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ABSTRACT

Electronic zircuit analysis programs and simulation programs exist
that have provided a quick easy method of determining the response of i
electronic circuits. These programs have now been restructured as !
Indicated in this paper to provide an easy means of performing analysis,

design, and sensitivity studies on many fluidic circuits. Specifically i
three computer programs have been examined: DSL/90, SLiIC, and NET-2. -
These programs can be applied without modification to simulate the most 34

basic fluldic equivalent circuit models. However, new computer codes or f
subroutines have been written and incorporated into existing programs to
handle sophisiticated fluidic models. For many components in the ranges
of Interest, both nonlinear (amplitude dependent) and frequency dependent
equivalent circuit models have been developed. Of these the more sophis- H

ticated fluidic models were designed into NET-2 because of its basic
versatility.

Several programs for simple fluidic summing and distribution junctions,

lead networks, lag networks, lead-lag networks are implemented in this

paper using DSL/90. SLIC, and NET-2. For fluidic problems SLIC is best
suited for simple, small-signal, linear or nonlinear, dc or ac problems.
DSL/90 is good for simple, nonlinear transient analyses, problems that

do not fit into any existing circuit analysis programs. NET-2 seems to

be the best program for complex nonlinear problems within the framework

of clircuit analysis, and consequently a major portion of this paper is

a catalog of non-linear fluidic NET-2 models of passive components and

a computerized description of the laminar proportional amplifier.
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1. INTRODUCTION

The computer analysis and design of complex electronic circuits
are highly developed techniques. iumerous methods have been developed
using both analog and digital computers; and digital computer software
facilitating the development and solution of circuit equations is
extensive and well documented. It is therefore logical to apply these
techniques to fluidic design problems.

To set a perspective for applying a circuit analysis to fluidic
components, a brief statement of the analytical background is presented.

—— gy

i In making this application, the procedure has been to describe

1 i passive fluidic components analytically by employing the principles of
fluid mechanics to specific internal flow probiems. Rigorous analyses
of these problems are performed by writing the governing equations (con-
tinuity equations, equations of motion, energy equations, and equations
of state). Certain assumptions about a specific fluid problem reduce
its complexity. For a specific set of simplifying assumptions, the
governing fluidic equations are reduced to equations that are analogous
to the circuit equations. These equations can then be stated in the
form of equivalent circuits, which are the basic input for the computer
programs.

Circuit equations may be solved manually or automatically with an
analog or digital computer. Setting up the analog computer to simulate
the circuit equation response presents several difficulties: (1) large
numbers of analog components are needed to simulate large circuits,

(2) scaling of numerical values must be performed, and (3) nonlinear
circuit components sometimes preclude meaningful simulation. On the
other hand, current digital computer methods are readily availzb!c and
easily applied to solve the circuit equations. DSL/90 /:&f 1)* and
CSMP are two examples of available digital simulati~n languages.

When the circuit equations are linear, » digital computer solution
is simple and straightforward. However, fc: circuits with nonlinear
components, the user must correctly estabiish the sequence of the dif-
ferential and algebraic equations to be solved.

Although much of this work rela‘es equally well to hydraulics, the
discussions in thi« paper are restr.cted to low-velocity pneumatics. Tre
governing equations are simplified by assuming that the dynamic-pressure
drop across any element is small :ompared with the static-pressure drop,
i.e., that the fluid velocity i« small compared to the speed of sound.

For these studies, the el:ment variables are q(t), which is the

volume flow through an elemen. and 2&p(t), which is the total pressure
drop across an element.

*Literature references arc listed at end of this paper.




Statlic-pressure drop, which is more readily measurable than tota!-
pressure, is, however, a more convenient choice for the across variable. ]

For steady incompressible flow if the cross-sectlional area of a
passage at two consecutive fluidic nodes is constant, then particle
velocity is unchanged and the dynamic-pressure drop between the two
nodes is zero so that the total pressure drop is equal to the static-
pressure drop.

For such changes of cross-sectional area as in converging ducts,
diverging ducts and sudden enlargements, dynamic-pressure drop generally
must be included in the total-pressure drop.

However, in acoustics and hydraulics for passages with constant
cross-sectional area, if the particle velocity is small compared with
the acoustic velocity, total-pressure drop is approximately the static-
pressure drop.

Many electronic components and devices, as well as many components
and devices in nonelectronic technologies, (mechanics, pneumatics,
hydraulics, thermodynamics), may be readily described in terms of equiv-
alent circuits. The most basic circuit descriptions are passive, lumped,
linear and one-dimensional. Certain modifications may be made for some
problems to extend basic methods -- including equivalent circuits -- to
more sophisticated studies of active, distributed, nonlinear and multi-
dimensional configurations.

Several basic fluidic structures are modeled as equivalent circuits
In section 3, both with and without taking into account the fact that
the components are not purely resistive, capacitive, or inductive. Also,
Section 3 discusses specific digital circuit analysis programs in relation
to requirements (¢ simulating the response of real pneumatic configurations
based on equivalent circuit mcdils,

This paper cites the pertinent basic programming manuals. #ucir o
the material for coding fluidic equivalent circuits into a digital simu-
lation program, DSL/90, and a simple circuit analysis program, SLIC, are
given in thelr respective manuals. |In section &, DSL/90 is demonstrated
for fluidic equivalent circuit problems. A handbook of new and modified
subroutines in SLIC is given In section 5. However, neither DSL/90 nor
SLIC can be modified to be as versatile as the powerful circuit analysis
program, NET-2.

Because of the excellent versatility of NET-2 in performing fluidic
circuit analysis compared with SLIC, the major part of this paper,
section 6, is a fluidic NET-2 handbook. The improved fluidic version
of NET-2 performs simultaneous solutions on equivalent circuits that
include newly coded nonlinear resistances, nonlinear capacitors, non-
linear inductors, and switches.
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Limitations relative to the circuit analysis approach and to digital
computer codes are discussed in section 7. Conclusions are developed in
section 8.

2. FLUIDIC STRUCTURES

The basic fluidic structures may be divided into: (1) energy sources,
(2) energy sinks or drains. (3) fluid flow passages, (4) mechanical confin-
ing structures adjacent to the flow passages and (5) fluid distribution
points (junctions). These basic fluidic structures are modeled as equiv-
alent circuits composed of simple voltage sources, simple current sources,
resistors, capacitors and inductors. For nonideal components, amplitude
and frequency-dependent elements are introduced to extend modeling capa-
bility.

2.1 Fluid Flow Passages

The geometrical configuration through which the fluid passes between
sources and sinks assumes many forms. Fluid flow passages of interest
cay be viewed as totally or partially surrounding the fluid. A geometrical
configuration such as a tank, in which walls virtually surround the fluid,
Is described as an ''enclosed volume''. If part of the physical wall is
not present, as in the case of a cavity on one side of the jet in a fluid
amplifier, the configuration is described as an "almost enclosed volume''.
Air fluidic passage configurations of interest in this paper are (1) cap-
illaries and (2) enclosed or almost-enclosed volumes. In each of these
cases, reasonable assumptions lead to relatively simple equations that
relate (1) differential pressure and flow, or (2) pressure and differential
flow.

2.1.1 Capillary

Each segment of a capillary dissipates energy. Thus, a capillary is
a resistor for a time-invariant (dc) flow. Schematically, it is

R
O——AN Ayl

2.1.2 Enclosed or Almost-Enclosed Volume

In pneumatics, potential energy may be stored by compressing a gas
in a volume. Capacitance, which sets a value for the potential energy
storage, is the circuit parameter that describes this structure.

The equivalent circuit representing an enclo-ed volume is a capac-
itor between a pressure node and ambient (ground). Schematically it is

shown as
L.

=




2.2 Mechanical Confining Structures

Ideally the confining structures should in no way influence the
rerformance of the flow dynamics of fluidic components. These structures
should be perfectly rigid and must be either perfect thermal conductors
(for lossy devices) or perfect adiabatic walls (for lossless devices).
These criteria may be approximately met in general. However, in selected
cases rigidity may be specified at various finite rather than infinite
values. Compliance (a mechanical capacitance) in the fluidic case is a
ratio of the volume added by deflection of the confining structure to
the difference between the {nternal and reference pressures. Bellows,
diaphragms, and spring-loaded pistons are examples of confining structures
and are used as point-to-point capacitors

¢
]

2.3 Distribution Points

A node is a readily accepted concept in low-frequency electronics.
No geometrical aspects are attributed to a pure node. An electronic

node is described in terms of its voltage compared to a reference
vol tage.

A fluidic node is a junction, typically the meeting and branching
poirt for several fluidic components. A pure node in fluidics is
analogous to the electronic node so long as geometry need not be included
in the description. Fluidic junctions are classed as pure nodes so
long as dynamic pressure potential is small compared with static
pressure potential.

A fluidic node connecting many branches may be physically designed
if the static pressure is large compared with the dynamic pressure. A
stilling chamber placed at the junction is sometimes included to convert
dynamic pressure to static pressure.

Proper operation of pneumatic fluidic configurations In some cases
is predicated on large dynamic pressures at certain nodes. In such
cases pneumatic fluidic junctions are not pure nodes.

2.4 Impure Structures with Parasitics

Several of the components discussed above lo not have physical
properties that can be described in terms of pure concepts (only
resistance, only capacitance, or only inertance). Instead the components
are described as: (1) impure resistance, impure capacitance or impure
inertance, each a function of either dependent or independent variables
and each combining some other property with the primary property (e.g.
irertance combined with resistance). Modified equivalent circuit models

10
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are introduced (1) for a capillary, (2) for a mechanical capacitor, and
(3) for a distribution point.

2.4.1 Capillary

Although capillaries are approximately resistive at low frequencies,
for higher frequencies compressibility and inertia of the fluid introduce
capacitance and Inertance, respectively. As a first correction, the
simple resistive capillary may be considered as one section of a lumped
approximation of a fluid transmission line. An equivalent circuit is

R L
AN Y Y

;g.c

2.4.2 Impure Mechanical Capacitor

The mechanical devices included in this set of fluidic components
are more complicated than purely point-to-point capacitors. In general,
the cross-sectional area of the circuit must increase to the area of the
deflecting devices (bellows or diaphragm) and then decrease. Line area
increases and decreases add resistance, whtle the larger cross-sectional
area of the circuit adds volume capacitance. Thus the equivalent circuit
may be redrawn more accurately as

Ri Ci Re

c c
ITI: 'q; 3

However, it Is possible to reduce resistance values R; and Ry by
maintaining constant cross-sectional area and to reduce capacitance
values C, and C3 by adding as little volume as possible.

2.4.3 Impure Node

The fluld distribution points (junctions or nodes) ideally do not
produce added energy losses or introduce added energy storage. However,
as a stilling chamber at higher pressures or flows, the increased volume
at the node Introduces an added grounded fluid capacitor. The equivalent
circuit of a node may then be a node and a shunt capacitor to ground:

pe—




3. EQUIVALENT CIRCUIT ANALYSIS

Although the equivalent circuits may be analyzed using conventional
manual techniques, the digital computer makes the analysis much easlier
and quicker. Thus, steady-state dc analysis, time-dependent transient
analysis, and small-signal steady-state ac analysis may be performed on
a digital computer for passive and actlive circuits. Sensitivity analy-
ses and design optimizations are also available using a digital computer.

A typical network is described with standard equivalent circuit
nomenclature (fig. 1). R is a resistor, C is a capacitor, L Is an
inductor, and e is a voltage source. Currents i, I ., and i. flow in

R* L c
R, L, and C respectively.

Figure 1: Schematic illustrating circuit terminology

Each component in the equivalent circuit constitutes one branch.
For example, R is the branch between points (1) and (2) and C is the
branch between points (2) and (0). The point in the circuit at which

two or more branches connect is a node. There are three nodes in fig-
ure 1 -- (0), (1), and (2).

A circult loop follows a complete, unbroken path starting at a
node, following branches throcugh one or more other nodes, and return-
ing to the original node. One circuit loop starts at node (1), passes
through branch R to node (2), passes through branch C to node (0), and
returns to node (1) through branch e. Another circuit loop passes from
(2) through branch L to (0) and through branch € back to (2).

3.1 Circuit Equation Method

A given equivalent circuit can be mathematically described as a set
of algebraic and integral equations using one of several standard rech-
niques. Two standard methods of forming a circuit are node/branch




; analysis and node/loop analysis. Although they are not all-inclusive
i and do not apply to all circuits (ref 2), these two techniques are
! briefly described for completeness.

3.1.1 Node/Branch Analysis

In a node/branch analysis, the set of equations includes one
equation for every non-grounded node and one equation for each branch.

Each fluidic node equation is a mathematical relationship that

{ describes the physical principle of mass conservation at a node. For
incompressible flow, the fluidic node equation describes conservation
of volume flow, q(t), at that node.

Each brarch equation relates the across variable (voltage or pressure
drop) co the through variable (current or volume flow) for each circuit
component. For example, resistive, capacitive, and inductive branch
| relationships for figure | would be

] for a resistor e(t) = Ri(t) or ap(t) = Rq(t)
for a capacitor e(t) = % Ji(t) dt or sp(t) = i rq(t) dt

and for an inductor e(t) =1L gééil-or ap(t) = L L Et)
where
E t = time,
e(t) = voltage drop across branch,
i (t) = current through branch,
i Lp(t) = pressure drop across branch,
' q(t) = volume flow through branch.
| The components R, C, and L in the above equations may be (1)

constant valued, (2) time-dependent, or (3) nonlinear functions of
pressure drop or volume flow.

3.1.2 Node/Loop Analysis

) —

Each fluidic loop equation is a mathematical description of the
physical principle of conversation of energy in each loop. A loop
equation for a fluidic circuit is the sum of potential drops (pressure
drops, Ap(t)) around the loop.

A L

1

In loop analysis mathematically independent loops are selected.
Two fluidic loop equations for the fluidic equivalent circuit of |
figure 1 are |

sp(t) - Rap(t) - %ch(t) =0

. qu(t)
Ech(t) + L = = 0

}
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In addition for node/loop analysis as In node/branch analysis, conser-
vation of volume flow must be described mathematically by fluidic node
equations. For the fluidic equivalent of figure 1

ag(t) - qc(t) - q (t) =0

Components R, C, and L may take on the same forms as in ncde/branch
analysis.

3.2 Computer Circuit Analysis

In determining the input/output response of a fluidic circuit by
computer circuit analysis, the formulation and the solution of the
circuit equations is performed by a numerical algorithm suitable for use
on a digital computer algorithm; the user merely specified the component
and connection functions and codes them as input into the digital computer
program. For large or complicated circuits, this approach is convenient,
fast and accurate. Once the user has drawn an equivalent circuit, many
digital computer programs -- including SLIC, SCEPTRE, and NET-2 -- are
available for the snalysis. Circuit components and their connections are
coded into the digital computer. The computer algorithm then determines
the circuit response.

3.3 Sensitivity Analysis and Optimization

Additional features of some circuit analysis programs increase
their general utility. For example, sensitivity analysis is available
through subroutines in SLIC, and optimization is included in NET-2,

A fluidic sensitivity analysis computes the effect that an infini-
tesimal change of a fluidic circuit parameter makes on the input/output
response. Thus, key parameters may be selected. Optimization automati-
cally adjusts fluidic circuit parameters to extremize input/output
response in terms of required specifications,

Both sensitivity analysis and optimization direct the solution of
sets of circuit equations. Solutions of these equations are the parameter
sensitivities and the optimum response, respectively,

L. COMPUTER-AIDED CIRCUIT ANALYSIS

Although circuit analysis may be readily performed with conventional
marual techniques, the digital computer is rapidly supplementing the
engineers' skilis. Once the equivalent circuits are drawn, clrcuit
analysis on a digital computer is of benefit in at least two ways. First,
computer-aided circuit analysis contains organizational schemes through
which the requisite equations are developed and solved. Second, the
simplicity of defining the program makes computer-aided circuit design
a valuable labor saving tool. Unlike analog simulation, a digital
simulation does not require scaling of values.

14
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Thei2 are a multitude of general and special-purpose circuit
analysis programs including ECAP, CIRCUS, TRAC, NET-1, SCEPTRE, ECAP-II,
SLIC, SPICE and NET-2. Each of these programs has specific attributes.
Many of these programs were written and are being written to solve large
electronic circuits that are subjected tc electromagnetic and nuclear
radiation.

0f the programs available to the author, SLIC (ref 3), SCEPTRE
(ref 4), and NET-2 (ref 5) were considered possible choices to build
on. A list of many available, required capabilities has been drawn
up.

For completeness, these capabilities are tabulated for SLIC, SCEPTRE,
and NET-2 in Table |. There is a marked variation even among these three
programs. SLIC lacks transient analysis and SCEPTRE lacks ac analysis,
while NET-2 encompasses both. NET-2, which is still in development under
HOL supervision, currently has the most versatility. NET-2 is much
more sophisiticated than either SLIC or SCEPTRE. Some modifications to
SLIC and SCEPTRE may be introduced in FORTRAN subrountines. Although
the basic NET-2 program is complicated, in-house modifications can be
introduced within the user package.

Because of the existing in-house capabilities, iany additional
features that are possible with SLIC and SCEPTRE are designated as
‘‘can be''. Since many of the more significant features in HET-2 will
perform at a later date, they are categorized as ''not at present'’.

Ho circuit analysis program has been written exclusively for fluidic
components. To date, no single circuit analysis program has all the
features necessary for directly implemcnting fluidic equivalent circuits.

The potential ability of one systems-simulation language (DSL/90)
and two circuit analysis programs (SLIC and NET-2) for meeting the
requirements of specific fluidic probiems {5 examined in this paper.
General circuit analysis programs can be applied to fluidic circuits
to perform linear analyses for the dc, transient, and steady-state ac
cases. However, it Is necessary to develop fluidic circuit codes for
anplitude dependent and frequency dependent components.

Basic computer programs are briefly outlined, existing fluidic
equivalent circuit models are incorporated into the programs,circuit
methods for several elementary fluidic configurations are demonstrated.

Fluidic versions of DSL/90, SLIC, and NET-2 are discussed in
sections 5, 6, 7. To gain a comprehensive view of fluidic circuit
analysis developed to date at HOL, this paper must be used in the
light of tre more generel programs. Used ir conjunction with the
various general programming manuals (refs 2, 3, and 5), this serves
as a reference and a handbook of current fluidic circuit analysis
as applied to both elementary and suphisiticated fluidic equivalent
circuit models. No attempt is made to explain the underlying principles
and assumptions upon which fluidic configurations are analyzed znd
equivalent circuits are synthesized.

15
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In o Vumped element,

Yes, in updated version
of SLIC

Con be odded | dasired
No, solution « - value
from lest calc.. oted
operating point

Con be added 1f desired

Adaquote

federate

) scer

Yoo

Yoo

Ne

Yes; nenlinesr resistor has
beon sdded at HOL by new sub~
routine

Some s M

Con be sdded If desired,

Con be odded If destired.

Wunericatly and snalyticatly
Can be 0dded

Mo, dut con bo added

Ray be spprenimstely
represented a the time
dongin o8 tlas doloy In

o Tunped olement or with
Pade appreximation,

Con be addrd 17 dosired

Con be sdded 1 desired
No, selution uses value
from last calculated
operating peint

Con bo added if darired

Yos

Adoguete

{¢) mr-2
Through Releste §
Yoo
Yos
Yos

Yos; veltage controlled
conductonce Is set In g
table te give resistence.

Some o8 Ac and o function
generator has been defined
ot HOL for nonlinear copa~
clitors.

Some a8 5¢ but only for
small=signal analysis
sbout computed dc operat-
ing point,

Yes

Yes

No, 1f computational deley

Is unacceptodble; however,

any function of one or two

variablas con be cnded s

8 one- or two-dimenslens!

toble, respectively.

Numsrically and anslyticelly
L]

Yes

Yoo

NOY AT PRESENT
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time doloy In the complen
frequency desaln Is applied
soth In sneli-sligne! ac ond
In tronsieat analyses.
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Yeos
NOT AT PAESENT

Yeos
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Reference 2 is a programming manual for DSL/90. Section 5 of
this paper uses reference 2 as a guide in the development of the form
of a 0SL/90 program. No additional fluidic models are introduced
into DSL/90 by the author. Two elementary fluidic configurations are
computed as examples in section 5,

The general version of SLIC, (ref 3) is directly applicable to
linear, passive circuits. However, a more complete fluidic version
of SLIC has been extended at HDL to include nonlinear resistors and
frequency dependent volumes. One simple fluidic configuration is
analyzed using SLIC (sect. 6)..

Simple fluidic circuit analysis is readily handled by a fluidic
SLIC. However, a more sophisiticated computational structure is required
to 2nalyze more complex configurations. Specifically, a general version
of HET-2 will solve both active and passive linear fluidic circuits.
Nonlinear fluidic functions have been included in the general version of
NET-2 (sect. 7). For circuits described in terms of nonlinear fluidic
functions, it was nc at first possible to select digital computer models
that could be transformed within the computer algorithm to a set of
equations solved simultaneously at each solution point.

However, by selecting the proper structures for user-developed
models (ref 3), the author has developed a fluidic version of NET-2
that allows the circuit equations to be solved simultaneously for fluidic
structures modeled in terms of nonlinear resistors, nonlinear capacitors,
nonlinear inductors, and switching characteristics.

The newly-added computer models make NET-2 extremely versatile in
solving nonlinear fluidic equivalent circuits. Because NET-2 s far
more sophisticated than the other two programs, many more complex
and sophisticated fluidic component models have been mcdeled in
NET-2. Therefore, a dominant portion of this paper contains fluidic
models in NET-2. Six simple fluidic configurations are modeled in
terms of NET-2.

The information that must be read into a computer by an engineer-
user is quite similar, regardless of the circuit analysis program.
The engineer-user:

(1) Specifices the type of analysis
(2) Defines the swept variable

(a) dc voltage range and increments
(b) time range and increments
(c) frequency range and increments

(3) Defines equivalent circuit topology

(a) type and name of element

(b) names of connection nodes

(c) values of the parameters of the element
(d) special conditions required

17
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(4) Defines individual component topologies which are not stored
(5) Defines constants and parameters.

(6) Defines outputs formats.

(7) Modifies and updates parameters and component parameters.

5. DSL/90

.._

1 A standard cystems simulation language such as DSL/90 (ref 2) may
also be used for studying fluidic configurations that are modeled as |
] circuits. Two simple circuits with nonlinear diaphragm components are

set up for and coded into DSL/90 programs. In each nonlinear circuit,

equations are appropriately represented and organized to assuie solutions.

The following approach is described in terms of node and branch

equations, organized so that a voltage or a current is equated to an
! r algebraic or an integral function of other voltages and currents. For ]
] ! specific circuit topologies, one or more zquations must be added (ref 1).

] ) 5.1 Lead Circuit Using Diaphragm Component Modelad as Nonlinear Capacitor
1 i in DSL/90
E A lead network may be implemented with a diaphragm component (fig. 2).
fre
a. ]

DIAPHRAGM CAPILLARY

Figure 2: Lead Network with Diaphragm
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This simple lead network may be converted into the equivalent
circult of the form in figure 3:

O- .

44'

Fioure 3: Fruivalent Circuit for Lead Metwork with Diaphragm

The system of equations may be reduced to

i dt'-':—lfV) dt + CH v,

By @ %T-fil dt

The value of the capacitance of this diaphragm (ref 6) is expressed

K,3
By * (fil dt) 2

as

where K) is a constant.
Substituting €, into the system of equations

inl dt = -A—i-fvldt + Cyfe - (ri, dt/Kl)a]

l vi=e - (/i) dt/K;)?3

This system of equations may be solved simultaneously in DSL/90,
using the INTRGL block and the IMPL function. A SINE function is used
to produce the sinusoidal voltage source, e. These equations may be
coded in DSL/90.

In DSL/90 it Is possible to define variables in a notation close
to that used in the actual systems equations. For this case, the
following equivalences are defined:




l ] - E
. vy * Vi
ll i, = "
JE dt ~» INTE
‘ Jvidt ~» INTVI
fhyde - INTI
t Ry =~ R1
C, + G
¢ L ST K1
i The following DSL/90 equations are expressed essentially In FORTRAN
format:
E = AMP*SINE (0., W,0.)
INTE = INTGRAL (0.,E)
INTI1T = [MPL (0., .0001, FY)
, ! FY = INTVI/RT + C2% (E - (INTI1/K1)#%3)
’ INTVI = INTGRL (0., V1)
Vi = E - (INTI1/K1)**3
E 5.2 Lag-Lead Network with Diaphragm Shunted by Capillary in DSL/90

(Fig. ).

e

A lag-lead network with a diaphragm may be developed from the
lead network (fig. 2) “y shunting the diaphragm with a capillary

Lo}

(1)
S
™

CAPILLARY '

TANK

Figure h: Lag-Lead Network




The equivaient ¢ rcuit for this lag-lead network follows (fig. 5).

Q ﬂii,"} » b

Sig

h { C~>. == cz

Flgure 5: Equivalent Circuit for Lag-Lead Network
Setting up the circuit eiuations for DSL/90 yields

L'. lldt-(;——+k-)\£dt#Q:v+—edt

where the nonlinear capacitance is again

e
€1 = 17T, 92
so that

. 3
Ji) dt = ({-1 +—fr2) fvpdt + Cole - (ﬁfl’—‘-) 1+ ,{—zfedt

vy =e (/1) dt/K;)?

The SINE function is again used to prooice the sinusoidal input
voltage, e.

In this case the equivalences between the iystems equations and
the DSL/90 notation are identical to the equival®nces in section 5.1.
One additional equivalence is

Ry + R2.




e e ——

In DSL/90 the equations are coded as

E = AMP*SINE (0.,V,0.)

INTE = INTGRL (0., E)

INTI1 = IMPL (0, .0001, FY)

FY = (1./R1+ 1./R2)*INTVY + C2*% (E - INTI1/K1)**3)) - INTE/R2
INTVI = INTGRL (0., V1)

Vi = E - (INTI1/K1)**3

If might be observed that If shunt resistor R2 = o, then the
shunted case reduces :o the unshunted case (sect. 5.1).

6. COMPUTER MODELS IN SLIC

SLIC (ref 3) Is a simple, Inexpensive program that is primarily a
linear ac circuit analysis program. However, by modifying a few selected
FORTRAN subrountines, It !s possible to model (1) resistors with first-

order dependence on volume flow and (2) resistors and capacitors with
frequency dependence.

6.1 Standard Element Models in SLIC

The standard elements (table 11) in SLIC, which are of concern in
a fluldic circui. analysis package, are linear voltage sources, |inear
current sources, linear resistors, linear capacitors, and linear inductors.

TABLE {1: Standard Elements in SLIC

Element Card Format
1. Voltage source Vn a b Value
2. Current source In a b Value
3. Resistor Rn a b L
k. Capazitor Cn a b X Y. 2
5. Inductor Ln a b Value
where

a = Input node number
b = output node number

n = alphanumeric name designating a particular element
and for

z = 0 (the )inear case)
X, = linear value of resistance

x. = linear value of capacitance

e s

= o e Ty

Rl
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and for
z =1 (the nonlinear resistive case)
x, = linear value of resistance
¥ * coefficlent of first-order term of resistance
and for
z = 2 (the frequency-dependent case)
z =X and is the value of capacitance as frequency approaches zero
e ™ W and is the radius of & cylindrical enclosed volume.

6.2 Nonlinear Resistance in SLIC

In version C-3 of SLIC (ref 3), the values of the nonlinear resistors
are computed directlv as the elements of the admittance matrix Is formed.
In the subroutine DCANAL (for dc analysis) the nonlinear resistance, R,
is of the forr

R-R°+R1q.
Using the general definition for resistance

3q

where the nonlinear expression for R is given above, then q(ap, Ro, R;)

is found to be
R R, © 2
= - -2 o °) s
N R,y +-\/(;1) *Rl a

Substituting this into the nonlinear definition for R gives

R -\/R°2 + 2R; (ap)

SLIC js written to account for this type of nonlinearity (in terms of the
voltage drop). It iteratively recalculates the value of R until the same
value occurs for three successive calculations.

Nonlinear resistors are coded as data into SLIC through the resistor
element card, which is of the form

Rnabxyz

where n is an alphanumeric resistor name, a and b are the node numbers
between which the resistor is connected, and

X = Ro’

y = Ry,
and

z =]




where 2z = 1 indicates that the resistor is of the nonlinear form
R=R, +R q.

6.3 Frequency-Dependent Capacitance in SLIC

The frequency-dependent capacitor is implemented in new subroutines
called by the subroutine ACANAL (for ac analysis) of the SLIC program.
The cylindrical frequency-dependent enclosed volume is shown to be a
capacitor shunted by a resistor (ref 7)

C= Cr,
1

R'm’,

where Cr and Ci are the real and imaginary parts of Katz's complex
expression for capacitance (ref 8).
The frequency response analysis is initiated in the subroutine

ACANAL as the desired frequency range Is swept. |[f the capacitor-
resistor pair is frequency dependent, then the values (Cr and C') are

calculated in special fluidic subroutines FDVOLC and FOVOLR respectively.

The frequency-dependent capacitor-resistor pair is coded into SLIC
as data on a capacitor card and a resistor card of the form

Cmabxyz

Rnabxyz
where m and n are alphanumeric names of the capacitor and resistor,
respectively; a and b are the numbers of the nodes between which the

parallel capacitor resistor pair are connected; x is the capacitance
value of an identical capacitor for the adiabatic case

x-——

YPO
y is the radius of the cylindrical volume; and z is 2. Here, v is the
volume of the cylindrical volume, Po is the reference static pressure,

and v Is the ratio of specific heats.

When z = 2, the SLIC program treats the capacitance and resistance
as frequency-dependent components.

6.4 Lead-Lag Network in SLIC

A simple lead-lag network is represented as an equivalent circuit
in figure 6.
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To implement the lead-lag circuit (fig. 6) in SLIC, the following
steps are taken:

(1) The pressure source, P> is simulated by V1 between nodes |
and 0 in figure 7.

(2) capacitors, which shunt the pressure source, are taken as part
of the pressure source. Therefore, elements C3l. Rc3 iG55
R32 do not appear in figure 7. z 32

(3) An RLC model of a load caplillary and a small resistor, RB, are
added between nodes 2 and 0. Only RB, Rl and LR1 appear in
figure 7.

(4) Remaining parallel resistors and parallel capacitors are combined
as equivalent resistors and capacitors evaluated as

R
c2 1 + 1 % 1

R R
c21 c22 c23

€y = C2) + Cyy + Cp3.

25
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Figure 7: Lead-lLag Network Prepared for SLIC Program

y Considering nonlinearites in the capillaries and frequency dependence
in the enclosed volumes within the bellows, enclosed volume, junctions, and
capillary, the SLIC input program is of the form:

GAIN 02 00 01 00 AC

l

f FREQ  f f f

f Vi 01 00 (value of voltage)

: (] 0t 02 (value of capacitance)

' c2 02 00 (value of capacitance) (radius) 2

| RC2 02 00 (value of capacitance) (radius) 2. i
R2 01 05 (1inear coefficient) (first-order coefficient) 1.

| LR2 05 02 (value of inductance)

: CR2 02 00 (value of capacitance) (radius)

: RCR2 02 00 (value of capacitance) (radius) 2. |
RB 02 03 (small value, e.g. .001)
R1 03 Ok (1inear coefficient) (first-order coefficient) 1.

LR1 ok 00 (value of inductance)




7. NET-2

NET-2 (ref 5) is more convenient and versatile for studying fluidic
circuits than any other circuit analysis program. Three factors contribute
to its convenience and versatility. First, nonlinear components may be
described in NET-2, so that all response calculations are simultaneous
solutions. Second, the values of the elements In the equivalent circuit
models may be entered as numbers, as parameters, as algebraic expressions
or as tables. Third, a modular hierarchy may be established with defined
models and stored models. In the hierarchy of models, large models may
be assembled from both individual element representations and basic models.

In this section, standard NET-? elements are listed. Basic nonlinear
resistors, nonlinear capacitors, and nonlinear inductors are built up.
Basic models of fluidic capillaries, enclosed volumes, bellows/chambers,
diaphragm/chambers, and laminar proportional amplifiers are described.
Finally, a few simple networks are set up in NET-2,

It is important to recognize that while NET-2 can solve sophisticated
network problems, computational costs of this system reflect both the
amount of core memory and the running time it requires. No direct checks
have yet been run on comparative costs between NET-2 solutions to fluidic
networks and solutions used with other programs, including SLIC. In
general, it may be assumed that NET-2 runs a problem faster. However,
the greater sophistication of NET-2 might be used when less sonhisticated
models would be adequate. The use of sophisticated models may increase
the relative cost of NET-2 solutions, for example, over SLIC solutions by
factors from 1.5 to 10.

7.1 Standard Elements in NET-2

A total of 16 elements of current interest are available in release
8 of NET-2 (ref 5). Each of the following standard elements is designated
both by a type name and by a number for that type. The nodes to which it
is connected and its value are specified. Table Ill summarizes the stand-
ard NET-2 elements.




TABLE 111: Standard Elements in NET-2

1. Voltage source Vn a b Valye, r

2. Current source In a b Value

3. Resistor Rn a b Value

4. Capacitor Cn a b Value .

5. Inductor Ln a b Value

6. Switch Sn a b Value

7. Gain block GAINn a b Value

8. Summer SUMn b 3 2. ..

9. Integrator INTn a b g

10. Differentiator DERIVN a b

11. Multiplier MULTn b ta; ta; . ..

12. Limiter LIMn a b Value

13. Voltage controlled VCGn e f a b g
conductance

14. Voltage controlled VCVSn e f a b g, r

voltage source

15. Voltage controlled VCCSn e f a b g
current source

b //TABLEm

16. Voltage controlled XMODn 8 1
conductance defined
by table look-up

where a, a; are input node names
b is an output node name
e, f are differential contro! node pairs ]
g is a gain value ]
m is a number designating a particular table

n is a number designating a particular element ]

r Is the value of internal resistance
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7.2 Basic Nonlinear Components in NET-2

In NET-2, nonlinearities may be written directly into the expressions
that define ''value' of the components. In NET-2 (release 8), If the
"value'" is defined by a nonlinear expression (in terms of a dependent
response variable), simultaneity of solution will be sacrificed.

However, by using the simulation elements {7-12, Table 111) and the

s table look-up in conjunction with the voltage controlled elements (13-16,
Table i11), the nonlinear expressions may be rephrased so that simultaneous
solutions are obtained.

For the fluidic components described in succeeding sections, it is
necessary to develop nonlinear resistors, nonlinear capacitors and non-
) linear inductors. Two nonlinear resistors, two nonlinear capacitors and
one nonlinear inductor are described and modeled below. In addition, a
nonl inear function generator and a switching characteristic are introduced.

Exact solutions at each point in the response calculations can be
assured by appending these more sophisticaoted models to the existing NET-2
element models.

; ® — 3

o —¢ XMOD1 8 | °
} 1Pin —Pout |
Ri»> .
|
A AAAA S

Figure 8. Nonlinear Resistor (usina TABLE ‘ocokuo)

NET-2 Listing
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7.2.1 Nonlinear Resistor (general nenlinearity through table look-up)

A general nonlinear resistance value Is set up with a voltage
controlled conductance in conjunction with a table look-up. A table look-
up Is implemented with a special block, currently designated as XMOOn
(eX ternal computer MODel). This particular XMOD is a nonlinear resistor
in which voltage and current are tabular functions that are defined in
TABLEm. The schematic is shown In flgure 8. A resistor, R!, shunts XMODI!
to malntain a finite total resistance. The conductance of VCG] is defined
in TABLEI , In which the differential voltage (V,, - V, .) is entered and
the current q selected. {(Note that the voltage é*ffersxzc, which Is the
Independent variable, Is arranged monotonically from smaller to larger
values). A typical defined model, designated as RNLT (Resistance, Non-
Linear with a Table look-up) Is given in figure 8

7.2.2 Nonlinear Resistor (with flow nonlinearity using VCG)

A nonlinear resistance value that occurs frequently In fluidic compo-
nents has the form

r=f (q).

A resistor of this form is implemented computationally in NET-2 with a
voltage-controlled conductance (VCG). The schematic is given in figure 9.
Resistance is established in VCGl. The flow Is metered in Rl and
evaluated at node 3. Nonlinear functions are introduced at node NL. The
conductance, calculated and evaluated at node 10, is applied to VCGI

between node pairs 10 and 0.

A typical defined model, designated as RNLVCG (gpslstance, NonL inear
with a YCG), is shown in figure 9.

® w O

-

Figure 9. Nonlinear Resistor (using VCG as a function of
through flow)
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NET-2 Listing

VEF INE RNLVCOL IN uur o NL
R1 IN ] ¢66SMALL METERING RESISTANCEy) EeGeo «00L*ss
viGl 10 0 1 our, 1.
SuML 2 ¢IN -1
GAINL 2 3 1e/R1

7.2.3 Nonlinear Function Generator ‘ggneral nonlinearities

through table look-up

To implement many of the nonlinear functions, a general nonlinear
function generator Is needed. In release 8 of NET-2, the sole mechanism
for producing a general nonlinear relationship (while maintaining simul-
taneous solutions) is the use of a table look-up. By Incorporating the
table look-up with the voltage-controlled conductance in the XMOD form
(an ex computer model in NET-2) a general nonlinear function
generator is modeled. A schematic of the model is shown In figure 10.

The Input function is given at node IN. It is necessary to generate
a specific function at node OUT so that

v = f (V

ouT IN) :

A voltage-controlled conductance of the form, XMOD1, has approximately
the voltage drop, V,§» cross it. TABLE! defines the current, i, through

XMOD1 so that the numerical value of | is equal to the required value
Vour = F(V,)-

A metering resistor, R, (fig. 10), is defined to be much smaller
than any resistance attalne& in XMODI.

i

R, << R(XxMoD1).

Current I, through XMOD| is approximately given as

b i ——

Voo -V
1(XMOD1) = ﬁk——-'- .
1 i

Elements SUM] and GAIN] set the voltage at node OUT numerically
equal to the current (the desired functional relationship), through the
voltage-controlled conductance. This nonlinear function generator,
defined as FGNLT (Function Generator, NonLinear with a Table look-up),
is given in NET-2 in figure 10.
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Figure 10. Nonlinear Function Generator (function of node
voltage through TABLEm lookup)

NET-2 Listing

DEFINE  FGNL IN  ouT |
RIL  IN & ®eeSMALL METERING RESISTANCE, E.Ges oI0104
xMoD1 8 1 L 0//1aBLEl

SUML 2 ¢IN -1 ]

GAINL 2 our 1./ E
TABLEL

$8SVALUE OF VINsss $SOVALUE OF FIVIN)®es

7.2.4 Nonlinear Grounded Capacitor (using flow differencer and 1
Integrator)

A nonlinear grounded capacitor Is modeled with a flow differencer
and an integrator. For grounded capacitors in fluidics, the relationship
between the pressure drop, Ap, (compared to a reference pressure) and the
volume flow, q, Is of the form: (ref 9)

- |
p:p-po-t-qudt. :

When C is a nonlinear function of the nodal pressure, a nonlinear approach |
Is useful. The differential flow Is found by subtracting the flow passing '
out of the capacitor from the flow entering the capacitor. The model that ‘
implements the nonl inear grounded capacitor Is shown in figure 11.

Resistors R and R, meter the input and output flows, respectively. :
With summers and galn b?ocks, the voltage at node 5 Is equal to the output ]
flow to ground (q' - q,). Node 6 Is the integrated value of node 5. A
nonlinear function for C is Introduced at node NL. The pressure at node
MID is computed. The NET-2 listing Is shown in figure 11. Here, the non-
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linear grounded capacitor is defined in the model CNLG (gppucltancc. Non-
Linear Grounded).

(:) Ri

Figure 11. Nonlinear Grounded Capacitor (using flow
differencer and integrator)

NET-2 Listing

JEFINE CNLG InN, owr 2 NL
Q1 IN vIN eseeS5PMALL METERING RESISTANCEY CoGow oJIL¢es
12 MIu ZUT seesMALL METERING RESISTANCEe EoGes oJ0Ll¥ee
SuMl 1 tIN =MD
GAINL | 2 1.721
SuMe 3 ML -UDT
GAIN2 3 4 l./732
SUM3 5 +2 -4
INTL O ¢

7.2.5 Nonlinear Grounded Capacitor {using flow differencer,
inteqrator and table look-up)

The nonlinear capacitor discussed above may be used in conjunction
with a table look-up through the nonlinear function generator (sect. 7.2.2).
The schematic of this simulation is shown in figure 12. The computation
is identical to the more gzneral model, CNLG, as far as the output of INTI
(node 6). The function generator with table look-up (FGNL) is connected
at node 6. The output of the nonlinear function generator establishes
the voltage at node MID.

e




The NET-2 listing for this non!inear capacitor (CNLGT-Eppacltor.
NonL inear Grounded with Table look-up) is shown in figure 12.

@,

§y—

(R3oCf(n/aqdt])) (Hn/a qdt))

Figure 12. Nonlinear Grounded Capacitor (using flow differencer,
integrator, and TABLEm lookup)

NET-2 Listing

NDEF INE CNLGT IN our o
Pl ¢S VOLUME®S#
P135 ¢s¢pOLYTROPIC COEFFICIENT#ss 3
R1 IN MID e*sSMALL METERING RESISTANCE) EoeGey o00L®ss
R2 MID OJUT ¢&sSMALL METERING RESISTANCE, EsGey »001®es i

SUML | ¢IN -MD)

GAINL 1 2 1.721

SUM2 3 #MID -0UT

GAIN2 3 4 1./732

SUM3 5 2 -4 .

INTL 5 6 P135 l

R3 6 7 €s¢SMALL METERING RESISTANCE, EoGes o231

XMODL 8 1 7 0//TABLEL

SUMe 8 *6 -7 |

GAIN3 & MID 1./2)3 :
TASLEL

SeesNS(INT(QIN-QOUT)DT )ses FINS(INT(QIN-QOUT)IDT) ) ¢ss
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7.2.6 Nonlinear Point-to-Point Capacitor (using type -1 RC mutator)

A nonlinear point-to-point capacitor is modeled with a type -1 RC
mutator (Chua, ref 10). The approach used above for the grounded capaci-
tor is unsatisfactory because nelther the input nor the output of a
point-to-point capacitor Is at the reference pressure. A mutator is in
the class of a more general two-port (four-terminal) device--the gyrator.
In essence, voltage and current functions may be interchanged within the
gyrator.

To form a nonlinear point-to-point capacitor, C, with the same
value as i-(whcre k=1 in units of time), a type-! RC mutator is used.

A nonlinear resistor, R, is used, as well as controlled-voltage sources
?nd controlled-current sources. The RC mutator is a two-port black box
fig. 13).

R +

‘ pr—

Figure 13. Non)'near Capacitor Using Typo-l.lc Mutator

-For the resistor, R, Ohm's law glives

v = Rj




A capacitance-type relationship between vy and l2 is required so
that

)
vz'z- flzdt.

Equating lEaml %

O —
n
x|

and substituting for l-from the differential equation and R from Ohm's
law:

Vz . VI
/ '2 dt -kl'

Then the numerators may be equated and the denominators may be
equated:

Vz'Vl

flz dt = --kl| .

Differentiating the second equatlon with respect to t gives the
palr of equations:

Thus, relationships for a type -1 RC mutator have been derived. In
flgure 14, R can be driven by a controlled-voltage source, Vi = Vo and

f' can be driven by a controlled-current source, '2 = =k d'l 5

dat
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Figure 14, Schc~atic of Type-l RC Mutztor as Capacitor

The value of %-can thus be set equal to t':e value of E-(where k=1).

The NET-2 model that simulates this nonlinear capacitor is shown in
figure 15. The main body of this RC mutator is the voltage-controlled
voltage source, VCVS!, and the voltage-controlled current source, VCCSI.
The calculated nonlinear capacitance value, C, is introduced at node NL.
The voltage-drop relationship between V . and V is implemented as the
output of SUM! at node | (referenced to ground) controls VCVS1. The
relationship between il and iz is set up by metering the input current

into VCVS! with resistor R', calculating il with SUM2 and GAIN1, and
differentiating it in DERIV). Node 6 at the output of DERIV] (referenced
to ground) controls VCCSI.

The element VCCS! in this mutator serves as the nonlinear capacitor.
In figure 15, the nonlinear point-to-point capacitor (defined as a model
in NET-2) is ca'ied CNLPP (Capacitance, NonlLinear Point-to-Point).
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Figure 15. Nonlincar Capacitor (using Type.t RC mutator)

o

, NET-2 Listing

: DEFINE  CNLPP IN T o

, veeSL 6 0 IN gur -1,
SUML 1 +IN  -ouT

: VEGL ML 0 3 g L.

f vevst 1 v 2 1.

N

$EESMALL INTERNAL RESISTANCE,
FeGoso 40000)%ss

] R1 2 3 $X&SMALL METERING RESISTANCE, EeGor oJI162x
SumM2 ¢ +2 -3

GAINL 4 5 le/2]

OCRIVL 5 6
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7.2.7 Nonlinear Inductor (using type-l RL mutator)

As in the case of the®nonlinear point-to-point capacitor, a nonlinear
inductor is modeled with a mutator. For the nonlinear inductor, a type-l
RL mutator (Chua, ref 10) is modeled. Starting with a nonlinear resistor,
R, and using the type-~l RL mutator, a nonlinear inductor, L, equal to kR
{where % is unity In units of time) is to be constructed. The RL mutator
Is cons'dered as a two-port block box (fig. 16).

4 + ;. é Jﬁ__;

v . 'o"l R L \"!

L |

Figure 16. Nonlinear Inductor Using Type-! RL Mutator

An Ohm's law relationship between the voltage drop, v, and the
current, i, is

v =R}
where

VEVI
and

iz -i|
so that

v, -Rl| .

The RL mutator must be designed to develop an inductive type relationship
between vy and '2' as

v = lae

or
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fvz dt = L '2
where L and kR have the same value

L = kR ,

Substituting for R from Ohm's law and for L from the integral

PR T T A

equation:
| Ivz dt = - kv'
2 0y
[ ]
g Both the numerators may be equated and the denominators may be equated '
i fv2 dt = kv|
Fg = =1y

Differentiating the first e

qration with respect to t glives the palr of
equations

<
N

[ ]

=
&I

4

-
R
]

-

-

This gives the necessary relationships for a type -1 RL mutator.
As shown In figure 17, R can be driven by a controlled-current source, dv
| = - '2’ while L can be driven by a controlled voltage source, v, = k ac -

I+ ’1- ?
1 .

MR Ly

e

+ :
V ] - . |
| L : |

1 &—

—

Flgure 17. Schematic of Type

=1 RL Mutator as Inductor
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The value of L can therefore be equated to the value of R (where
k = 1). A NET-2 simulation mode! of this nonlinear inductor is shown in
figure 18.

The mutator itself is a voltage-controlled voltage source, VCVSI,
and a voltage-controlled current source, VCCS]. Node NL is set at a
voltage corresponding to the reciprocal of the value of the nonlinear
inductor, 1/L. The value of i, is set by metering the current i, through
R1 with SUMI and GAINI. Node 5 at the output of GAINI controls VCCSI,
which has the gain of -1.0. The relationship between V, and Vl is calcu-
lated with DERIVI, the output of which (node 5) controlg VCVSY. In this
mutator, VCVS| serves as the nonlinear inductor.

In NET-2, the nonlinear inductor (fig. 18) is defined as the model,
LNL (for NonLinear inductor).

RL MUTATOR —» h

Figure 18. Nonlinear Inductor (Using type-1 RL Mutator)

NET=2 Listing

Qe vt LANL N el D "L
rl IN 1 St QMALL MFTERING QFSISTANCEy BoLer oJdultxs®
PR AT P ein -1
Galml 2 3 1.721
vivslt S L l 0 l. S MALL [wlrri AL SeSTSTANUGE
Leter odJ))))wik
veeslt 3 G 4 J -1l.
viul WL J “ J le
Dewxlvl 4 5
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7.2.8 Switching Characteristic (actuated by node voltage usin
blased

When the response variables are Introduced Into the standard NET-2
switch element, the solution simultaneity breaks down. Therefore the
following approach is useful for preserving simultaneity. A typical
switching characteristic from low to high is shown In figure 19--when
the independent variable x (in this case, a node voltage) equals X|» the
value of y is switched from Y; to v,

A simulation schematic is diagrammed in figure 19. The difference
between the voltage x at node IN and the switching value x, at node |
are obtained in SUM) at node 2. The difference (x-x,) Is lmpllfled with
a high positive gain in GAINI and limited at *(y, - y')/2 in LIMI. Thus
at node 4, y switches between t(y, - y,)/2 at x ] x,. Then the level
can be set by adding (yI + yz)/2 1t node 5 to node ‘ In SUK2 to give the
output at node OUT.

The NET-2 listing for this model, called SWITCH, is given in figure
19. To switch from high to low, the slops is made negative either by

performing the differasnce (xI - x) or using a high negative gain in GAIN],

Figure 19. Switching Characteristic (actuated by
node voltage and biased limiters)
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vi l J eekVALUL JF Xlest
SUMI 4 L |
vAINL ¢ 3 e [GF GAINg toree LCHIC)E®ee
LIv] 3 4 seeyALLE UF (Y2-Y]1)/72.%¢%
v2 5 J e yALUE OF (flev2) /2,888

SUMZ  (UT v4 *5
4 7.3 Basic Fluidic Components in NET-2

The baslc fluldic ' .nponents are defined in NET-2. Using the standard
forms of the NET-2 elr :znts as well as the nonlinear simulations described
in section 7.2, severai computational models of the capillary, enclosed
volume, bellows, diaphragm, and laminar proportional amplifier components
are constructed.

The values of the elements in the components are defined parame-
trically In expressions. In NET-2 all parameters are designated in the
form '"Pn'', where n takes on a different integral value for each parameter.
Certain fluid parameters are included in the several component models.
These are designated as

P101 n= 3,14159

P102 p, mass density

P103 u, dynamic viscosity
PI104 v, kinematic viscosity

P106 P,» ambient static pressure

static case

0
P107 <|, dummy variable for {dynamlc cbie

P108 8, inertance coefficient

7.3.1 Capillary Component with Linear Resistance, Inertance,
and Capacitance

The capillary component Is a bundle of N identical, parallel,
circular capillaries. A possible low-frequency equivalent circuit Is one
lump of a transmission line (ref 11) shown in figure 20. The linear i
values (ref 12) of the Poiseuille Law resistance, R, (where £/r > 100),
for the slug inertance, L, and of the compressibility capacitance, C, of
a perfect gas are

e

ot =
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where r and L are the radius and length, respectively, for each capillary
in the bundle. The constant, B, (ref 12) goes from 4/3 at low frequencies
to | at frequencies above 500 Hz. The polytropic coefficient, n, (ref 8)
for air goes from 1.0 at low frequencies to 1.4 at high frequencies.
Additional parameters in a NET-2 model are the capillary radius, Pl; the
capillary length, P2; and the number of parallel capillaries, P3. The
nodes are called IN, MID, OUT and 0 (ground). When the capillaries are
considered simple resistors, parameter P107 is 0, so that the inertance
and capacitance are zero. For cases in which the dynamics are desired,
P107 is set to I. The linear, dynamic model of the capillary component
In NET-2 is defined as TUBEDY (capillary with QXpamlcs) in figure 20.

(:) R 65) LI (EB

- —e SBYYY * -

— Ci

=(©

Figure 20. Capillary (Linear R, L, C Model)
NET-2 Listing

DEF INE TUBEDY IN our 2
Pl sesRAD[USHE*
P2 See ENGTHS S
P3 SSONUMBERS S

PlO1 s  2&s

PLI2 s*epASS UENSITress

PLJI3 sseDYNAMIC VISCOSITvess

PLO6 SS&REFERENCE PRESSUE*Se

PLQ7 #*s0ON-OFF SWITCH FOY DYNAMICS (0 = UFF, L = ON)ses
PLIB #ssINERTANCE COEFFICIENT®s»

Rl IN MID 8.%P103¢P2/(PLOLePLl*e4eP])

Ll MID OUT PLOB*PLO2¢P2/(PLOLSPL**28P))*P]lOT

ct 91V S PLILSP L **24P3/(PLI5¢P|Ic)*P1IT?
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7.3.2 Capillary Component with Inertance, Capacitance, and Measured
Resistance

The dimensions of the capillary are critical in the calculation of
the linear values of R, L, and C. Resistance is the most critical value
because it Is inversely proportional to the fourth power of the small
and irregular capillary radius. It is often more precise to measure

resistance experimentally and to use the measured numerical quantity
for the defined value.

For the circuit shown in figure 21, the meeiured value of resistance
is used 1n the defined NET-2 model called TUBEMR (capillary with Measured
Resistance). The value of the measured dc resistance is given as Pk,

(:> Ri qn» L

o AN/ - ’UUTWT\-—----qr @E)

~ Cl

=0©

Figure 21. Capillary (Linear L anc - with wicasured linear R model)

NET-2 Listing

MEFINE TUh ey iy Lt 4
| teepA]USEes
P2 e8| tMNGTHE®S
P3 SESNJMHERE &S
P4 SesMEASJUKED VALUE OF RESISTANLES®es

P11 sé ¢ &

PlLO2 ¢&&MASS LENSITYSee

PlO3s SoesDYNAMIL VISCOSITYS&s

PLIS #espCLYTROPIC COEFFICIENTe®S

PlLIL ¢s&ptEERENCE PRESSUILS$%:

PLIT o2 N=OFF SHJTCH FU2 OYNAMICS (C = JFF, | = IN)Es&
PLIs ¢ex2]NERTANCE (CCEFFICIENTS s

Pl IN vMIh Pe

(W MID LUT  PLCS=PLJ2¢P2/(PLOLePL**2%P3 ) %P |07

cl (R1V) ¢ PLOL*P L€x20P3/{PLOS¢PLOOGI*PILOT

D
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7.3.3 Capillary with Nonlinear Resistance

If the capillary has a small length-to-diameter ratio, the end effects
contribute a nonlinear term to the resistance value. According to the form-
ulation by White (ref 13), the resistance of a capillary Is expressed as

ut 1_p
art ¥ N 9

3

where q is the volume flow.

The simulation schematic and the NET-2 listing for TUBERT (capillary
with Resistance given in Table look-up) are shown in figure 22. The non-
linear resistor simulated in section 7.2.1 and designated RNLT, in NET-2,
is used. TABLE | in RNLT is coded as pairs of values (of pressure drops,
Api. and flows, q'), for the nonlinear resistor. Since N ® &pl

q
pairs of values (Api. q') are coded into the two columns of TABLE 1.

® . 3,

.- XMO001 8 | ° J'O'W'U\——-—v
R Y
2 AAAYA",

Figure 22. Capillary (Nonlinear R using TABLEm lookup)
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NET-2 Listing

JEF [ NF TUKhERT IN 17 | Q
7l sl al)|yUSees
P2 s8] ENGTIHESS
3 se&NYMALKESE
P11 nes &€
Pl)2 exe2pSS DENSITyess
PlLI3 sse( vAMICL VISLUSITYSes
Pl oo GLYIROPIC COFFFICIENT &

PLIS 2Rt FFRENCT PRESSUIgees
PLIT  eveln=uUbF SwlTChH FLt QUNAMILS (o = JFky | =2 ) s
PlYd  see [N RTANCE LIOLEFILIENTC S

vl b 1l I “laszsrasttdl
Rl IN MIN  s&ks_ APGE SHUNEING VALGE,y 12D 11 4eS Trl LINEAS
PART LF Rees
L1 VIO GUT PLussPlO20P2/IPLTIsR L2305 )4 )]
L1 (F1V) SRS PLulsPieecsbs/LP LUV LaLI*L !
TASLE]

dampap SSURE Nk CesVLL UMe FLatsE

7.3.4 Capillary with Nonlinear Resistance Using VCG

When the values of resistance are expressed in terms of relatively
simple functions of the dependent variable (pressure drop or volume flow),
the approach using a VCG is applicable.

The nonlinearity given in White's expression (ref 13) may be simu-
lated in the schematic shown in figure 23. A NET-2 listing is given for
TUBERV (capililary with a nonlinear Resistance expressed with a Voltage-
controlled conductance). This approach utilizes the nonlinear form of
resistance developed as the mode! RNLVCG (section 7.2.2).

The constant term in the resistance ‘is calculated at node 6.

The

flow-dependent term is generated at node 4.

The resistance Is formed

from the constant and flow-dependent terms that are summed in SUM2.
Resistance is inverted in MULTI at node 8, which controls VYCGI.
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Figure 23. Capillary (Nonlinear R using VCG)

NET-2 Listing

JEF INE
Pl
p2
P3
P11
PLO2
P103
P15
PLIG
PL1O7
P1J8
Rl
vCGl
SuUMlL
GAINL
GAINZ
vl
GAIN)
SUMe
MUL !
Ll
ci

TUBERN IN Out o

*$eIRADIUSS S

ses ENGTHOSS

SEENJMBERS &8

X 2 ) sk e

¢e¢MASS DENSITYSS®S

ss8DYNAMIC VISCOSITY®se

seePOLYTROPIC COEFFICIENTSss

*¢SREFERENCE PRESSUIES®S

sueN-UFF SWITCH FOR DYNAMICS (0 = UFF, 1| = UN)ees
s¢s [NERTANCE COEFFICIENT®oe

IN ¢seSMALL METERING RESISTANCE) EoGey oID100e

8 0 | our 1.
+IN -1
2 3 1.721
3 4 T/5.%PL02/(PLOL*PLSS2¢P] ) %82
5 9 1.
5 6 B.8P LI3*P2/(PLILSPLE*4eP])
7 e *6
8 (11 -7

MID OUT PLOS*PLI2¢P2/(PLOLEPLS*28P 3) 8P| DT
onn 0 PIOL*P Le*2eP3/(PLOS*PLO6)SPLDT
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7.3.5 Enclosed Volume Component with Linear Capacitance

The enclosed volume component is a tank. The simplest equivalent
circuit for the enclosed volume Is a grounded, linear capacitor, shown
schematically in figure 24. The linear value of capacitance (ref 8) is
approximated as

where v is its volume. The only additional parameter required in NET-2
is Pl, the volume. Here the input node is designated as IN. The linear
3 mode] of the enclosed volume is defined in NET-2 as TKL (TanK with
Linear capacitance).

®

; | L 0

Figure 24. Enclosed Volume (Grounded, Lirecar C)

NET-2 Listing

——

—

e F INF Tkt IN 0
Pl *6EVULUME S S
PLO5 &¢*sPOLYTROPIC COEFFICIENT®*#
PLI6 S¢SREFERENCE PRESSUIE®S»
ci IN 0 PL/(PLCS*PLOG)

O
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7.3.6

Integrated

In working toward more complex models of the enclosed volumes, the
nonlinear grounded capacitor (CNLG in section 7.2.4)is used. As a
demonstration, the Vinear capacitence may be introduced in the form:

(ref 9)

C-[gg-t—

bp

The schematic (fig. 25) shows that INT! is given a gain of the
reciprocal of capacitance. The.output of INTI is a voltage at node MID.
The NET-2 listing for TKINTL (TanK with INTegrator and Linear capacitance)
is also given in figure 25.

@ R R2 @
o— ,—
T2 ® a2 ®
o vy X
-
:* hr?"' C:)l sl (Vjram

Figure 25. Enclosed Volume (grounded, nonlinear C using
integrated flows)
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EﬁT'Z Listin

MWFINE TKINTL IN our 0]
Pl EEkVOLUME* S
PlOS ¢¢xPOLYTRUPIC CUEFHICIENTES®
PlLOS *exREFERENCE PRESSUE®*®*

k1 IN MID *®&&SMALL METERING WSISTANCEy FoeGoee odUltxs
R2 Ml OUT &« SMALL YETERING RESISTANCEy [ eGeo oJJ1Ekee
suMl 1 *IN =MD

GAINL L 2 le/21

SumMe 3 «MID -GUY

cAlN2 3 4 1772

SuM3l 5 +2 -4

InNTlL ¢ MIo PLOS*¢1O¢e/PI

7.3.7 Enclosed Volume Component (grounded, linear, frequency-dependent
RC)

If the frequency dependence of the polytropic coefficient in a
cylindrical tank is accounted for (as by Katz, ref 8), the equivalent
circuit of the enclosed vclume is modeled as a grounded parallel resistor-
capacitor pair. A simple simulation circuit (fig. 26) uses a voltage-
controlled conductance (VCG1) for the resistor. The capacitance is rep-
resented by the linear grounded capacitor, in the form of the model CNLG.
The analytic results lead to the frequency-dependent values of resistance
and capacitance being represented as

—-
+ -
e ol y1 /7 ROB) | ROI1 + R 1
wy

wpC

"l




s A B

C [

—PB a ——r
o K ' lo be'o v K
pC PC

R, = ber1 -—Jl, | = beil —R

K o
[ wp
bcr' ].__BK 2y Re {J'(j3/2 v ——EK ro)}

c wpC
bel, \’—K—B ro = im {J‘(j:’/2 V—K—E ro)}

Im Is the Imaginary part of the argument
Re [s the real part of the argument

J' Is the ith order Bessel function

i is 0, a positive integer or a negative integer
J=/A

w = frequency in radlans per sec

p = Internal pressure
Cp = specific heat at constant pressure
vy = ratio of specific heats

k = thermal conductivity

-
L}

radius of the cylinder

v = volume of the cylinder

The ber and bei functions are computed as series expansions. The functions
ber , bei , ber;, and bei, are introduced at nodes !, 2, 3 and 4, respec-
tlvgly. Phe reciprocal of resistance, 1/R, is calculated at node 42, which
controls VCGl. The reciprocal of capacitance, 1/C, Is calculated at node
36. The value of 1/C multiplies the integral of differential flow (the
output of INTI at node 17) in MULTIO. The outpuc of MULTIO Iis the voltage
of the capacitor applied at node 11.

A listing of the defined NET-2 routine, TKFD (TanK, Frequency Dependent)
Is also given In figure 26.
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Figure 26.

N L

Enclosed Volume (cylindrical volume with frequency
dependence using ber-bei generater tc control grounded RC)

NET-2 Listing

Je+ INE
Pl
b4
Plul
P135
2106
kLI

k1

k2
vCol
SUML
GAINI
SuM2
GAINZ
SUM3
INTL
YUL Tl

Continued on Next

1KFD IN nutl o

$#sHEIGHT OF CYLINDER®$x

*xeRAUIUS UF ZYLIWDER®®s

e Kke

¢s¢RATID GF S2ECIFIC HEATS**»

¥$sREFERENCF PRKESSUES*x

a5 (MASS LENSITY)®(SPECIFIC HFAT AT P=CUNSTI/Z{THEKMAL

CONOUCTIVITY) e

IN 11 exeSMALL METERING RESISTANCEy EolGay oJI16%2
il QUT  ®xesMALL METERING QESTISTANCEy EolGee o0 ®s
42 e i 0 le
12 ¢IN =11
12 13 le/21
14 ¢l -CUl
14 15 l1./32
16 ¢l3 -1
16 17 l.
L U B A T
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Se&RERD FUNCT ION GENERATOR CUNNECTED TU (L)sse
e&HUE]D FUNCTIUN GENERATOR CCNNECTZD T0O (2)¢es
*eepBEK] FUNCTION GENERATOR CONNECTED TO (3)sss
«seEl]l FUNCTIUN GENERATUR CUNNECTED TO (4)%ss
MULTL 21 +l ¢l

MULTZ2 23 +2 +2

SUM4 22 21 23

MULT 3 24 *2 *3

MULT& 25 ¢+l +3

MULTS 238 +2 *4

SUMS 29 +25 +28

MULTGE 26 ¢l (XX

SuMe 27 ~24 #2¢

MULTT 37 -22 2%

MULTS 31 =22 #2717

GAINS 31 32 (PLOS=Lo)/PLCS*SQRTI2.,/FREQ)I/Z(PL1I9*P])

SUM7? 33 -33 +38
vl 34 0 1./P 135, *®#SMALL INTERNAL RESISTANCE,

EoGo' 000301‘.‘

SuMB 35 *36 -33

GAIN4 35 41 PLOL*P 3s®2¢P /P06

ve ) J ley *o®tMALL INTERNAL RESISTANCE,
EeGor +0000L%es

MULT9 36 t40 -4l
GAINS 37 38 (PLOS<Ls)/P1D5€SQRT(2./FREQI/(PLI*P]I)

SuUMy 33 ¢32 +38
GAING 33 2 2.6PLULSFREQE(PLIL*PI**24P[)/P1J06

7.3.8 Bellows Module (linear array of C's)

The bellows module is a bellows in a small volume or confining cylinder.
Its equivalent circult (fig. 27) is a Pi network of capcitors.

The bellows is modeled as a point-to-point capecitor, Ci, expressed
as
A2

Cy = —

k

where A is the area of the circular end of the bellows and k is the spring
constant of the bellows.

L.
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The volumes of the chambers adjacent of the bellows are modeled as
capacitors, representing standard enclosed volumes. Their linear descrip-
tion is again

out
Cz'
NP,
v
Cy = nin
Po
where Vin is the volume inside the bellows and Usae is the volume between

the bellows and the confining cylinder. The bellows displaces very little

volume, v and v, . Hence, they are approximately constant in this

f out n

mode
A NET-2 listing called BELLOW is shown in figure 27. The following

parameters are defined: Pl is the spring constant of the bellows; P2 and

P4 are the inner radius and length of the bellows, respectively; P5 and PS

are the inner radius and height of the confining cylinder, respectively.

® . )
I

Figure 27. Bellows (Pi network with linear C's) ;
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NET-2 Listing

JEFINE BELLCw IN Jur 0
Pl s2e5PL [NG CUNSTANT JF BELLUWS®*®#
L4 ee¢ [NNER KAUIJS OF dELLURnS®s¢
P3 *6SIUTER RADIJS OF BELLUWSS*e
PG $eeLENGTH NF oELLURS s*s
S seeQACIUS GF CONTAINERS*®
PL «e¢ JEIGHT UF CONTAINERS®s

PlOLl =¢% ¢s¢
PLIY #espPOLYTRUPIC COEFFICIENT® &«
PIN6 ssskEFERFNLE PRESSURE®SS

Cl IN UUT  (PLOLsP2¢e2)682/P|
e 6oJ1r 2 PLIL*IPS®e26Po-p 368 2¢P4)/(PLI5%PLI6)
c3 IN J PLOL*(P3*e28pP4)/(PLOS5*P10G)

7.3.9 Diaphragm Module (linear array of C's)

The diaphragm module is a circular membrane set between two volumes.
As in the case of the bellows module, the diaphragm component (modeled in
fig. 28) is a Pi network of capacitors. The diaphragm is a point-to-
point capacitor expressed by Katz (ref 6) as

0.362 r 10/3

o
BB o —————— f .
©1 (Eh)lla (p)

where r_, € and h are the radius, modulus of elasticity, and thickness of
the diaPhragm, respectively. The factor f(p), a nonlinear function of the
pressure drop Ap across the diaphragm, is of the form

flp) = (ap)=2/3 ,

For simplicity, a linear constant average value can be computed for f(p).

The volumes of the chambers adjacent to the diaphragm are modeled as
enclosed volumes that exhibit capacitance of the form

Uout
np

Cr =

o]
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where Yin and Yout 27 the volumes on the output and input sides of the

diaphragm, respectively. As in the case of the bellows module (sect 7.3.8),

volumes Yout and Vi, are approximated as constants.

A NET-2 listing (fig. 28) is called DPL (DiaPhragm, Linear). The
following parameters are used: Pl, P2, and P3 are the radius, modulus of
elasticity, and thickness of the diaphragm, P4 is the volume of the adjacent
chambers, and P8 is the linearization factor.

® & )
i | |

= o

Figure 28. Diaphragm (Pi network with linear C's)

NET-2 Listing

Jer INE CPL In R173 SEEY]
Pl sesiAJUS CF JI1APHKAGY¢es
P2 s&sMIDULUS JF ELASTICITY CF DIAPHRAGU**% |
b3 e[ HICKNESS JF CIAPHRAGMS** ]
P4 sekySLUME OF AVDJACENT CHANMJIL t*&s
P3 ek [NEARTZATION FAZTOR® % #

Pl0U> #¢*pULYTROPIC CUEFFICIENT®¢»
PlLJO S*¢=RFFERENCE PRESSURE*SS

cl In GUT  Je362¢P1*e (10,73, )¢ (P2o%P3)se(-1./3,)) %P3
(94 O1V) B P4/tPLUS*P L UG)
€3 IN J P&a/LPL3H5%21D0)
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7.3.10 Diaphragm component (linear volume C's and nonlinear
point-to-point C using type |, RC mutator)

in section 7.3.9, the Ilnearlz’d diaphragm model DPL uses an
approximation for the factor (ap)~2/3. For the full nonlinear version of
the diaphragm component, the nonlinear point-to-point capacitor .sodel (CNLPP)
is used. The schematic of the nonlinear diaphragm component is shown [n
figure 29. A nonlinear function of the form (ap)~2/3is formed with the
nonlinear function generator FGNL (using a table look-up).

The NET-2 Visting for the block, called DPNL (DiaPhragm, NonLinear),
is given in figure 29. Parameter P4 is the volume of the chambers adjacent
to the diaphragm membrane.

Figure 29. Diaphragm (Pi network with linear grounded C's and
nonlinear point-to-point C using type | RC mutator)
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NET-2 Listing

W INE DL IN nut J
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vCCS1 ¢ G In nur  -1.
suMl 1 ¢IN =0yl
viul 1w (o} é d 1.
vCvslt L 9 P4 V) leo *&eSMALL [NTERNAL 2ESISTANCF,
teGoo pelob RRL L)
%y ¢ 2 et 3ALL METERING RFESISTANIEy Loy oJUL %2
SU12 & *2 -3
GALlND & p) 1.741
vblvl 5 3
¢ | 7 ¢xeSMALL 4ETERING RESISTANCEY F-Uer oJd1lees
XML b l 1 0//TAblLEL
S H ¢3 -7
Gal2 8 v 1.722
LAlNS 9 10 €62  UNSTANT PART (F (e%e
(4 uJyr 2 P&/{PLISEP 1 0b6)
C3 IN 2 Pa/(PL35¢2 1)
fastLil
¢esPALSSUKE DP_ktee SEe(PIFGQYRE UnUP)I*&(=2,/3,) 888

7.3.11 Laminar Proportional Amplifier (Linear single-sided)

Each fluidic component defined to this point in NET-2 Is a passive
component. The simulation procedures have utilized various sources and
gain blocks solely fur computational ease. In simulating active components
such as proportional amplifiers, gain blocks are used as part of the
physical circuitry.

The schematic of the linear single-sided amplifier (ref 14) is
shown in figure 30. The mode! may be used for a one-sided amplifier or a
push=-pull ampliiier described in terms of differential quantities. The
values of resistances, inductances, capacitances and gains are linear.

The NET-2 listing is shown in figure 30. This define block is
called AMPLS (AMPlifier, Linear Single-sided).
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Figure 30. Laminar Proportional Amplifier (Linear Single-sided)

NET-2 Listing
]
JFF INE AMPL S IN  aul ) j
Rl IN 1 $4CVALUFE S 5
Ll i 2 seeyALULS*» 1
cl 2 9 “eeVALUES S
K2 2 3 sscyALUESSS ]
L2 3 0 seeVALUES S
GAINL ¢ 4 S$seVALUES S
R3 4 5 S0 VALUES ¢
L3 5 OUT  sseVALUESS*
c3 cur 2 SEEVALUES e

7.3.12 taminar Proportional Amplifier (Nonlinear two-sided)

More sophisticated models of the laminar proportional amplifier :
have been investigated by Manion and Mon (ref 14). In these models of
the amplifier (fig. 31), the major complexities that are added to the
linear model are : (1) nonlinear vent components--RNLVI, RNLV2, LNLI,
and LNL2, (2) a jet positiongenerator, (3) entrainment-flow generators,
and (4) signal saturation generators.

Considering the upper half of the symmetric schematic, the voltage ]
at node 12 (control region pressure) sets the jet position at nodes 31, 4
32 and 33. Amplifier gain is controlled by multiplying nodes 31 and 12
in MULTI1. The jet position controls the entrainment-flow generator




connected to node 12. The jet position also sets node 33, to which satur-
ation characteristics are applied to give the nonlinear vent resistance and
inductance, which are set at nodes 15 and 16 respectively. The lower half
is treated similarly. A NET-2 listing is glven in figure 31 for this
block, defined as AMPNL (AMP1ifler, NonLinear).
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Figure 31. Laminar Proportional Amplifier (Nonlinecr two sided)

NET-2 Listing

= 1Ne A% PNL INF LUl TR LUuvY D
LY B INk 11 ¢esvALUF JF INPLT R&%2
L1l i 12 €seVALUL JF INPLT L&se
Rwivl 12 13 15
LNLL 13 L4 15
vil le J sxsyALLE F VENT PIESSUKE*SS
MULTLL LT ¢l2 ¢33
«ssSATURATIUN GENERATOR FEUM (33) T (15s1u)ees

Q12 l | ¢seeyvALUE OF NUIPUT Heee
Li2 Y] QUTL essyvALLE CF LUTPUT (*¢s
(o 4 UJtTL o sseyvALUL CF GUTPUT (ees

#ee )1 PUSITIUN GENERATIH FRCY (10220 TG (314932433) 680
sesp NTRATRMENT FLUW GENERATOLR EROM (32) T (34,3518
cl 12 22 ¢seyvALUE OF Jel (see

21 Ine <l *6eVALUE OF INPLT 18&2

L2l 2l 22 sesyALUE OF [NKLT L&se

eNLV2 22 23 25 |
LNL2 23 2% 26 ]
v2l 26 D SeeVALUE GF VENT PRFSSJHL®S®

MuLT 2l 2 *2¢ ¢33

seeSATURATION GENEWATUS FRUM (33) TN (2502c)%%s
R22 27 28 sssVALLE OF SUTPUT Rese

L2 28 (UTK s®x&yALUE CF (JJTPUT L ess

ce2 JYR O sxevALUE GF UUTPUT (Cs*s
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7.4 Networks In NET-2

With the flexib ility of expressing the nonlinearities for both
the passive and active components in NET-2, it is possible to analyze
and to design fluldic network configurations. When the real fluidic
devices are wodeled accurately, the computer studies a'e very mean-
ingful. A significant feature of NET-2 is the modular hierarcy of
components built fror clircuit elements, simulation elements, defined
mode)s and stored models (including fluidic models). All of the
elements and models described in sectiuns 7.1, 7.2 and 7.3 can be
used in modeling more ccmplex fluidic components and systems.

7.4.1 Circuit Analysis in NET-2

To complete the NET-2 programming picture for fluidic analysis,
the means of setting up frequency-response and transient-response
programs must be described.

7.4.1.1 Frequency Response in NET-2

A frequency-response program in NET-2 Includes a listing of each
element and each model. The required frequency-response calculations
for a circuit are described in STATE solutions of the form:

STATES

FREQ f, (fn) f,

PRINT A(a-b / c-d) B(a-b / c-d) Y(a-b / c-d) 2(a-b / c-d)

PLOT A(a-b / c-d) B(a-b / c-d) Y(a=b / c-d) Z(a-b / c-d)
where fl is the initial value of frequency,
f. is the final value of frequency,

2
fn is the number of equally spaced intervals between f' and fz.
A is the complex voltage gain to be output,
B is the complex current gain to be output,
Y is the admittance to be output,

Z is the impedance to be output,

a, b are the differential output node pair (node a is referenced
to node b),

¢, d are the differential input node pair (node ¢ is referenced

oy




to node d),
} s is the number assigned to the state solution.

7.4.1.2 Transient Response in NET-2

For transient response, the NET-2 program also includes a listing
of each element and each model. A transient signal generator of the
form VI (below) Is used as a driver. Additional statements include :
MAXSTEP and TERMINATE. The form of the STATE solution for transient .
response is:

Vi 1 0 f(TIME) ;
MAXSTEP (the maximum size of the Integration step) f
TERMINATE (an algebraic expression in an independent or a dependent 5

variable, which when reached, stops the transient response
calculation).

STATEs

e — — e T Y

TIME ¢t (tn) t,

PRINT N(n) ¥(v) 1(i) Rm Cm 'm

PLOT N{n) V(v) 1(i) Rm Cm Lm |

where f(TIME) is the value of the voltage (or current) from the transient
¥ signal generator

tl is the initial value of time, ;
t, is the final value of time,

{ tn is the number of equally spaced intervals between t‘ and tz,

N(n) is the node voltabe n to be output

e o i

V(v) is the voltage of element v to be output,
1(1) is the current of element | to be output,
Rm Is the resistor value to be output,
Cm is the capacitor vaiue to be output,
Lm is the inductor value to be output,

] s is the number assigned to the state solution. !

.
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7.4.1.3 Sine Generator

in several of the experimental studies related to these computer
studies, the test signal is a sinusold of finite amplitude. A sine
wave driver in NET-2 is shown below:

; P10l 3.14159
' PI110 (input pressure amplitude)
PN (input frequency in Hz)

T

| Vi 1 0 PlIO* (SIN(2.%P10) * P111 * TIME + . 001))

The te- ' .000! Is added to facilitate the initial calculations at
TIME = 0.

7.4.2 Fluidic Network Design in NET-2

Both trequency-response and transient-response programming procedures
in NET-2 have been discussed above. Much of the power of NET-2 as &
i circuit response program lies in its capablility of handling desiyn
1 problems, including those arising in fluidics. All elements and models
] (including the fluidic models developed in sect. 7.3) are available for
designing fluidic networks.

In desigr problems not only are circuit responses computed, but
also forms and values of the circuits are selected to give the best
. performance of the configuration as specified in the design requirements
3 The NET-2 design approach is couched in terms of OPTIMIZE routines. The
form of OPTIMIZE is

OPTINIZEn
STATE

| 08J = f VS CURVEm 1.
9 4 b

: H u b

where f is the funciion to be compared to a specified data curve,

g. is the parameter or variable to be chosen in minimizing the
objective function,

a., is the lower limit of the value of the varlable 9;»
is the upper limit of the value of the varjable 9;»

n is the number assigned to the optimize solution,




¢ m is the number assigned to the specified data curve.

By first specifying the form (topology) of the circuit and its values,
one or more parameters or variables may be selected (through specifications
in the OPTIMIZE procedure) to extremize the required design characteristics.

7.4.3 Simple Fluidic Networks in NET-2

Several passive fluidic networks are being investigated in the
laboratory. Their experimental responses are being compared to the
calculated responses from NET-2 models described for several components.
NET-2 programs for -ix simple configurations, using only simple models,
are described in the following sections. A summing, (fig. 32), a distribu-
tion junction, (fig. 33), a lag circuit (fig. 34), two lead circuits (figs.
35 and 36), and a lag-lead circuit (fig. 37) are presented.

A line drawing of each of the simple test configurations, along with
simple equivalent circuits, and partial NET-2 listi. gs are given (figs.
32-37). The simple equivalent circuits for the passive components of each
configuration and the selected NET-2 models are tabulated below.

Fluidic Component Equivalent circuit NET-2 model
(1) Capillary Resistor TUBIDYnowith
P107=0, 1
(2) Summing junction Grounded capacitor TKLn
(3) Distribution Junction Grounded capacitor TKLn
(4) Enclosed volume Grounded capaclitor TKLn
(s) Bellows module Pi network of SELLOWNn
capacitors
(6) Diaphragm module Pi network of DPLn :
capacitors i
(7) Signal generator Voltage source Vn

1t should be noted that the capacitors denoted as C, and C. (figs.
35, 36, and 37) are in direct shunt across the prescure source.’ These
capacitors appear as part of the pressure source generator. These

capacitors must be eliminated from the computation. Capacitance values 4
for ¢, and C5 are therefore set to zero in the models of TKLn, BELLOWn,
and DﬁLn.

8. Limitations of the Computer Approach

The limitations of the computer approach described in this paper
fall into two classes: (1) limitations In synthesizing an equivalent
] circuit, and (2) limitations in :sing the digital computer to determine
the response of the equivalent circuit.
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Figure 32a. Test Configuration of Figure 32b. Simple Equivalent Circuit
Summing Junction of Summing Junction

Partial NET-2 Listing

* SUMMING JUNCTION = PARTIAL LISTING

vl 1 0 e#sVALUE OF AMPLITUDE OF PRESSURE SIGNAL-L&¢s
V2 2 0 «®eyALUE OF AMPLITUDE OF PRESSURE SIGNAL-2¢#+
TURENY L 1 3 2
TUBEDY2 2 3 0
TKL1 3 J
TUREDY3 3 0 0
PARAMETER
TUBEDY1.P10O7 1
TUBEDYZ2.PLDT L
TUBEDY3,P107 1
JEFINE TUBECY iN _ out 2
R1 IN MID B.%2103%P2/(PLOAsPL&*4*P]3)
A Lt MID GUT PLO®PLO26P2/(PLOL*PL*%20P3) 4P |07
¢ cl wr o PIOL*P L #*2%P3/(P1O5¢PLOG)*PL T
i JEF INE XL IN 0
i cl IN O PL/IP10OS5%P 106}
1 END
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DISTRIBUTION

$1onaL
GIKLLATCR

CAPILLIT LS

Figurc 33a. Test Configuration of
Distribution Junction

Partial NET-2 Listing

JUNCTION

Figure 33b.

* OISTRIBUTI LN JulLTIaN = PARTIAL LISIING

it
RO

Simple Equivalent Circuit
of Distribution Junction

vl l 0 sxsVALUE Ok AMPLITUNE OF PRFSSURE SIGVALS®#
Tustnyl l 2 v
L} 2 0
TUSELY? < J J
fusfarys P4 0 0
PLLAME TR
ke DYl .PLI7 1
TUBENY2.P1DT7 l
1J3LJv5.,PLCT l
JEF INF TURLDY Tis our )
<l IN MID B.%2103¢P2/(PLULlsPLes4eP )
L1 FIO OUT PL(R#PLOc«P2/(PLOLSR¢824P3) &P IT
Cl (VIVR B PLOL#P L¢%28P3/(PLO5*P1OLI*PLOT
JLFING KL IN J
cl IN U PL/ZLPLICH*P 106
S
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Partial HET-2 Listing

vl i 2
1 TUBEDYL 1 2
! TKL2 2 2
| TKL1 2 0
l TUBEDYZ 2 0
TUSEDY3 2 0
! PARAMETER
1 TUBEDYL.PLOT7
. TUBEDY2.P1D7
: TUBEDY3.P 107
: DEF INE TUBEDY
~ R1 IN  MID
L1 MID UUT
cl T 0
DEF INE XL
cl IN ©

END

£ 40)
1
P Figure 34a. Test Configuration of Figure 34b. Simple Equivalent Circuit
Lag Network of Lag Network

4 LAG NETWURK - PARTIAL LISTING

LAG NETWORK

$*¢VALUE OF AMPLITUDE OF PRESSURE SIGNAL®*»
C

0
0

l

|

1

IN aur o
8.¢P1U3SP2/(PLOLEP|3s48p3)
PL138sP1J2¢P2/(PLOLePLS*28P3) 8P )7
PLOL®P|*%2%P3/(P L05¢PLO6I*P1O7

IN 2

PL/IPLCS*P106)




LEAD RETWORK USING BELLOWS COMPONENTS

LS
diition P
L]
= =
=r
Flgure 35a., Test Configuration of Figure 35b. Simple Equivalent Circuit
) Lead Network with of Lead Hetwork with
Bellows Bellows

Partial MFT-2 Listing
x LFAJ NETWORIR = PARTTAL LISTING
11 | 0 *EOVALUE JF AMPLITYUE OF PRESSURE SIGHAL®%%
el Lal l 2 V]
KLl Z f)
(AVEIRDE & 2 J 3
(AVEY VA P 2 o] c
PARAMETER
PL2AMETLR

TustuvYl.PL)T L

TUBEUYZ.P DT l
JFF INF TJBECY IN GUT J

R1 IN MIU B,¢2103%P2/7(PlOL*P*e%44pP3)

L1 MID UL PLIS*PLI2%P2/(PLILSPL*s2¢P3) %P 107

cl our 0 PLOLSsP Lee2%P3/(P1I5%P | Jo) &P D7
JERINME <L IN 1

cl1 N 0 PL/LPLICS*P 1061}
JEF INE HELLUwW IN uur 2

cl lv LUT  (PLIL#P28s2)%s2/P]

C2 LurY J PLIL#*(PS*e2%PR-P 3282%P4 ) /{PLO5*PLO6)

() IN 0 PLOL*(P3%e2%P4 )/ (PLIS*P] D0}
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LEAD NETWORK USING A DIAPHRAGM COMPONENT
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Figure 36a. Test Configuration of Figure 36b. Simple Equivalent Circuit
Lead Network with of Lead Network with
Diaphragm Niaphragm

Partial NET-2 Listing

¢ LeAU NETWORK USING UIAPHRAGM COMPOUNENT - PARTIAL LISTVING

vl 1 3 sseyALUE OF AMPLITUDE OF PRESSURE SIGNAL®#*#
JpPLl 1 2
KLl 2 0

TUREDTYL 2 4] 9
TustDY?2 2 0 0
PARAMETER
TUBEDYL1.PLI? l
TUBEDY2.PI1O7 i
VEF INE TUBEDY IN outr o
R IN MID B8,%PL03*P2/(PLOLS*P*%4%P]3)
L1 MID OQUT PLOB*PLO2¢P2/(PLILS*PL*824P3)&P|IT7
cl our 2 PLOL*PL*e2%P3/(P1OS5%PL10O6I*PLOT

DEFINE TKL IN D

cl IN 0 PL/IPLOS*?106) ‘
DEF INE 0PL IN Oul o

ct IN  UUT 0.362¢P1%¢(10./73.04((P2%P3)%s(-1,/3.)) %P8

C2 Wl o P4/(PLOS®P 126)

3 IN 0 P4/PLOS*PLO6)

END
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Figure 37a. Test Configuration of Figure 37b. Simple Equivalent Circuit
Lag-lLead Hetwork of Lag-lead Network

Partial NET-2 Listing

A=t A AbTwdbh USELL stLUIRS C iMPUNENT = PART LAl LISTING

vl l J sxsyvalut GF AYPLITUUE NF PRESSUTIL STIGNALE:%«
<1 ¢ 1 ]
HELL awl 1 2 G
Fustovs 1 3 v
Teel 2 J
fostLYd Z v 0
TUntknv? 2 J J
JARAMETER
TudtuyL.PlO? i
T'sENDY caPLOT7 l
TUKLDY3.PLIT l
JEF INE TJREULY IN tuurT V]
Rl IN MITi  E,8D0 1 D3¢P2/(PLOL*P | 3¢éLxp]})
Ll MID  GUT  PLONSPLI*P2/(PLILEPL*#28P3) 4P| D}
cl Gutr 0 PLOL*PL**2%P 3/ (P LOS*PLIO)*PLIT
JEF INE TKL IN 0
Cl IN 0 PL/(PLI5#D 1 D6)
UEF INE btLLUh IN uutr o
cl IN our (PLOL*P2%s2)ss2/p )
ce Cutr J PLIL*(P5%%2%P5-P3e82%P4 ) (Pl I5¢P | J06)
L3 IN 0 PLULS(PI®*2¢DP4 )/ (PLOS*P|CH)

FND
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it is Important to recognize that fluidic configurations of current
interest may not have completely equivalent electrical analogs. It is
equally important to see that equivalent circuits describe a significant
range of components with adequate accuracy. However, the mathematics,
in many cases, become nonlinear.

Limitations within digital computation may be defined as

(1) Inability to obtain a solution - a limitation that depends on
on the form of the nonlinear equations and the iteration routines to
assure convergence in each solution,

(2) Inability to obtain accurate solutions - a limitation that
depends on the error generated In each iteration. Since errors can
occur with each calculation, depending upon the use of one solution in
performing the next, errors can be greatly compounded as solutions are
computed point by point. Simultaneous solutions at each point avoid
this limitation.

(3) Allowable forms of circult models - a limitation in the type
of analytic and experimental models that may be introduced into the
equivalent circuit format. To avoid this limitation, it may be necessary
to simplify the form of the model so that computational techniques may
be applied.

(k) Form of response - a limitation in the response of certain
programs., A circuit analysis program must be selected to calculate
the desired form of response; i.e., (a) steady state or dynamic,

(b) time-domain or frequency-domain.

(5) Difficulty in programming ~ a limitation that might dictate the
program used. Some considerations include (a) writing correct circuit
equations or interconnecting the elements correctly for circuit analysis,
(b) writing parametric equations or numerical values for elements, and
(¢) writing functional forms or computing the forms.

The limitations that relate to the digital computer may eventually
be eliminated or avoided by incorporating both greater computational
capability and user-oriented flexibility into existing programs.

Cost is of primary importance when developing solutions valid
oyer all ranges. Keeping the cost in mind, it Is usually necessary to
trade off the complexity of the model against the accuracy of the response.
9. Conclusions

Electronic equivalent circuits can be adapted to represent many
of the flyidic circuits in the current ranges of interest. Circuit
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synthesis procedures are readily avallable for carrying an analytical
or experimental model over into an equivalent circuit.

The available computer technology presents two types of computer
programs--one for solving circuit equations and one for performing
circult analysis. Studies reported in this paper have been based on
DSL/90 as an example of a program to solve clrcuit equations, and on
SLIC and NET-2 to perform circuit analysis.

This paper is mainly a catalog of computer models that have been
incorporated into fluidic versions of SLIC and NET-2. Because of the
allowable sophistication in NET-2, most of the computer models have
been developed for NET-2.

If a problem is run with overly sophisticated models, the cost
may not be warrented. The accuracy of the solution (a function of the
sophistication of the model) must be traded off against cost. The added
accuracy of the solution should be used as a criterion to justify the
cost of selecting sophisticated circuit models.

At present no technique has been attached to the response errors
that are generated when solutions are not computed simultaneously.
But, in general, a lack of simultaneity of solution can be disastrous;
i.e., solutions are not valid. NET-2 is the only one of these programs
that insures solution simultaneity.

Observing cost, model complexity, types of solutions, optimization,
and ease of programming the following conclusions are made for SLIC,
NET-2, and DSL/90. NET-2 is the most costly program, while SLIC is the
least costly. Both NET-2 and DSL/90 can handle the most complex problems.
SLIC handles only steady-state dc and ac problems. DSL/90 handles
nonlinear, transient studies. NET-2 treats nonlinear, transient studies
as well as steady-state dc and steady-state ac problems. NET-2 is thr.
only one of the three that can locate optimum solutions within
specified parameter ranges.

l Because of their self-organizing capabilities, the two circuit
analysis programs, SLIC and NET-2, are far easier to program. DSL/90
is not self-organizing. Fluidic expressions for such parameters as
rexistance, capacitance, inertance, or gain can be readily entered
intc vtoth NET-2 and DSL/90. Numerical values, instead of expressions,
must be entered for SLIC.

When all of these points are considered, the following uses of
the three programs are visualized:
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* Use SLIC for simple, linear or nonlinear, dc or ac analyses.

* Use DSL/90 for simple, nonlinear transient analyses when the
form of the model does not easily fit into a circuit analysis
program.

* Use NET-2 when sophisticated nonlinear problems are represented
in the framework of circult analyses. However, keep in mind
that NET-2 may be too costly for many simpler proublems,

Within the framework of circuit analysis, this paper serves as
a handbock for implementing computer solutions for amplitude-dependent
and frequency-dependent fluidic equivalent circuits. In conjunction
with users' manuals for DSL/90, SLIC, or NET-2, this paper makes it
possible to readily program, solve, and design many complex fluidic
circuit configurations of current interest,
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ABSTRACT

This paper summarizes circuit models of passive pneumatic fluidic
components, and demonstrates the feasibility of a circuit approach for
designing passive fluidic control system circuits. It is a first attempt
at tying passive fluidics device research to actual hardware design.

Starting with a set of fluidic components--capillaries, enclosed
volumes, bellows modu'es, and diaphragm modules--circuit modcls are
synthesized frem an analytical-experimental-computational approach.
Simple, ideal electronic circuit models that are linear and frequency
independent are extended to models that are nonlinear and frequency
dependent. These circuit models are described by analytic expressions.
Relative errors arising from model simplifications are also expressed
analytically.

A few test configurations were built and their responses were
measured using existing hardware. Simulation for these configurations
was performed with digital computer programs. Comparisons between the
test data and simulated models were made and qualitatively evaluated;
these data were, generally, in agreement over the ranges tested.

The most often selected linear models in the studies to date
include RLC models of the capillary (with an experimentally measured d-c
resistance) and frequency-dependent models of capacitance and inductance.

A seven-step design approach, based on a catalog of available circuit
models, is presented for passive fluidic circuits.

The study described in this paper deals with several fluidic
components, connected in simple junction and compensation arrays. Com=-
parisons of simulated and experimental frequency responses on |limited
a-c testing over specific frequency ranges are given. Frequency ranges
are given in which the magnitude ratio of the simulated response is
within 210 percent of the experimental response and in which the phase
difference for the simulated response is within $10 deg. of the experi-
mental response.
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area (m?)
capacitance (m* sec2/kg)
specific heat capacity at constant pressure (m?2/sec®C)

diameter (m)

frequency dependent energy dissipation (kg/m* -sec)
modulus of elasticity (kg/m sec?)

force (kg m/sec?)

gain in transfer functions (section 7.1) (-)

magnitude ratio, or gain (-)
height or thickness (m)

imaginary part of a function
Bessel function of nth order

spring constant (kg/m? sec?)
constant in equation (5.1) (m“ sec/kg)

constant in point-to-point capacitance of diaphragm defined
in equation (39) (m* sec?/kg)
constant for capillary in sensitivity analysis (section 7.3.2)(Pa)

constant for enclosed volume in sensitivity analysis
(section 7.3.2) (kg/m%)

lenath (m)

inductance (inertance) (kg/m“)

polytropic coefficient (-)

number of tubes in a capillary module (-)

Reynolds number NR = (g) x {characteristic dimeniion)
static pressure (Pa)

pressure fluctuation (Pa)

pressure drop (Pa)
input pressure (section 7.1) (Pa)

output pressure (section 7.1) (Pa)
ambient or reference pressure (Pa)

volume flow (m3/sec)

net volume inflow (m3/sec)
radius (m)

radius of diaphragm (m)

resistance (kg/m“sec)

universal gas constant (kg m?/scc? - mole-°K)
real part of a function

Laplace variable (1/sec)

time (sec)

time constant (sec)

average temperature change (°K)
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- velocity (m/sec)

u
v - volume (m3)

AV - added volume as a result of deflection (m3)

w - width of chamber in enclosed pneumatic volume (m)
X - deflection (m)

X - capacitive reactance (kg/m“-sec)

XL - inductive reactance (kg/m“-sec)

Y - admittance (m“ sec/kg)

Greek Symbols

we ¢
2 P r (defined in equation (3.20d)) (-)

- ratio of specific heats (-)

- ratio of weights of input signals to suming junction (-)
- thermal conductivity (kg m/sec2- °C)

- factor in inertance (section 3.1) (-)

dynamic viscosity (kg/m sec)

- kinematic viscosltg (m2/sec)

- mass density (kg/m3)

- phase difference (°)

- frequency (Hz)

o4
L}

E 9D >R 3
[}

Subscripts
dt - decibel, e.qg., Gdb

i = input

L - linear

L - load

max -  maximum

n - node

N = number
nf - nonlinear
o - output

v - volume
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1.  INTRODUCTION

In its simplest form, a fluidic system is conceptually identified
as an array of interconnected flow paths within rigid or semirigid walls.
Mathematical models for analysis and design of fluidic systems are based
on this concept tempered by well-chosen assumptions.

In general, flow paths in the overall fluidic system are conceptu-
atly, if not physically, divided into a set of connected system
components including capillaries, orifices, tanks and other enclosed
volumes, bellows, diaphragms, lines, transmission lines, junctions,
area changes, amplifiers and sensors. Many mathematical models of
these components have been analyzed previously in the context of both
an internal flow field approach from fluid mechanics (ref 1 through 8)
and a black-box approach from systems analysis (ref 9, 10)7.

In either a fluid mechanics or black-box approach, individual
component models are synthesized to demonstrate first-order effects
(and perhaps higher)in each component. Usefulness of the models rests
in the ability of engineers to describe physical processes over sufficient-
ly wide operating ranges so that each model can accurately predict the
response of the physical component that it represents.

In the fluid mechanics approach, the general governing equations
may be applied to fluid processes in special cases such as potential
flow, viscous flow, acoustics, gas dynamic:. or jet flow. In such
cases, the predominant fluid processes are isolated by applying appropri-
ate simplifying assumptions and boundary conditions.

In a systems approach (ref 1), a complicated fluidic system
is resolved into simpler components; each individual component is modeled
as a black box (by isolating it to determine its output as a function
of arbitrary inputs); and then the individual component models are
recombined to describe the total system.

Despite rather extensive 2.ademic fluidic studies, as is borne
out by the mass of literature in fluidics bibliographies such as
reference 11, very little effort has been expended to develop consistent
and comprehensive models of fluidic devices. Instead, the models cover
different ranges of amplitude ana frequency, and lead to solutiors with
different degrees of precision. An organized approach for modeling
and evaluating fluidic configurations is necessary for relating research
programs to hardware designs.

For many special conditions, the form of component models leads
to descriptions of fluidic systems as fluidic circuits. A circuit
description of a fluidic system 1s analogous to circuit models in

ILiterature references are listed at the end of this paper.
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electronics and several other technical fields such as heat transfer,
mechanics, hydraulics, and pneumatics. Even though they are relatively
simple to implement, circuit analyses are still nonetheless powerful
techniques for determining the performance of devices.

In fluidics as well as in electronics, circuit analyses are
simplified and approximate forms of field analyses for solving the
fluid governing equations. It is well to note that general field
equations are rarely easy to solve because they are dependent on a
time variable as well as on three spatial variables. Circuit analyses
in fluidics as well as in other disciplines, however, are more convenient
representations than field analysis. Field equ2tions can sometimes be
reduced, all or in part, to circuit models that account for essential
internal processes of components and that can be represented in teims
of variables that are available at external terminals.

When component dimensions are small with respect to signal
wavelengths, field analysis completely carries over into clrcuit analysis,
pertaining to familiar element models described as equivalent circuits.

In an equivalent circuit, the essential internal fluidic energy processes
are taken as integrated effects or lumped properties (ref 12) of energy
supply, energy storage, or energy dissipation. Values of the lumped
properties are assigned to the elements in the circuit. Mathematical
laws for interconnecting equivalent circuit models in a system are
summarized as a circuit topology (ref 13), which is a circuit connection
diagram.

With regard to circuit analysis techniques, two important
questions arise: Can circuit analysis be applied successfully to the
ranges of interest for fluidic configurations? and, if it can, how
must equivalent circuit models be modified to account for the unique
features of fluidic devices? These two questions fortunately are
partially answered in favor of a fluidic circuit analysis. One of the
best documented studies involving fluidic circuits is by Belsterling
(ref 9). His recent book demonstrates that not only devices but also
circuit modeling techniques are currently available for designing quite
sophisticated fluidic systems. However, his approach relies heavily
on viewing fluidic components from external terminals, thus falling to
apply much of the available internal flow analytic background to circuit
mo' ‘'ing. ’

A good base for applying the circuit approach to fluidics seems
available within the current literature. Thus, we question: Is it
possible to synthesize valid fluidic circuit models? and what procedures
are available for evaluating and improving fluidic circuit models? These
questions are answered in the following sections outlining the purpose
and approach of this paper.
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1.1 Purgose

The overall study is intended to answer the above questions
about circuit analysis with regard to designing passive pneumatic
fluidic control circuitry. In thls regard, four specific tasks can
be identified:

(1) To synthesize circuit models of passive pneumatic fluidic
components.

(2) To simulate the response of fluidic circuits.

(3) To evaluate individual and interconnected fluidic circuit
models in light of the performance of physical test
configurations.

(4) To develop approaches for designing fluidic control systems,
using circuit models, circuit programs, and evaluation
procedures.

In section 3 of this paper, task (1) is performed by synthesizing
one or more models of capillary modules, enclosed volumes, bellows
modules, diaphragm modules, and junctions. Task (2) is described by
Iseman in reference 14. Task (3) is performed in sections 6 and 7 in
a nonsophisticated way by evaluating a few circuit models in simple
fluidic subsystems. Task (4) is outlined in section 8 but is not
directly implemented.

1.2 Aggroach

This study ties together developments in pneumatic fluidics and
improves existing linear and almost linear passive fluidic models. It
is limited to a lumped parameter range (low frequencies) and a quasi-
linear range (low signal and low-power levels to maintain low pressures
and low velocities) in which a wide dynamic range may be achieved.

Modeling fluidic components and evaluating these models within
an equivalent circuit framework is investigated in this paper by
combined analytical, computational, and experimental methods. In the
past few years, there have been numerous analyses performed in developing
models of passive pneumatic fluidic components (ref 2 through 8). To
synthesize circuit models, the most meaningful analytical models are
selected and defined over the ranges of interest.

Circuit response may be calculated analytically. Many analytic
methods have been coded into circuit-analysis programs on the digital
computer. Fluidic circuit models are incorporated into a few of these
existing programs (ref 14). The response of fluidic system models as
equivalent circuits is then determined by computer analysis techniques.

Experimental aspects of this study are based on the state-of-the-

art. In this study (sect §), d-c and a-c experiments are designed
with new hardware and instrumentation to give accurate measurements
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in validating the synthesized circuit models and their ranges of appli-
cability. To demonstrate the use of synthesized circuit models of
individual fluidic components, a few simple passive fluidic junctions
and compensation networks are studied in sections 6 and 7.

The valldity of the synthesized circuit models is considered
briefly by comparing simulated circult response data and experimental
response data. Succeeding studies will continue to examine techniques
to optimize performance criteria (such as minimum error) and to improve
circult models by adjusting (1) expressions for element values in
the circuit, and (2) circuit topology (the arrangement of circuit
elements) .

2. TERMINOLOGY AND DEFINITIONS

In developing an analysis of fluidic systems based on a circuit
analysis approach, many definitions from circuit theory are first
clarifi«d with respect to pneumatic fluidics.

Circuit theory (ref 15) describes the transfer of energy from
a source or supply to devices that employ energy in gaining useful
results. A circuit is composed of elements that supply and receive
energy and may either convert :t to heat or store it. Two types of
elements can be classified: an element that supplies energy is an
active element, an element that receives energy (with subsequent energy
storage) is a passive element. Four fundamental types of fluidic elements
are treated in the paper: an energy-supply element, an energy~dissipation
element and two types of energy-storage elements.

The energy processing elements are integral to circuit theory.
A circuit or network (ref 15) is any arrangement of passive or active
elements that form closed paths. Each element is connected to one or
more elements at two or more circuit nodes. A branch is a section of
a circuit between nodes at which three or more circuit elements are
connected.

A fluidic component is modeled as one or more passive elements
if the fluidic signals interact only with other signals, the constraining
geometry, and the fluid environment.

A fluidic component is modeled as one or more active and
passive elements if additional energy sources are integral parts of
the components. In some active components (amplifiers), fluidic sicnals
are directed to influence auxilary energy supplies.

The simplest lumped fluidic elements have two external terminals
at which energy is interchanged. Such elements are termed two-terminal
elements or one-port elements.

Fluidic energy (ref 12) in a lumped system is described by
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two related physical variables. A through variable (volume flow,
analogous to electric current) has the same value at both of its two
terminals (or external nodes). An across variable (static-pressure
drop, analogous to electric voltage) changes between the two terminals
(nodes) of a two-terminal element.

Circuit models are the models used to characterize the fluid
mechanical processes in fluidic systems. Fluidic system components are
approximated in this paper as two-terminal sources, dissipators, and
storers of energy. Only one energy process is considered in each model.

A fluidic energy supply or source (ref 12) is capable of
delivering energy continuously to a system. The source static pressure,
p, is a specific function oi time,

p'F(t)c (l)

A volume flow source (ref 12) is defined with volume flow, Q, as a
specified function of time,

Q=F (t). (2)

A d-c fluidic resistor and an a-c¢ fluidic dissipator both dissipate
enerny. Energy dissipation (ref 12) is described by some algebraic
relationship between the through variable (volume flow, Q) and the
across variable (static-pressure drop, Ap),

Q= f (ap) (3a)

and

sign (Q) = sign (AP), (3b)

where Q = 0 when Ap = 0.

A fluid capacitor (ref 12) is an element in which the energy
stored is a function of the static pressure. In a pneumatic tank, fluidic
energy is stored because of the compressibility of the fluid.

Capacitance of a fluidic system is also attributable to the
volume change due to the mechanical spring constant or mechanical
elasticity of the walls,

In both cases, a fluidic element is a capacitance when it
is described by a functional relationship between the increased fluid

volume, AV (the integral of the change of volume flow, AQ), and the
pressure drop,

£ 6Q dt = f (ap) . (4)
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A fluid inductor (ref 12) is an element in which energy is stored
as kinetic energy in the fluid. The fluid acquires energy from the force
required to accelerate it. An inertance is described mathematically by
a functional relationship between the integral of the prassure drop and
the volume flow,

S tp dt = f (Q). (5)

The approach to represent fluidic components with pure lumped
elements, described in terms of a through variable (volume flow) and
an across variable (static pressure drop), measured at ~xternal termi-
nals is called an equivalent circuit approach.

In both acoustics and hydraulics, under certain circumstances
the fundamental governing equations may be reduced to linear ordinary
differential equations that fit directly into an equivalent circuit
approach. Solutions can then be obtained for steady-state dc, as well
as in the time domain and in ine complex frequency domain.

2.1 Signal-Amplitude Dependence

To consider a wide dynamic range--perhaps as large as 1000 (60 dB)--
it is necessary to cover the range from small amplitude signals (in
the acoustic range) to large, finite amplitude signals. Signal amplitude
is the magnitude of the static-pressure excursion or of the volume flow.
At larger pressure amplitudes, if momentum flux is of the same order as
static-pressure forces, then the value of an element may become a
function of the signal amplitude. In general, a linear-circuit repre-
sentation of the actual fluidic component will be incorrect at higher
signal levels. For example, a long cylindrical capillary (ref 2) with
a small static-pressure drop follows Poiseuille's law in which resistance
is constant. However, as the static-pressure drop is increased across
the same capillary (ref 3, L), a greater fraction of its length is
needed to produce fully-developed laminar flow. Resistance is then a
function of the differential static pressure.

2.2 Signal-Frequency Dependence

Signal frequency in the complex frequency domain and time rate
of change in the time domain are considered in the development of circuit
models. There are three aspects of circuit analysis that are related
to the signal frequency: (1) validity of lumped element models, (2) topology
of the circuit, and (3) values of circuit elements.

An element may be described by a lumped model when there is little
signal phase shift as a function of position within the element. A
distributed model is applied if the lumped model is not valid. Lumped
mecdels are usually considered valid if physical dimensions are less than
0.10 wavelengths (ref 16). The product of signal frequency and comporent
size determines acceptance or rejection of the lumpei-circuit approach
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for modeling components. As the ratio of component size to fundamental
wavelength (wave velocity/frequency) gets much smaller than unity,
Jumped-element models are valid.

In a circuit approach, fluidic components are modeled as
topological arrays of lumped elements. Topology of circuit models is
determined fiom the relationships am~nq resistance, inductive reactance,
and capacicive reactance. For exam; - at frequencies close to dc, a
capillary is modeled as a pure lumped resistive element. As frequency
increases, dynamic effects increase in significance and an array of
resistive, inductive, and capacitive elements (ref 5) more adequately
represents a capillary.

An example related to both amplitude and frequency dependence is
a fluidic junction into which three or more fluidic components are
connected. For small amplitude signals, a junction is purely a node.
For finite amplitude signals, the ratio between dynamic pressure and
the absolute pressure is no longer negligible, so th~t the junction is
not a pure node; it therefore fails to be one dimensional and becomes
directional.

Directionality in a junction can be virtually eliminated for large
ratios of dynamic pressure to absolute pressure by redesigning the
junction into a stilling chamber (ref 6) to reduce dynamic pressure.
However, capacitive dynamics are aJded by converting the junction into
a stilling chamber (an enclosed volume).

Values of the elements in some circuit models are also related
to frequency. In the case of an enclosed volume, a polytropic coefficient
associated with the thermodynamic processes occurring in a gas is a
function of the signal frequency. Hence, since the capacitance and a-c
dissipation of an enclosed vo!ume are functions of the polytropic
coefficient, they are thus functions of frequency. Katz and Hastie (ref
7) show that the impedance of an enclosed volume is equivalent to a
grounded frequency-dependent capacitor shunted by a frequency-dependent
energy dissipation element.

3. MODELS OF FLUIDIC COMPONENTS

Five types of passive components that are commonly used in fluidic
networks are (1) a capillary module, (2) an enclcsed volume, (3) a bellows
module, (4) a diaphragm module, and (5) a juncticn. Each of these fluidic
components is studied individually in this section. In sections 6 and
7, these components are studied as parts of larger systems.

This section describes each component as one or more typical
algebraic expressions valid over different operating ranges, and one or
more equivalent circuit topologies valid over different operating ranges.
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3.1 Capillary Module

Consider, as the simplest case, a circular capillary with a steady,
dc pressure drop and through volume flow.

For a sufficiently long cylindrical capillary, pressure drop
is produced in opposing the dissipative viscous shear losses. For laminar
flow, Poiseuille's law (ref 2, p. 58) gives the pressure drop, Ap, as a
function of the volume flow, Q,

: -2, (6)

i where r and £ are the radius and length of the capillary, and p is the
! dynamic viscosity of the fluid.

Fluidic resistance, R, Is defined (ref 17) as rate of change of
pressure drop, Ap, as a function of volume flow, Q,

d(ap)
R-%. (7)

For the linear relationship between Ap and Q in equation (6), resistance
for a single long capillary is a constant,

- 8ut
Ry | por 3 (8)

By placing a bundle of N identical capillaries in parallel,
the total linear resistance, R, ,, of a capillary module is reduced by a
£Z,N
factor of N to

- But
" et ®

For shorter capillary tubes, the steady-state pressure drop opposes
not only the viscous losses but also (as in ref 3) kinetic energy increases
due to velccity profile changes in the entrance and along the velocity
profile development length. (n reference 3, a bundle of N parallel
capillaries is described as a nonlinear resistance, an N* by adding a

»

flow dependent resistive term to the viscous dissipation term in
equation (9),

o But ]_6°
nlN " Nard * B NZpZpb e,

where p Is the mass density of the fluid.
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The ratio of the flow-dependent term to the flow-independent
term is

R 3 ¢ (11)

This ratio is directly proportional to oNQ, inversely proportional to
+€, and independent of the radius, r. According to Merrit (ref 4), in
the laminar flow :egime the amount of error in accepting a linear formu-
lation f~r the resistance of the capillary is within 10 percent of a
constant value if the ratio of length to diameter, {/d, is related tc
the Reynolds number, NR’ by the inequality,

4
g2 0.3k N, . (12)

Merritt (ref 4) suggests that as a rule of thumt £/d > 400 to assure
linearity within 10 percent. However, as Reynolds number is lowered,
error is reduced if length is held fixed; or the minimum £/d ratio is
reduced if error is kept within the same limits.

For steady flow through a bundle of capillaries, resistance alone
describes the physical process. Hence, an equivalent circuit representing
a capillary with steady flow is a pure resistor (fig. 1).

® .

Figure 1, Static-equivalent circuit model of capillary

When a time-varying pressure drop is applied across the capillary,
compressibility or inertial phenomena produce dynamic effects. The
output pressure may lead the input pressure as well as be attenuated.
As a first-order dynamic correction, each capillary is assumed to be a
short segment of a circular transmission line. In reference 5, the trans-
mission line is made up of a Poiseuille law resistance, a constant® linear
capacitance, and a constant inductance (inertance). For a single capillary,
linear capacitance, Cz 1 and linear inductance, L( p» are

’ ’

c - 153&

,e’] npm 9 (133)

“A more accurate representation (discussed subsequently) takes into account
the variation of capacitance with frequency.
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where n is the polytropic coefficient, and p, Is the ambient absolute
pressure; and

o 2 e (13b)

where, from reference 5, ) is approximated as

5 1 wrd
A= 1+ §-exp (gm) . (13c)
For higher freguencies,
02 aa (139)
r

and for lower frequencies,

wi‘—?.';'.)\'%. (13e)

The ratio of linear inductive reactance, XL, to linear resistance
is detarmined from equations (13b) and (9),

X 2
.Ri._r*w; : (14)

where w is the radian frequency and v is the kinematic viscosity.
The ratio of linear.capacitive reactance, Xc, to linear resistance is
determined from equations (13a) and (14),

2
Xc npgr

R TRl )

As the frequency Increases, the inductive reactance increases
and the capacitive reactance decreases relative to resistance.

A dynamic equivalent circuit model of the capillary therefore
includes resistance, capacitance, and inductance. Resist nce and
inductance are defined for through flow. Figure 2 shows six possible
circuit models; in each model, resistance and inductance are in series
between the input and output. Because pneumatic capacitance describes
an energy storage process due to ga2s compressibility, and is made
relative to a reference pressure, pneumatic capacitance is therefore in
shunt to ground.
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RCL mode! LCR model

CRL model CLR model

Figure 2. Simple dvnamic equivalent circuit models of capillary
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The six possible configurations in figure 2 are suggested by
reference 16 which describes several lumped approximations to a lossless
transmission line. Included in reference 16 are a lossless LC model and
a lossless CL model. Responses of the different circuit models in
figure 2 are expected to have better agreement over various ranges of
real conditions as different combinations of values of R, L, C and
external circuit conditions are tried.

To gain further insight, let us consider three linear circuit
models of a capillary: RCL (fig. 2a), RCL (fig. 2c), and CRL (fig. 2e).
Each circuit is driven by a sinusoidal pressure source p and loaded by
Z. The three loaded circuits are shown in figure 3.

In figure 3c, capacitor C shunts pressure source p. To obtain
a solution C must e considered as part of p and, hence, is shown dashed
to indicate that it must be eliminated from this circuit.

Based on an assumption of linear components, transfer functions,

P
3225 (s), for the loaded RLC, RCL, and CRL circuits are derived as
i

n
RLC
—— pout(s) - R 1 (15.)
Pin (1+2-)+(Rc+-'-'z-)s+LCs2
EEL out,s) ) 1
Pin (1+9) + (RC+3) s + 3 LC 52 (156)
m‘- pouhs) . ]
\ R L
Pin (1+g) +7s (15¢)

To simplify the problem, assume Z is purely resistive sc that

% RL 0
Then equation 15 becomes
RLC p
pout (S) - — 1 T (168)
in (1429 + (RC+ =) s + LC 2
RL RL 3
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{3) Loaded RLC circuit

(b) Loaded RCL circult

1

(c) Loaded CRL circuit

Figure 3. Simple loaded dynamic equivalent circuit
models of capillary
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REL Pyt

1

- (16b)
Pin . (1 +-2—) + (nc+;—) s+%—|.c 2
s
L L L
AL b
2L (s) : R') — . (16¢)
in 1 4+ =) + s
R'RC
Pout
 The magnitude ratios G [3-—- (Jw)] and phase difference
in
pout
¢E;——- (Ju)] for each of the three models are tabulated below.
in
pout pout
Mode! G[ (Jw)] $[=—— (Ju)]
Pin pln
" (RC + £)u "
RLC ! -arctan -ﬁ
\/(14-2— - LCu?) 2+ (RCvg-) “u S lad®
RCL 3 -arctan _E_R .
'\/(1 + 3-(1-L0u?)) 24 (REHE-) o2 “'—(RL 1-LCu?)
L L 2 =
P L =
‘R— W
CRL -arctan L

1
W*-E-L-) 2+ (-kt) o

LA

Consider typical values
discussed in this paper,

o
We

= 108 kg

m4sec

105 k9
e

m“sec?
9

10-12

R, = 108 <L .

m'sec

of R, L, C and RL for the capillaries

o
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To get some further feel for the three models without making

T 8ul -
any generalizations, choose RL - R A (This assumption about the

values of R in no way says that a real R of this form exists without L
and C.) Above, it should be noted that when RL : R, the transfer

functions for the RLC model (equation 16a) and the RCL model (equation
16b) are the same, as are the tabulated expressions for G and 4.

Substituting typical values for R, L, C, and R into the
expressions for magnitude ratios and phase differenkes

p p
Model |G[=22 (ju)) ¢[ out (jw)]
Pin Pin
] 2 x 107% ]
RLC V -arctan s—/—=—ro
4-3.6x10770w24+107 1" [ L oo
1 2 x 10'“(.!1
RCL [-arctan B rpe——
b-3.6x10" Tu2 410 144" SR s
-4
CRL i i [-arctan 5 -
b + 10-8,2 -

Now if the frequency w - 103 (: 160 Hz), G and ¢ are
monotonic. Using w = 103, the comparison of G and ¢ is tabulated below.

Mode c[ :"’:‘ (jw)] ¢[ ;—‘f— ('w)]
RLC .523 - 6.09 deg
RCL .523 - 6.09 deg
CRL . 499 - 2.86 deg

Thus, for linear models loaded with an equal resistance (2 = RL)'

the CRL model has about the same frequency response (G and ¢) as the

RLC and RCL models up to 160 Hz. These results may be extended somewhat.
Consider a resistor loading the capillary. Then for linear models, the
geometry and fluid parameters determine the values of RC, LC, R/RL and
L/RL used in computing G and ¢ for a loaded capillary.

- 8ut 1’ Bu &2

RC
nr*  hp_ np_

(17a)
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2
LC-%E%- it _Bp 2 (17b)

np, hp,
4 4
5.. o M “rL = (l) L (17(:)
RL 'ﬂ'l’“ EIJZL r z:

g r 22
L Bt L _B Ly £ (17d)
R ar2 BuzL wor Z:

For other than resistive loads and linear component models,
the above discussion gives only an approximate method for comparing
modals of the capillary. A more detailed discussion is presented in
reference 18.

For a bundle of N parallel capillaries consider each of the
six individual circuits placed in parallel as in figure 4

The N identicai capacitors, placed at node OUT (fig. ka, b)
and node IN (fig. be), are in paralle! so that from equation (13a)

H “ 2£] Nnr2l
c =T C g § |25 gL (18a)
Z,N 1= L,i - [ npwJ np_

However only if the pressures at all three nodes MID1, MID2
and MID3 are equal, equation (18a) will apply for figure & (¢, d).
Plso for equal pressures at MIDI, MID2, and MID3, not only N identical
resistors will be in parallel so that equation (9) holds, but also N
identical inductors will be in parallel so that from equation (13b),

] B T (18b)

3.2 Enclosed Pneumatic Volume

A tank and a cavity with-almost closed surfaces are the structures
described as enclosed volumes. [In this section, the dynamics of enclosed
volumes are represented in an equivalent circuit framework. As mentioned
briefly in section 3.1, an enclosed pneumatic volume stores energy through
the compressibility process.

Static absolute pressure, p, in the enclosed volume may be written
as

P=p,* P (19a)

oy hha ooy
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Figure 4. Simple dynamic equivalent circuit models *
for bundles of M parallel capillaries
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where p_ s a steady-state reference pressure and Py is a small fluctu-

ation about P_. In a small signal analysis,

p, = constant, (19b)

Py << Py » (19¢)
so that

P = P (19d)
and

%% - -d:—i . (19e)

Pressure In an enclosed pneumatic volume may be expressed in
differential form (ref 2) in terms of the net volume inflow, AQ, as

% - -rvl AQ 0 (zoa)

where V is the yolume and n is the polytropic coefficlent. I[n integral
form for constant n and constant volume, V,

t
,; (aQ)dt . (20b)

Py =p

<|3

Linear fluidic capacitance, Cps is defined as a ratio of the

change of gas vplure (the time integrated volume flow) to the static
pressure droP developed across the enclosed volume (ref 19),

Av

CL = -A? 0 (21a)
or
t
c, - b EAg)dt .
P - P, (21b)

, In this simple linear model, 1inear capacitance, Cl. is found
[ from equations (20b) and (21b) to be

v . (22)
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The simple definition for linear capacitance in equation (22)
fails to account for several factors:

(1) Large changes in pressure, P,» about steady state (not

as small as indicated in equation 19c).

(2) variable polytropic coefficient, n, as a function of
the presssure change.

(3) Shape of the enclosed volume that affects the value
of capacitance.

(4) Energy dissipation as well as energy storage processes.

Case (1) occurs for finite pressure perturbations, in which
Py is of order p_, for which a pneumatic enclosed volume operates in

a nonlinear range. Then the nonlinear equivalent of equation (20b) re-
lating the static pressure to the time integrated volume flow, is

derived from the continuity equation and the polytropic equation of state
as equation (23),

t
p=p, exp (P 2Qdt . (23)

The use of two linear clircuit equations (conservation of mass and
conservation of energy) as approximations for the nonlinear fluid
equations for conservation of mass, energy, and momentum is not warranted
for ltarge perturbations. Our purpose here is to obtain an indication
of the range of validity of the linear approximation for capacitance.

It is possible to approximate the error in assuming a linear
mode! of capacitance in equation (22) instead of the nonlinear functional
relationship in equation (23) by expanding equation (23) in a series,

2 3

2 3
p=p, 1M dte 2 (D s ae g dt e L)

(24)

‘T @

Now if the quantity (p - p.) is formed from equation (24), the reciprocal

taken, and the result rearranged in the form of the definition of
capacitance in equation (21b), then equation (25) yields the desired
result for nonlinear capacitance.

t 2
. £ er:t . ﬂzm (s %(eothQ dt + %-(e-) (st dt]? + ...} (25)

c

If the higher order terms of the series are small, equation (25) is
identical with the linear definition of capacitence in equation (22).

The relative importance of the second term of the series in equation (25)
may be judged by taking the absolute value of the ratio of the second
and first terms of the series as
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1n,t
E'v'd AQ dt .

It is usually desirable that this quantity be less than 0.05.

The dynamic properties of the enclosed volume are described as
a grounded capacitor as shown in figure 5.

Figure 5. Equivalent circuit model of simple enciosed volume

As cited i~ case (2) above, when the polytropic coefficient is
nonconstant, a better model may be made. Katz and Hastie (ref 7)
investigate this problem and approximate n as

1 (26)

ns ——_?,
L

where R is the universal gas constant. The ratio of average temperature
change to pressure change %; (developed by Daniels, ref 20 for several

specific strucures) may be expressed for an infinitely long cylinder as

. wp
T 29, G/ =2

- T w C wp C
L \}—;ﬂ' Yo (j3’2‘\/—-—”-p - r) @D
[ 4

Jo and J1 are zeroth ara first-order Bessel functions,

where

w Is the frequency,
Cp is the specific heat capacity at cor tant pressure, and

x Is the thermal conductivity.




—————
-

No correction Is male for the end effects of a cylinder of finite length.
In case (3), 'inear capacitance for a cylinder that operates ina

frequency range harsing a varying polytropic coefficient is calculated
from equations (2¢), (26), and (27).

e te -5t (28a)

where the real ind imaginary parts of % are given as

- ber a ber, a + bel_ abei, a - b
Re(%)-[$ i l.l.!? - 1 " 1 ero a bei1 a + ber1 a belo a

bero2 a+ begoz a ]
(28b)
xm(lq.[l:l.iz ber  a ber, a+ belo a bei a+ bero a bel1 a - ber abei a
n Y o ¢} ]
bero2 a + belo2 &
(28¢)
where
w { (284)
as\|[—E r

(4

and whi.re the ber and bei functions are Besse! functions of zero and
integer orders and with arguments that are functions of j3/2.

\dmittance, Y, of a capacitor is written as
Y = juC (29)

Coml ining equations (28a) and (29), the admittance of the cylindrical
vol ome becomes

Vu 1 Vu 1
eI @Sk @ (30a)
Ajmittance in equation (27a) has a form

Y = 3‘(;7 + jwC, (30b)

where D(w) is a-c dissipation.
According to Shearer et al (ref 12), the form of the admittance in
equation (30b) defines the equivalent circuit of an enclosed volume as
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a parallel (fig 6) array of a frequency-dependent capacitor and a
frequency-dependent energy dissipating element, D(w), that dissipates
energy as a function only of the a-c pressure at node (IN). Its d-c

e e e et

i impedance is infinite.
1
;
f
} Figure 6. Equivalent circuit of a frequency dependent
cylindrical volume
As noted in case (4) above, energy storage and energy dissipation
for a cylindrical volume are defined in equations (30s, b).

i 1 Vu 1 ‘

Wl =5 Im (;) ’ 31a)

v 1
C=2 Re - (31b)

In terms of the argument, a, it can be shown that

as a+0
v 1 v
= 4 Re (;‘-) X the isothermal case; (32a)
as o + =
C = X Re (-'-) o , the adiabatic case; (32b)
p on T Yp

i and alsoas a + 0, and a » =

D(uw) = B= 1 o (32¢)

' Vw H
{ Im(=)

Capacitance and frequency-dependent energy dissipation for a cylindrical
vclume are plotted in figure 7, Frequency dependent energy dissipation
has approximately a minimum value when argument a = 3. Below a value

E‘ a = .52 and abcve 2 value a =~ 40, energy dissipation is at least an

: order of magriitude greater than that of its minimum value.

106

" - TR R o i s e e i Bt it b




R N R e e R Y

Capacitance is within | percent of its isothermal value for values
of a < 1 and within 1 nercent of its adiabatic value for a > 50.
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Figure 7. Frequency dependent dissipation and capacitance
for enclosed cylinder

3.3 Mechanical Confining Structures

The bellows module and the diaphragm module are mechanical,
moving parts devices introduced into no-moving-parts fluidic circuits
to provide point-to-point capacitance functions.

3.3.1 Bellows Module

The energy storage p:n<e-s in the bellows module occurs thrcugh
the deflection of its moving member and the gas compressibility. The
deflection process is analogous either to mechanical energy being stored
in the deflection of a spring or to electrical energy being stored in
an electrical capecitor.

The bellows operates approximately in a linear mode as long as
its maximum defiection, Xmax’ is not exceeded. To determine the relation

between pressure difference and deflection, consider that in a linear
mode, Hooke's !aw gives the restoring force, F, as
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F = -kx, (33a)

where k is the spring constant.

From equation (33a), the pressure difference, Ap, across the bellows
is determined to be

TRE- . (336)

where A is the cross-sectional area of the bellows.

Writing the deflection in terms of a volume change, AV, then equation
(33b) may be rewritten as

dp = “Tg ' (33c)

Volume change, AV, is equivalent to (/Aq dt) so that from equation (33c)
it Is possible to write

K
bp = = / 8Q .dt i (33d)

Comparing equation (33d) with a definition of capacitance in equation (21b),

a formula for the point-to-point capacitance of the pneumatic bellows
module without compressibility effects is

C.A.E. (34)

Thus, as desired, a simple equivalent circuit model of the

dynamic process (eq 34) in the bellows module is a point-to-point
capacitor (fig. 8).

@

G

S,

emnd—
——

Figure 8. Simple equivalent clrcuit for bellows module

However, these mechanical modules are more complicated than those
of pure point-to-point capacitors. In the expanded equivalent clrcuit
(fig. 9), two capacitors, two reslistors, and two inductors are added to

the simplest equivalent circuit (fig. 8) of a point-to-point capacitor,
C,, between nodes IN and OUT.
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Figure 9. Sophisticated equivalent circuit for bellows module

Resistors Rl and R., and inductors, L, and L., are the expansions
. E ! .

to and the contractions from the cross-sectional area, A, of the bellows.
The increased cross-sectional area also introduces added volumes,

represented by capacitors, C, and C,, for each side of the bellows to
account for compressihility.

3.3.2 Diaphragm Module

The diaphragm moduie, a second mechanical point-to-point capacitor,
has been studied by Katz and Hastie (ref B). In this section, its
dynamic processes are rodeled within the eouivalent circuit framework,

The diaphragm module stores energy in a diaphragm (membrane),
through a deflection process similar to that of a bellows. The deflection,
x(r), of a circular diaphragm membrane is shown by Katz and Hastie (ref 8)
to be a function of the radial position, r, in terms of the modulus of
elasticity of the diaohragm, £, the diaphragm thickness, h, the diaphragm
radius, ro, and the pressure difference, /p, across the diaphragm as

1 P] - DZ 1/3 r2 5
i x(r) = 0.662 o v/3 (=) (1.0 - 0.9 — " 0.1 E—s).
0

(35) l

where

The volume displaced, .V, in diaphragm deflection is determined by
integrating equation (35) yielding,

1/3

P p (36)
= 2 10/3
av(r) o.3sz[ i ] o /3,
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The displaced volume, AV(r), is substlituted into the definition

of fluidic capacitance in equation (21a) so that capacitance, C, for the
circular diaphragm Is given as

4
r 10/3 T :

¢ = 0.362 7Zry/3 ley = Pl (37)

The mechanical capacitance of the diaphragm is nonlinear because
of its functional dependence upon the pressure difference, p, - p,,

across the diaphragm. When the difference is zero, equation (37) In- L
dicates that capacitance, C, becomes infinite. According to reference 8,
however, a d=-c bias pressure may be applied across the diaphragm. Then
for small amplitude signals, the pressure changes in equation (37)

remain approximately constant and the capacitance, C, Iis falrly linear
for small signals.

The value of the linearized capacltance (about a d-c operating point)
is calculated from equation (37) and rewrltten as

-2/3 '
! Cemklpy m el (38)
where
0.362 r 10/3
K= 2 ) L
(En) 1/3 (39)

Therefore from equation (38), the simplest equivalent clrcuit

mcde)l of the energy processes in a diaphragm module is a point-to-point
capacitor (fig. 10).

o

g Figure 10. Simple equivalent circuit for diaphragm module

As discussed in section 3.3.1 for the bellows modules, additional
energy processes are included in more sophisticated equivalent circuits ‘
(fig. 11) to account for losses and inertance in the inlets/outlets,




and added capacitance due to the fixed volumes on each <ide of the
diaphragm.

7]

W WA
H)

Figqure 11. Sophisticated equivalent circuit for diaphragm 1.odule

A point-to-point capacitor, C is placed between nodes IN and GUT. The

1’
equivalent circuit mode!l for expansions and constrictions includes in
addition both enerqg, dis:ipation in two resistors, Rx and K., and energy

storaqe in two inductnrs, L, and L.. In addition energy storage in
the two chambers (adjacent Lo the d:aohragm) i< rndeled as two capacitors
C. and C,

3.4 Fluidic Ju~ction

The foregoing sections have described equivalent circuit models
for several gassi/c corponents-=-cagillarie<, enclosed volu~es and
mechanical capacitors, Eachk of theie passive comnonents fcr~s a hranch
of a fluidic confiquration. Fluidic junctions, at which these components
are joined, are discussed in thls section.

Fluidic junctiors ma;, he as <i~nle as connection points wherrn
two or more fluidic comconents are joined. For example, the connection
point for two components is a union. For three components or branches
meeting at one pouint, the connection points are tees and Y's while for
four components they are x's. More complicated confinurations with
rultiple fittings such as tanks and stillinag charber< are also corsidered
as junctions.

The €low in the ideal fluidic junction i< one dimensinral and
the junction offers zero impedance that is, no erera: losses and no
energy storage. An ideal fluidic junction is analogous to the voltaqe
node in electronics. However, when considering an actual fluidic junction
that must cover a wide bandwidth ard a wide dynamic range, a tradenff

between directicnal (momentu~) effects and zrro impedance muct generallv
be made.

Impedance of fluidic junctions is minimized by keeping passages
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short and by not expanding into large chambers. On the other hand,
directionality in fluldic juactions is minimized by expanding into large
chambers to convert directional dynamic pressure into a uniform static
pressure. A junction of three or more fluidic components may be considered
to be a pure node if energy Is neither dissipated nor stored at the
junction and if all the energy Is in the forn of potential energy.
Pneumatic nodes are usually designed by mini.aizing the ratio of kinetic
te potential energies at the expense of added impedance. The simplest
equivalent circuit that represents a pneumatic node Is a capacitor, C,
from the connaction point, IN, to ground (fig. 12). Capacitance is
minimized if the volume is kept small.

®
s
1

c

Figure 12, Simple equivalent circuit for pneumatic node

At higher velocities, the nodal connection point may be actually
converted into a stilling chamber to guarantee that static pressure
drop instead of total pressure drop is developed.

The pneumatic fluidic junction discussed above may also be used
to perform other functions in fluidic circuits. For example, in systems
applications, this fluidic junction may be used as a passive fluidic
suming junction and as a passive fluidic distribution junction, which
will be discussed In the following sections.

3.4.1 Passive Fluidic Sunming Junction

Passive fluidic sunming junctions have the same configurations
(tees, Y's, x's, and stilling chambers) as junctions of three or more
fluidic components (sect 3.4). Consider now the passive junction
connecting linear resistors (fig. 13), where an output pressure, Po is
a function of the sum of input pressures 3 and Py, SO that

by = F (b, + P, (1)

e
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Figure 13. Passive summiing junction in syster

Tne general expression for the output pressure, po, at the
Junction may be written in terms of the input pressures, P, and P, the

Input resistances, R1 and'Rz, and the load resistance, RL'

P, P

'R

Po * 7 1 T (42a)
— +
R, "R, R

Multiplying top and bottom by R, and letting R,/R; = I leads to

[} .pz
p_px*_r'
° (14-1)!_1.

r RL

(42b)

If :he Tnput resistors R1 and Rz are much less than RL' then the pressure
at the junction is

©

2
Po * ] (b2c)
r
I f Rl - Rz, then I' = | and the junction pressure is approximately

pi + P, (424)

Po ® 2 )
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Thus, by letting R, = R, << R+ the half sum (average) of the input

pressure p1 and p is produced independently of the exact values of
2

R,, k,, and R

L’ If R, = R, = RL then p_ = (pl + pz)/3. The same type

of configuration used in the fluidic node may also be used as a passive

fluidic summing junction. Tradeoffs must also be made between the
impedance and the one dimensionality of the passive fluldic summing
junction.

Turnquist (ref 6) uses a stilling chamber in constructing a
passive summing junction (fig. 14). Capillaries can then be simply
connected as branches to the passive summing junction.

Py
‘J CAPILLARY 2
: CAPILLARY 3

CAPILLARY 1}

P

g

=

=y
’ r — ©

e e o

ENCLOSED
VOLUME 1

Figure 14, Passive summing junction
Junctions used in the present studies are the enclosed volumes
(discussed in section 3.2). The simplest equivalent circuit for a

passive suming junction is identical with a simpfe model of a node.
is a capacitor, C, between the connection point, IN, and ground (fig.

®
e
v

Figure 15. Simple equivalent circuit for passive summing junction

3.4.2 Passive Fluidic Distribution Junction

The passive fluidic distribution junction is a device that
receives an input pressure P, and applies a reduced part of it to two
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or nore output loads. 1In such a manner, thec same output driving pressure
can be applied to each of the loads, regardless of the geometry and the

pressure lzvel. As in the consideration of a fluidic junction, tradeoffs
between momentum effects and the impedance must be made in certain cases.

The passive distribution junction may be viewed as a passive
junction in conjunction with linear resistors (fig. 16).

Figure 16. Passive distribution junction in system
The simple equivalent circuit for the passive fluidic distri>ution

junction is also identical with a simple model of a node (fiq. 1i). It
is a capacitor, C, between the connection point, IN, and ground (fig. 17).

®

i

Figure 17. Simple equivalent circuit for passive distribution junction

b, COMPUTER-AIDED CIRCU!T ANALYSIS

To complement the circuit models that have been developed in
section 3, methods are required for computing the response of these
models, for evaluating these models, and for selecting the best models
in network designs. This section cites a few methods of computing the
response of circuit models. Useful methods include manual techniques,
analog computer techniques, and digital computer algorithms.

The digital computer is useful in at least two ways for performing




circuit analysis. First, input format to the circuit analysis program

of the digital computer is extremely easy to code. Second, self-
organizing schemes allow circuit equations to be formed and solved
internally by the computer when only component values and interconnections
are provided.

Many circuit analyses programs including CIRCUS, ECAP, ECAP {1,
NET-1, NET-2, SCEPTRE, SINC, SLIC, SPICE, and TRAC are currently
available at HDL. Most of these have been written for solving large
electronic circuits. To date, no single circuit analysis program has
been written solely for fluidic circuits. Reference 14 gives a detailed
description of two programs--SLIC (ref 21) and NET-2 (ref 22)--that have
been converted for fluidic circuit analyses. |If self-organizing schemes
for equations are not desired, then circuit equacions may be solved with
such programs as DSL/90 (ref 23) or even simply in FORTRAN.

Steady-state d-c analyses, small signal steady-state a-c analyses,
and time dependent analyses may be performed on a digital computer for
both passive and active circuits. Also, sensitivity analyses and
optimization routines are available in many digital computer schemes.

In reference 14, general passive circuit analyses are implementec
in SLIC and NET-2 so that both amplitude and frequency-dependent fluidic
circuits may be solved. Simultaneity of solutions Is assured at each
operating point for both of these programs. In both SLIC and NET-2,
the computational approach is designed to solve the complete set of
circuit equations simultaneously at each selected operating poi-.*.
Irnitial guesses, usually based on previous results, are ysed to start
iterative calculations. Then the iteration process is performed until
the difference between successive solutions is minimized within an
allowable error. ’

Less sophisticated approaches do not use as much care in
calculating circuit response. Instead, accuracy of response variables
is traded off against complexity and computer cost.

'n cases where circuit equations are not solved simul taneously,
if starting approximations are good because computational points are
taken close togethzi, results can be very good. However, In general when
a system of clir_uit equations lacks simultaneity of solution, response
errors can compound significantly as successive guesses are based on
increasingly less valid starting values.

5. EXPERIMENTAL STUDIES

The next objective discussed is the evaluation of equivalent
circuit models of fluidic components. Evaluation, in the context of
this study, is a qualitative assessment of the agreement between the
measured response of the fluidic network and the calculated response of
several circuit models. The evaluation procedure shows how changes in
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the models improve agreement relative to changes of the structure of the
expressions for component values and of equivalent circuit topology.

As a basis for evaluating models of various passive fluidic
components, experimental studies have been run in the laboratory on
individual components and on components connected as subsystems. Both
dc- and ac-response tests were run in these studies. The dc tests were
run on capillaries. The tests were run on summing and distribution
junctions and on compensation networks, including lead, lag, and lag-
lead subsystems. The a~c tests were not conducted on individual
components in this study.

Fluidic components have been selected that would be typically
used in fluidic systems. The hardware discussed in sections 5, 6, and
7 are four types of modular components: (1) capillary modules, (2) en-
closed volumes, (3) bellows modules, and (4) diaphragm modules. Each
of the individual hardware components is designecd to be compatible both
with the others, to assure interchangeability among various subsystems,
and wi th other fluidic hardware, including pressure transducers.

Modules are made of a variety of materials including brass,
aluminum, plexiglass and porcetain. Most connectors use teflon seals
on the threads to prevent leaks.

All measurements presented herein represent data using air at
20°C as the working fluid.

5.1 DC-Response Measurements

The dc-response measurements were made on components that
dissipate energy. For these components both steady-state pressure drops
between nodes and through flows were measured on a static-test stand
(fig. 18). In the static tests a pressure differential was established
between a regulated pressure source and ambient pressure. One end of
the test element was connected to the source and the other was exhausted
through a flow meter to ambient.

WPPEAENTIAL PRESSURE GAUSES OR TRANSOUCE

B

REGULATED TEAT CLEMENT FLOWMETIN
PRESSURE  SOURCE

AMBIENT PRESSURE -

Figure 18. Static-test stand




A plot of pressure drop versus volume flow was obtained by
sweeping the regulated pressure source slowly ericugh through a range to
provide repeatability when the motor first opens and then closes the
pressure regulator,

The steady-state pressure drop, Ap, across the component was
measured either on a pressure gauge or with a low frequency differential
pressure transducer, such as an electronic manometer. At low-flow
rates, volume flow, Q, was measured with a laminar flow meter. Volume
flow, Q, was indicated as a pressure drop, Ap', proportional to Q so that

Q(sp') = k, sp' , (5.1)

where kl is the proportionality constant. This pressure drop, Ap', may

also be meacured either on a pressure gage or with a low-frequencv
pressure transducer.

The resultant data, static-pressure drop, Ap, was plotted as a
function of the volume flow, Q, on an x-y plotter. The instantaneous
slope of 4Ap versus Q is the resistance, R, of the component being tested,

R 33" ) (5.2)

It the plot of Ap versus Q is a straight line through the origin and
the slope is constant, the resistance has a constant value,

R -é% (5-3)

The d-c response for several bundles of capillaries used in
the various configurations was measured on the static-test stand.
Several porcelain capillary modules with either 8 or 25 parallel cylindri-
cal capillaries were selected. Each capillary has an internal radius
of approximately 1.525 x 10-“m. Capillary modules were cut from
sections that are approximately C.3 m in length. The diameter of each
module is approximately 2.5 x 10=3m. By individually fitting teflon
sleeves over each porcelain module, a single outside diameter can be
produced to assure good seals with brass capillary holders in forming
overall capillary modules.

Typical pressure drop versus flow curves are shown in figure 19
for three such bundles. In each case, they all have epproximately a
constant resistance.

5.2 AC-Response Measurements

Steady-state a-c tests were run on several fluidic components
and subsystems involving storage devices. For each test configuration,
the source and load were kept reasonably isolated from one another.
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The pressure source w~as a variable frequency, sinusoidai pressure

generator which has very low Impedance so that the load circuit would

have approximately an infinite impedance re!ative to the test configu-

raticn. A pair of small, low-frequency, low-pressure microphones were

placed at two pressure nodes in the test configuration to monitor the

pressures. When the signal generator was swept through a range of

frequencies, Bode plots (magnitude ratio versus frequency and phase }
difference versus frequency) were obtained.

For linear components, since ratios of nodal response amplitudes
are independent of the source amplitude, any source amplitude is
permissible; but for nonlinear components, by restricting a-c tests to
small signal amplitudes, linearizad response about some mean level is
measured.

A-r “ests were run around ambient pressure level with no through
flow. The frequency range is from about 1 to 200 Hz and the input
pressur: amplitude range is from about 0.02 kPa (0.003 psi) rms to
10 kPa (1.5 psi) rms.

The remaining section discusses the experimental apparatus (fig. 20)
which consists of (1) a fluldic signal generator, (2) a fluidic test
configuration, (3) a pressure transducer system, and (4) a computation
and output system. Calibration of the actual system and a very brief
introduction to the experimental measurements on the fluidic configurations
are also discussed.

5.2.1 Fluidic Signal Generator

The fluidic signal generator shown in figure 20 consists of two
parts -- one part develops a periodic electronic signal that may be
swept through a frequency range and another part converts the electronic
signal into a pneumatic test signal. Both the frequency and the
amplitude of the signal can be adjusted within the electronic equipment.
For most cases, the equipment generates a sinusoidal signal that is
swept through a frequency range.

Two sinusoidal pressure generators are used. One is a shaker
table that drives a piston in an air cylinder (fig. 21); the second is
a speaker cone used as a flapper to modulate a fluidic diffuser nozzle
(fig. 22).

The shaker table signal generator produces a sinusoidal pressure
signal, oscillating about ambient pressure. Two piston/cylinder con-
figurations are used: (1) a piston with an O-ring seal, and (2) a piston
with an integral rolling diaphragm seal. Because there is no leakage
around the latter cleaner signals can be produced at lower frequencies
than with the O-ring seal generator.

No external pressurized air source was used; hence, the net d-c
flow was essentially zero. Unfortunately, at low frequencies the
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Figure 21. Shaker table signal generator
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mechanical and electromagnetic components have a low signal-to-noise
ratio, so that the dynamic range is |imited.

The speaker cone signal generator operates in approximately
the same frequency range as the shaker table signal generator. Reduced
noise in the speaker system, however, allows It to have a wider dynamic
range. Ad,ustments can be made in the speaker cone signal generator to
mininize the net throughflow.

The speaker cone, positioned as a flapper valve, loads a nozzle
and controls the back pressure. The main flow is either diverted into
the output nozzle or entrains flow from the output nozzle. In this
manner the generated signal is a function of (1) the spacing between
the speaker cone and the control nozzle (2) the regulated supply pressure,
and (3) the electronic signal driving the speaker.

Neither signal generator has been developed to such a degree that
a monochromatic, undistorted signal over the bandwidth of interest
(1 to 200 Hz) can be obtained. This is because at low frequencies the
fluidic signal generators do not operate at zero impedance; thus energy-
conversion processes tend to distort the signals. Improved amplitude
regulation at low frequencies can probably be attained by including a
leveling circuit that uses a feedback signal to maintain the generated
signal at a constant level. At higher frequencies, the available energy
is not sufficient to produce pressure amplitudes as large as for lower
frequencies. Also, resonances in the generator can occur within the
bandwidth of interest. For, example in the test midrange, the resonant
frequency of a mechanical flexure in one of the shaker tables was 65 Hz.

§.2.2 AC-Pressure Transducer System

The a-c pressure signals at the nodes were measured over wide
pressure amplitude and wide frequency ranges. These measurements must
be true, undistorted, and undelayed. In addition, measuring instrumenta-
tion cannot change the circuit performance by adding losses or dynamic
effects.

Keeping this in mind, the frequency range, amplitude sensitivity,
and installation configuration of pressure transducers become most
important factors. The pressure transducers chosen respond from
approximately 1 Hz to above 10° Hz, and are sensitive to signals as low
as 90 d8 (relative to 0.0002 dyres/cm? (2 x 10-° Pa)). The system has
flat response above about 20 Hz. Below 20 Hz, gain drops off at approxi-
mately 20 dB per decade. Phase shift is approximately zero throughout
the frequency range of interest. Pressure signals less than 0.003 psi
{20 Pa) rms may be sensed.

A condenser microphone (with a grill cover) is approximately an
end section of a right circular cylinder and adds no fluid volume when
it is flush-mounted in a flat wall of an enclosed volume. Microphone
probe holders, therefore, were designed to fit flush into the walls of
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enclosed volumes. A microphone was placed from the rear into a brass
probe holder (fig. 23) with 3/8-24 pipe threads.
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TEFLON SLEEVE

Figure 23. Straight microphone probe holder

At the rear, a cep through which the microphone adapter passes, forces
a teflon ferrule to seal a teflon sleeve around the microphone.

Pressure measurements may also be made by placing a condenser
microphone probe in an interconnecting passage between two components.
These (1/8 in) diameter microphones fit relatively flush in the cylindri-
cal walls of lines which are greater than twice the microphone diameter,
In a similar configuration (fig. 24) to a flat wall probe, described
above, a probe was mounted into one leg of a threaded brass tee. The
tee was joined to two components with 3/8-24 threads.
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TEFLON SLEEVE

Figure 24. Tee microphone probe holder
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To minimize additional contributions to response, length and
volumes of alr passages in the microphone probes are minimized. Expans-
ions and contractions are used only when absolutely necessary. Teflon
sleeves, seals, and tape make the entire test configuration leak proof.

Alternate pressure transducers that have been investigated include
(1) variable reluctance diaphragm transducers with carr-er demodulators,
and (2) piezoelectric crystal transducers with charge .nplifiers. The
variable reluctance transducers cannot readily be flush-mounted; hence,
they add dynamics. The piezoelectric transducers are a-c devices and
fail to respond below about 10 Hz.

§.2.3 Computation and Output System

The computation and output system portion of the instrumentation
processes input and output pressure signals from the pressure transducers. ;
It computes the pha,e difference and the magnitude ratio between the |
output and input pressure signals and the frequency of the input pressure

signal. These data are displayed as oscilloscope traces and as plots

on an x-y-y plotter. The instrumentation computes the small signal, a-c
response of the fluidic system. The ratio of an output-node pressure
L to an input-node pressure is the pressure transfer function between the
input and the output of the system. These sinuosidal pressure response
] data apply for linear and almost linear studies, restricted to small
| signals. A Bode plot is one of the most meaningful representations of
such sinuosidal input/output pressure data. In this study, both an
automated method and a semi-automated method of producing Bode plots
are used.

In the automated method, used in the latter part of the study,
a commercially available frequency response analyzer or a commercially
available gain/phase meter analyze the output and input waveforms. A
magnitude ratio and a phase difference are displayed versus frequency.

Several seni-automated approaches were used. In the first approach,
a phasemeter and a low-frequency a-c voltmeter were used. Phase difference |
was read directly from the phasemeter and ratios of the rms voltage |
output signal to the rms voltage input signal were computed.

Less automated Bode plots may be taken from oscilloscope traces.
One method, used extensively before the automated equipment was obtained,
analyzes photographs of output and input waveform traces from the
oscilloscope. In this method magnitude ratios were calculated from
photographs of oscilloscope waveforms. Assuming pure sine waves, peak-
to-peak heights of both the inputs and outputs were measured, multiplied
by appropriate scale factors, and adjusted with respect to calibration
factors. Then the magnitude ratio or gain, G, was calculated and con-
verted to dB gain, GdB' between the input pressure, Py and the output

pressure, p_, as |
p |
G, = 20 log 32 (43) :

de <10




Phase difference, ¢, was measured in degrees from photographs
of oscilloscope traces. The ratio of the distance between adjacent zero
crossings for the pair of pressures, Po and Pis and the distance between

consecutive zero crossings of the input pressure, Py» was multiplied by

360 deg. Thus, pairs of input and output waveforms covering from 1.5
to 2.5 cycles were monitored simultaneously on an oscillcscope, photo-
graphed and the spacing measured by hand.

An alternate approach that was not used in reducing magnitude ratio,
G, and phase difference, ¢, analyzes Lissajous patterns photographed
from oscilloscope traces. Output and input signals are applied to the
vertical and horizontal amplifiers of an oscilloscope. Standard measure-
ments on the Lissajous patterns give the magnitude ratio and phase differ-
ence between the two signals. However, when the signals are non-mono-
chromatic, Lissajous patterns from oscilloscope traces are difficult to
read.

1
5.2.4 Microphone Calibration

A E TR el S

The input and output microphones were calibrated to ascertain

what, if any, correction factors must be applied to the experimental
voltage data. Bode plots were always made on relative a-c measurements,
For this reason the microphones could be calibrated in a relative sense
rather than in an absolute sense. Two microphones were placed in a tee
at the output of the fluidic signal generator so that they sensed the

i same pressure. Magnitude ratio and phase difference for the pair of
microphones were measured over the bandwidth and dynamic range of
interest. For identical microphone systems, no differences are expected
in amplitude ratio or in phase difference.

I At a particular frequency, the fluidic signal generator was set
to produce the required amplitude. Steady-state, a-c readings were made
at each frequency. The peak-to-peak output amplitude of the microphones
was read on the oscilloscope. From the amplitude data, magnitude ratios
were calculated both as absolute numbers and as dB ratios; phase difference
was read on a phase meter.

= e rmr E— o s =

In this study there are differences in magnitude ratio between
the two microphones. Thus, calibration factors are applied to all
magni tude ratio data. However, phase-difference measurements between
the two microphones is negligible. l 1

5.2.5 Experimental Measurements ;

Sections 6 and 7 describe small signal, a-c tests that were L
performed on fluidic configurations (junctions and compensation networks), ‘
typically used in control applications. These configurations were con-
structed from the basic fluidic components discussed in section 3. For
each of the test configurations, fluidic components and microphone probes
were connected in airtight breadboard models.




Input sionals at particular pressure amplitudes were applied at
various frequencies. |If the level of the input-pressure amplitude did
not change (was flat) with respect to frequency, the frequency band was
swept slowly enough to allow both the fluidic system and the electronic
instrumentation to come to quasi-steady state at each frequency. Magni-
tude ratio and phase difference were recorded.

For that part of the frequency band, where the input signal
is not flat, response data were taken point by point at each specified
input pressure amplitude for several desired frequencies. Magnitude
ratios and phase differences were then plotted point by point as a Bode
plot.

6. SUMMING AND DISTRIBUTION JUNCTIONS

Small signal a-c tests are performed on both summing and distribution
junctions. In each case, tests are defined in terms of desired test
ranges as well as limitations of fluidic hardware and electronic
instrumentation,

Experimental data are discussed and evaluated in terms of how
well the response of several circuit models of the same fluidic component
agrees with the nodal response of the physical fluidic configurations.
Conclusions are developed to relate the performance of various circuit
models to the performance of actual fluidic components.

6.1 Passive Summing Junction

An ideal passive fluidic summing junction is shown in section 3.4.1
to produce an output pressure that is proportional to the weighted sum
of two or more input-pressure signals. As long as the input resistors
are much smaller than the lnad resistors, the output pressure is indepen-
dent of the resistance values. However, to minimize pressure attenuation
through the junction, it becomes necessary to limit the resistance between
the input and the output. Therefore, inequality relationships on load
resistance are not followed in this section. The desired equivalent
circuit for a passive summing junction with two input resistors and one
load resistor is given in figure 25.
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Figure 25. Simple equivalent circuit of passive summing junction
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in the simplest one-to-one substitutions betweer the equivalent
circuit (fig. 25) and actual physical hardware, each resistor is replaced f
by a capillary, so that

R' - capillary 1,
R2 + capillary 2, and

R3 -+ capillary 3.

The junction is replaced by an enclosed volume, an air cylinder, in
this case so that

Node p,'® volume 1.

Hardware for the e »>sed volume was first made by simply !
modi fying a pneumatic cylinder. Modifications permit four fluidic
components or pressure probes to be connected to the cylinder as shown
in figure 26.

CONNECTIONS

THREADED .__'ll —-—-l" r O-RIN

SCSEVANNNNNNNNNNN

Figure 26. Modified air cylinder as an enclosed volume

In this model, the dimensions are

R 2.38 x 10°3m,

¢, = 2.286 x 107%m, 1
w = 1.270 x 10 2m,

r, = 1.270 x 10-2m, and k
L, = 1.5x 10" 'm

The small (though finite) minimum volume V, is calculated to be
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V. = (w2 = (b -1)r2)2 = 3.58 x 1076 m3,
1 1 1
(44a)

The total volume, V, is continuously adjustable from V1 to a maximum
allowable volume.

The total volume including the minimum volume is
Ve (w2 - (4 - n)rlz) +om r22 L, ., (4kb)

= -6 -4 3
[3.58 x 1076 + 1.61 x 10 m? . (bkc)

The range of volume is 3.58 x 10-® m? to approximately 80 x 107 m3, uUn-
fortunately, slight leaks around the 0-ring did not permit measurements
at low frequencies. At higher frequencies, the impedance of a leak
becomes high with respect to the system impedance, and hence becomes a
negligible factor.

An Improved enclosed cylindrical volume (fig. 27) with r = 2.54 x
1072 m accepts as many as five components or probes. This improved
configuration proved not only to be airtight but also to be continuously
adjustable in height, h, from O m to 2.54 x 102 m. The volume, V, varies
from virtually 0 m3 to 50 x 10 m3. However, the minimum useable height
is gpp;oximately about tmm, which is equivalent to a volume of 6.45 x
107/ m3.

Figure 27. Improved enclosed volume
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MICROPHONE

CAPILLARY )

':'E'“D’—'—\l
CENERATOR _] l

CAPILLARY 2

ENCLOSED
VOLUME 1

Figure 28. Test configuration for passive summing junction

The fluidic signal generator (fig. 28) is connected with a tee
connection to both capillary 1| and capillary 2. In a true systems
application, pressures from separate signal sources would be introduced
into the summing junction. The loading capillary 3 exhausts to ambient
pressure, p_.

Each of the three bundled parallel capillaries contains 25 capillary
passages, 0.1525 mm (0.012 in.) in diameter and about 6.5 cm (2.5 in.)
in length. The junction is the volume of figure 27 within the large
air cylinder, 5.1 cm (2.0 in.) in diameter with a depth of 1.0 mm (0.04 in.).
Capillary modules and microphone probes are sealed into the junction with
teflon sleeves.

This junction is tested over a 2.5- to 200-Hz range with input-
pressure amplitudes between about 25 and 62 Pa. The microphones are I
calibrated over the same bardwidth and pressure ranges. In the 20 mV rms
and 50 mV rms output ranges for the microphones, corresponding to approxi-
mately 25 and 62 Pa rms, the caiibration curves for the two microphones
are slightly different.

Magnitude ratios and phase differences are measured (ref 24) for
the summing junction (fig. 28) with the following dimensions:

Capillary 1: N =25, r = 1,525 x 10°%m, £ = .0635m, R = 1.07 x 108 ;gbfzz

Capillary 2: N =25, r = 1.525 x 10™*m, £ = .0635m, R = 1.39 x 108 —X9—
m’ sec




Canillary 3: N = 25, r = 1.625 x 10 %m, { = .0635 m, R = 1,36 x 10°® —&ee

k
- m* sec
Volume 1: r=2.54 x 10"%m, h = 1.02 x 10°?m
Microphone 1:

Sensitivity - .81 mv/Pa,
Capacitance - 3.21 pF (picofarads).
Calibration - 20 mV/25 Pa, 50 mV/62 Pa @ 100 Hz.

-

Microphone 2:

Sensitivity - .82 mv/Pa,
Capacitance - 3.21 pf (picofarads),
Calibration - 16 mV/25 Pa, 42 mV/62Pa @ 100 Hz.

Correction factors from both the 25- and 62-Pa calibration data
were applied to the measured magnitude ratios. Corrected Bode plots for
magni tude ratio, GdB' are shown with 25- and 62-Pa calibration data in

figure 29a. It is felt that these correction factors fairly well bracket
the experimental data range. The measured phase difference, ¢, is plotted
with 25- and 62-Pa calibration data in figure 29b.

To get a view of the validity of circuit models of components in
the summing junction, a few simple linear circuit models were selected.
The least expensive linear circuit analysis program in HDL is ECAP
(sect 4 and ref 25), run on the IBM 1130 computer.

Values ¢ f resistance for the capillaries were taken from their
static-calibration curves (fig. 19). Capacitance and inductance values
were calculated for linear models for capi'laries (sect 5.1) in equation

(45) and (46),

nr2f
= 4
c "o, ) (45)

where (see sect 3.2) n = 1| at lower frequencies and n = 1.4 ar higher
frequencies; and

L= 2%, (46)

nr

where » = 4/3 at lower frequencies (eq 13e) and » = t at higher frequencies
(eq 13d). The simple model of the junction itself includes only capaci-
tance (sect 3.2). A frequency range from 2.5 to 200 Hz is swept in the
ECAP programs. In Bode plots (fig. 29 a, b), theoretical curves A through
G are plotted (1) for capillaries modeled as R and RLC, (2) for the
polytropic coefficient, n = 1 and n = 1.4 and (3) for the inertance
coeffieient, » = 1 and » = 4/3,

)22

e i et &




- ——

———— F

e

»
2
MAGNITUDE RATIO l'il.' 3

PHASE DIFFERENCE < (a) :¢”

v LS v LEBIR A
A B/
| N
ey 3.9
L EOEND
L 'PERIMENTAL OATA
U CORRECTED WITH 28 Pa CALIDRATION
%X CORARECTED WITH 62 Pa CALIORATION
THL WY
APILLARY | ENCLOSED VOLUME
sk
Clas))
L 'As4/3)C{as) Cino1)
LiNel)Clast) Cintl)
Cins14)
L{XA 4/3)Clar)@) Clas)a)
L{A?*')Clas) @) Cinnl4)
-. A A " i 4 1) ll i A i AL i 4 IJ
| 0 100 200
FREQUENCY (M1)
L L 'I'llrr"'l'r Li L ---.-.-r-r
o —— A
e R '
20
-w-
.‘th-
o T
. EXPERIMENTAL DATA
-60"} O CORRECTED WiTH 28 Pa CALISRATION
X CORRECTED WITH 62 Pa CALIBRATION
70" THEORY
| camiLLARy | EncLOSED vOLUME
-00"}- Al R
1] C(nm1)
ok clrLiasasnciann clren)
O|R L (As1)C(ns)) Cinm)
L Cinsre)
FIR L (Aed/3)Clanr e Cinrlq)
- QIR L (AeNICInera) Cins1r4)
N v a2 113l L A aad
] 0 190 200
FREQUENCY (Mz)

Figure 29. Bode plot for summing junc‘ion
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In examining the experimental results, it is noted that the simplest
mode! (curve A) in figures 29a, b is based on the assumptions that

(1) capillaries are simply resistors, and
(2) the node has zero impedance,

giving

G =-3.52 @8, (47a)
¢ = 0 deg. (47b)

These values are quite close to the low frequency experimental response
in figures 29a, b. The corrected experimental values for low-frequency
magnitude ratio, G, are within at worst .75 dB or 9 percent off from the
predicted low-frequency value.

The response of the summing junction drifts away from the desired
constant value at higher frequencies. The constant resistive models of
the capillaries along with the zero-dynamics model of the junction are
the only models that fail to predict a change from a constant value.
The best linear models of those calculated include the fol lowing:

" ‘Il‘i“" e

For the capillary, the measured value of resistance along with
the low-frequency inductance gives the best fit to the magnitude ratio |
data. ]

The measured resistance value along with the high-frequency
inductance fcr the capillary gives the best fit to the phase-difference
data.

The low-frequency model of the capacitor is best, both in the
capillary and in the junction.

All of tnese models of the summing junction with the exception
of the constant valued one agree fairly well with experimental data up
to atout 25 Hz.

6.2 "assive Distribution Junction

The approach to the passive fluidic distribution junction is
identical with the passive summing junction approach in section 6.1. An
equivalent circuit for the passive distribution junction (fig. 30) has
one input resistor R1 to the junction and two output resistors R, and R,
from the junction.

U
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Figure 30. Simple equivalent circuit of passive distribution junction

f Again in the design of physical hardware, there is a one-to-one replace-
ment of the resistors by capillaries and the node by an enclosed volume

: Rl -+ Capillary 1,
R2 -+ Capillary 2,
R3 - Capillary 3, and

Node Py Volume 1.

The test configuration (fig. 31) includes a fluidic signal
generator at the input and two load capillaries exhausting to ambient
pressure, p_.

MICROPHO 'E 0
pro8E %) cmu.nv ¢

CAPILLARY ]

mcnomon:
PROBE #2

FLUIDIC
SIGNAL ENCLOSED
GENERATOR VOLUME |

EIIILLII'I'

Figure 31. Test configuration for passive distribution junction

The same capillaries and the same enclosed volume from section 6.1 were
used in these tests. The 25- and 62-Pa calibration curves were applied
to the measured magnitude ratio data. Corrected Bode plots are presentea
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in figures 32a and 32b. ECAP programs were written for the distribution
junction and the resulting theoretical Bode plots for linear models are
presented as curves A through G in figures 32a, b. The three features

of the models that were varied to prepare these plots were (1) the
capillary was an R or an RLC, (2) the polytropic coefficient, n, was

1.0 or 1.4, and (3) the inertance coefficient, was 1 or 4/3. To check

the accuracy of the test results, again the simplest models were considered:

(1) capillaries are resistors,
(2) node has zero impedance

Theoretical the low frequency or d-c results from these simple models
are

G = -9.54 ds, (48a)
¢ = 0 deg. (48b)

These predicted values are quite close to the experimental low-frequency
values as can be seen in fig. 32. The corrected low-frequency magnitude
ratio, GdB' is within at worst 0.70 dB or 8 percent of the predicted

low-frequency value up to 50 Hz.

Again all data are flat to about 25 Hz. Each of the linear models
agrees quite well up to approximately this point. The models found best
for the distribution junction are also best for the summing junction.
From the magnitude ratio plot the capillary appears to be best modeled
with the measured resistance and a low-frequency inductance. The phase-
difference plot indicates that the capillary is best modeled with the
measured resistance and the high-frequency inductance. The junction is
best modeled by a low-frequency capacitance.

7. COMPENSATION NETWORKS

There are many applications in fluidics as well as other
technologies in which compensation networks are useful. It is possible
to implement a few such compensation networks solely by passive circuitry.
For completeness, brief reviews of general compensation networks and
fluidic compensation networks are presented first. Similarities and
differences between the fluidic networks and the general theory are
discussed; finally, several examples of fluidic compensation networks
are presented.

These studies are intended to demonstrate oth the use of certain
fluidic components in subsystems and the application of the fluidic
circuit models (sect 3) in representing fluidic subsystems. For each
of the compensation networks studied, a simple equivalent circuit is
presented where a fluidic component replaces each element of the equivalent
circuit on a one~-to-one basis. Then a new overall equivalent circuit is
drawn to include added dissipative and storage elements.
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Figure 32. Bode Plot for distribution junction
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Experiments were conducted and the results are presented along
with the theoretical predictions, calculated by computer, which are
compared with the experimental results.

7.1 An Approach to Fluidic Compensation Networks

y In terms of a-c signals, a compensation network is typically placed
In a system to adjust both signal magnitude (attenuation) and signal
phase to improve stability. The simplest compensation network is a
passive series equalization network composed of resistors and capacitors.
it may be placed in the forward loop, the feedback loop, or the load

- of a iarger system. Overall system stability may be modified through

{ careful selection of the configuration of the compensation network and
of the values of its resistors and capacitors.

Compensation networks may be designed independently from the
overall system in terms of constraints, both in the complex frequency
domain and in the time domain. Constraints in the complex frequency
domain may be specified for gain margin, phase margin, peak resonance,
or bandwidth. Constraints in the time domain may be specified for rise
time, delay time, settling time, or overshoot.

Basic compensation networks are phase lead, phase lag, and
combinations of phase lead and phase lag. In a phase lead circuit,
attenuation is found to be greater at low frequencies so that the amplitude
ratio increases monotonically as a function of frequency. Phase angle
difference increases to a peak and then decreases with frequency. A
basic configuration and a typical Bode plot for phase-lead compensation
are shown in figure 33.
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(a) Equivalent circuit (b) Bode plot

Figure 33. Phase lead compensation

In this case, a parallel combination of resistors and capacitors




; 1

was placed between the input and output and a resistor was shunted to
ground. The transfer function for the above phase lead network is

e —

p_(s) 1 +g, T,s
P =S S S (49)

pi(ss 9, 1 + Tls

where the constant 9, 1, P and P, 3re the input and output signals

-

respectively, T1 is the time constant, and s is the independent Laplace |
variable. l

In phase-lag compensation, the amplitude ratio is found to decrease
monotonically as a function of frequency. As the attenuation increases,
the phase angle decreases and then increases. A basic configuration
for a phase-lag compensation network and a typical Bode plot are shown
in figure 34,

(a) Equivalent circuit (b) Bode plot i

Figure 34. Phase-lag compensation !

In this case a resistor is placed between the input and output
and a series combination of a resistor and capacitor is shunted to ground.
The transfer function for a phase-lag network is

po(s) 149, T,s

G'pi(ﬂ EERY

(50)

where g, < 1 and T2 is the time constant.

To take advantage of both phase lead and phase-lag compensation
while eliminating some of the disadvantages of either method used
separately, lag-lead or lead-lag compensation networks are used. These
more sophisticated circuits have additional free parameters that, in
general, can be adjusted to meet more of the specifications. A basic
configuration for a lag-lead or lead-lag compensation network in
figure 35.

i
‘ !
;
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Figure 35. Lag-lead compensation network

in this network, a combination of parallel resistors and capacitors
is placed in series between the input and output while a series combinat-
ion of resistors and capacitors is placed in shunt to ground. For the
configuration shown in figure 35, the transfer function is

po(s) (1 + 9, Tas)(l +g, T,s)

BYLC RN R 5 B R 0 B (51)

G

where the constant 9, > 1 and the constant g, < 1, and T3 and T, are two
time constants.

Solving a compensation network involves determining values (where
possible) of the parameters 9, and i that best satisfy the constraint

specifications. Values of resistance and capacitance are calculated
from these parameters. In some cases, however, values of resistance
and capaci tance cannot be determined to satisfy specified constraints
for every circuit topology.

7.2 Passive Fluidic Compensation Networks

The approach to passive fluidic compensation networks is similar
to the approach discussed in section 6 for passive suming and distribution
junctions. Passive fluidic compensation networks were implemented to a
first approximation by using available fluidic components on a one-to-one
basis in replacing ideal circuit elements. Capillaries replaced resistors,
enclosed volumes were used for grounded capacitors, bellows modules and
diaphragm modules were used instead of point-to-point capacitors, and
small enclosed volumes were used for nodes. However, it should be
remembered that most fluidic components are not ideal; hence, there is
a limit to the bandwidth and response if one-to-one replacement is used.

Input pressures to a typical compensation network may be the
pressure signals from the outputs of proportional amplifiers and similarly
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the output pressure of the compensation network may be the input pressure
signal to the controls of another proportional amplifier.

However, as a first approximation, assume that the input is a zero-
Iimpedance (or ideal) source, and that the output looks Into a constant
linear load (a linear load (a linear capillary).

Several passive pneumatic fluidic networks were experimentally
investigated. In the following sections these experimental results are
compared with computer predictions, using models presented in section 3.

7-3 Fluidic Lag Network

Several passive fluidic components including capillary modules,
an enclosed volume, and a summing junction are connected as a lag n<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>