropriate across
variable is always zero. For every such pair,
connect the terminals by an uncoded line in the
schematic diagram. ‘

NOTE: Suppose a mechanical vibratory system
contains among other things, a spring
with one end anchored to a rigid base-
plate and a mass which slides over the
baseplate on an oil film. The velocity of
the mass must be taken relative to an
inertial reference. By definition, a rigid
baseplate is also an inertial reference.
If then one makes the conventional
choice that the baseplate is also the
inertial reference for the mass, it fol-
lows that there is never any relative
velocity between the reference terminal
for the mass and one terminal of the
spring. Hence, if these two terminals
are drawn separately in the schematic
diagram, they must be connected by an
uncoded line.

Step 7. Enter as required for each element the
following items of information:

a. Polarities or directions for all generators;



b. The function of time prescribed by each
generator;

c. System parameters as needed or desired;

d. Polarities or directions associated with
couplers;

e. Constraints imposed by couplers:

f. Common references.

NOTE: With the completion of Step 7 schematic
symbols have been created for each ele-
ment of the system but it is as yet un-
connected. Connectedness is obtained
by the last step.

Step 8. Using uncoded lines as needed, inter-
connect terminals of elements so that the field
equations for the system are satisfied.

NOTE: The use of uncoded lines to create con-
nectedness implies that the appropriate
across variables between the associated
pairs of terminals always have the value

13

zero. The wording of Step 8 has been
chosen so as to allow the creator of a
schematic diagram ample room for the
use of his foresight. Thus if an analyst
foresees that a zero value exists be-
tween two terminals each belonging to a
separate element, then his diagram can
show these two terminals as being co-
incident, thus avoiding having to intro-
duce an uncoded line. The foregoing
procedure is the rule rather than the ex-
ception among mature analysts.
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