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The Fabrication of Fluidics or The Search
for Unconventional Practices
by
Lyndon S. Cox

INTRODUCTION

Over the 15 year his:tory of fluidics, various methods have been
used for the manufacture of fluid amplifiers and fluidic circuits. These
have demonstrated varying degrees of success ranging from totally inadequate
to highly successful, depending on both the manufacturing methud and the
application for which the product was being used. The purpose of this
paper is to help the reader understand the relationship between the manu-
facturing processes and the successful manufacture of a product for a
specific use. Some manufacturing methods failed when used. <imply because
they were being used to produce the wrong kind of a product, and others
succeeded because the product was suited to the process used with a given
material and a given circuit design. These determine the d2gree of suc-
cess. It is further necessary that unconventional practices,i.e. the
special techniques that must be applied, be learned and utilized as neces-
sary. One common difficulty appears in attempting to acquire unconventional
knowledge. It is a human factor problem, in that the man or his organiza- C
tion realizes that his worth is in proportion to the exclusivity of his
skills. Thus, the skilled technician who learns to successfully make
fluidics does not always reveal his method, but keeps the unconventional
practice as a trade secret. This fact has been recognized, and consider-
able effort has been spent in trying to professionally define the manu-
facturing processes for application to production rather than exclusively
in the manufacture of research and development models.

Chronological exposition of the manufacture of fluidics would
reveal many processes competing at all times with some being discarded
and others being added. This would tend to confuse the reader; therefore,
this history has been broken into six basic processes each of which will
be covered in chronological detail and evaluated as to the use of the
process.

THE FIRST PROCESS: CUTTING

As a simple examination of early fluid amplifiers will disclose, they
were manufactured by cutting by bandsaws, by milling machines, by files
and it's even said they were carved from soap and linoleum with penknives
and carving tools. However, as fluidics emerged from the basement labcratory,
into the scientific community, the need for precision to gain repeatability




brought the manufacture of fluidics to the machine shon, with the cutting
tool being the end mill. In the early 1960's, the depth of fluidic channels,
particularly power nozzles, was 4 or 5 times the width. This meant that
side-cutting end mills larger than .030 in diameter were needed to provide
the stiffness that was necessary to maintain dimensions and roughly perpen-
dicular walls, It also meant that the walls were, of necessity, either
straight or of constant radius because universal milling machines as well

as calculations were suited to such shapes. Later, numerical control and
optical tracers gave greater freedom in design,

Of course, the machinist was trained to remove ourrs or sharp corners.
The uncontrolled removal of sharp corners became a source of problems until
recognized, and the removal of burrs on corners was controlled. If a
nassage narrower than .040 was required, it was made by machining two vpieces
and pinning them in place to provide a passage of the required width. It
also meant that it was impossible to make even research models of{ very small
amplifiers at that time, An advance came with the unconventional practice
of using side cutting end mills as small as .004 in diameter in a pantograph
or milling machine to cut even very elaborate patterns in miniature elements.
This ability, and the fact that researchers stopped looking at nozzles that
were more than twice as deep as they are wide, greatly facilitated manufacture
of miniature amplifiers. Through this experience we learned that the shape
of a corner affects the fluid flow in an amplifier - possibly as much as
the location of the walls. Optical tracers have given greater freedom to
design for milling, but corners must be avoided in the artwork. We also
learned that machining soft metal would produce a large burr which is not
tolerable unless the cover plate can conform to it and thereby eliminate
Leakage. In general, such conforming cover plates are not the case. The
process of cutting, in particular through the use of end mills, is now
sufficient for manufacture of research models. It is too slow and expensive
for the economical quantity production of units, and the tolerances which
can be held (dependent upon the operator) are in the region of .0001 to
.0005 inch.

THE SECOND PROCESS: ETCHING

One of the first etching processes successfully used on fluid amnli-
fiers was that using a photoceramic material. This material, while
relatively thick, was initially transparent so that exposure could be
made through the material and, as a result, deep channels could be readily
formed. Corning has been producing commercially available fluidic components
with this process for about 10 years. In recent years a thinner photoceramic
material has become available which will allow us to have miniature fluidic
amplifiers minufactured by this process. However, photoceramic is not use-
ful in all applications of fluidics for in some cases it is too Grittle.

In these cases, manufacture from metal is much to be preferred. The first
metal etching of fluidic amplifiers that the author is aware of was tried
in a .030 inch sheet of copper and the results were so poor that pessimism
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prevailed in the Government. Comercial vendors developed processes to
provide metal-etched units, but the cost of purchasing these was often
prohibitive. Etching in a photopolymer was also tried and it was found
that nozzle widths less than .015 inch could not be reliably produced, and
even in larger widths there was poor control of the wall geometry, channels
being typically trapezoidal in cross-section.

Ultimately, after Air Force contracts with General Electric (1)* and
Bendix (2) (5), Atny Contracts with McDonnell-Douglas (3) and Orlando
Fluidics (4), and in-house experiments at Picatinny Arsenal and the Missile
Command at Redstone Arsenal, it was established that etching could be
successfully done in thin metal foils typically between .002 and .005 inch
thick with tolerances being held to at best 1/10 of the thickness of the
foil. Through the examination of foils etched by the several contractors,
it became apparent that it was also important that the etching fluid should
attack the grains rather than attacking the grain boundaries (thereby allow-
ing the grains to fall out of the polycrystalline structure). Such inter-
granular attack tends to continue after the etching process is nominally
completed, thereby producing continuing changes in performance. Surprisingly,
dip etching has produced results every bit as good and nossibly superior to
those produced by spray etching. The lack of a machining burr protruding
above the surface of the foil means that sealing is much more readily accom-
plished by clamping and diffusion bonding. This fact, together with the
ease of making parts with unusual curvature, accounts in large measure for
the popularity of the metal etch nrocess., Etching now allows manufacture

of the smallext size amplifiers in corrosion resistant materials and, with
diffusion bonding, virtually eliminates leakage problems. It is the process
used in commercial manufacture of most jet deflection amplifiers. It is
capable of holding tolerances of .0002 to ,0005 inch.

o
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It should be noted that a highly successful method of manufacturing
pantograph templates for cutting fluidic amplifiers came from one of the
least successful etching processes. This is the etching of a photopolymer
having the brand name Templex, and often erroneously called Dycril.

THE THIRD PROCESS: CASTING

Among the first casting techniques employed for fluidics was the use
of silicone rubber to provide a mold in which epoxy was cast to make the
fluid amplifier. This was far superior in cost to machining because about
a dozen epoxy amplifiers could be made from one silicone rubber mold before
the catalyst in the epoxy distorted or cracked the silicone rubber. The
success with the casting of epoxy led to the manufacture of metal dies for
injection molding with several polymers. The relatively low cost of injection
molded amplifiers meant that they could be discarded upon malfunction in
dirty operating environments and that they were applicable to large quantity
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use. However, the¢ bulkiness of the plastic amplifiers militated against
complex circuits using them. Further, the variation in wall thickness

that is typical of fluid amplifiers produced uneven shrinkage, leaving
residual stresses which caused warpage of the plastic even after it was

out of the mold for an extended period of time. This, and residual stresses
from solvent welding or clamping of cover plates, sometimes led to cold
flow of material - hence, long term changes in amplifier performance.
Considerable effort was expended on finding an adhesf{ve that could reliably
hold plastic units together. One cl the more succe3sful efforts was that
of Timothy Kilduff and Eleanor Horsey of HDL. (6)

Plastic is used today for molded amplifiers primarily in the impact
modulator and turbulance amplifier units in which the configuration is less
likely to cause warpage and soft gaskets can be used to accommodate that
which occurs.

The casting of fluid amplifiers in metal has been done by Moore
Products in their flowmeters and in their diverter valves. These typi-
cally have a nozzle one-quarter inch, or larger, and in this application
they have been quite successful. Frankford Arsenal has investment cast
some fluid amplifiers for HDL, but the investment casting process is not
adequate to provide repeatable amplifiers in nozzle sizes of 20 mils and
below. Interestingly enough, some very large flow diverters have been cast
in concrete, and this apparently is satisfactory for very large sizes handl-
ing such things as sewage flow. Depending upon the casting process,
tolerances of possibly less than .001 inch can be maintained immediately
after molding. However, this degree of dimensional control cannot be
maintained with mold erosion, shrinkage variations of different lots of
material, and polymers exhibiting cold flow.

One novel approach, pioneered by Hellbaum, Philips, and Page of
NASA Langley, was to cast a polymer around a wax pattern of the flow
channels, and then remove the wax. This has been used to successfully
manufacture amplifiers with nozzles of .040 inch.

THE FOURTH PROCESS: ELECTROFORMING

The Electroforming process, essentially heavy electroplating, has
been used to manufacture numerous articles. It 1is normally done by
electro-depositing metal on either a strippabla or leachable pattern. For
fluidics this requires that flow paths not be small or blind, because the
leaching of the pattern cannot be assured in small places or in places
where throughflow of the leaching fluid does not occur. Patterns which
melt or evaporate are therefore more desirable. In this category omne
immediately thinks of the low shrinkage fusible alloys as materials to
cast flow paths. However, these are not well-suited to electrodeposition
because they have an adverse chemical effect on the plating bath and are
hard to maintain free of oxide. The coating of wax patterns with graphite,
electroless copper or electroless nickel was considered for a time. However,
Honeywell, Inc., has now developed a low shrinkage conductive wax on which
nickel can be electrodeposited. This process seems to be working quite well
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in making acceptable circuits for helicopter stabilization. It is suited

to relatively simple circuits which fit either a single plane configuration,
or one in which all of the circuit components are in planes that are on
sides of a manifold block. However, the process is unsuitable for circuits
that require a large number of amplifiers which must be stacked for
compactness. It is claimed that this process can maintain tolerances of
.0201 inch.

THE FIFTH PROCESS: FORMING

Conventional practice would tell us that simple shapes and large
tolerances (on items such as bolt heads) are suitable for forning processes
such as cold heading. Complex shapes, havinpg shallow open ai.as, are
suitable for coining, but complex channel shapes with depth as great or
greater than width are not suirable for cold forming.

Unconventional practice resulted when we started saying, "Perhans
if we refine a preform...'". It was shown by Jack Dunn and John Burke at
HDL that an investment-cast, aluminum preform could be refined by a coining
process to produce repeatable fluid amplifiers. As previously implied,
the amplifiers were not repeatable prior to this refinement. They also
found that 1if a thick blank was used and a punch was imposed on the far side
of the blank, the metal would flow around and conform to the nunch having
the flow channel configuration. Reproducibility of this was excellent.
Thirty out of thirty were produced within .0001 inch of each other in noz-
zle width and with extremely consistent fluidic performance. As a production
tool, it requires only that the tooling be polished into the right shape to
provide channels giving the desired fluidic performance before production
of repeatable fluid amplifiers can be accomplished.

THE LATEST PROCESS: STAMPING

Conventional practice tells us that any punch and die having long,
narrov sections will deflect at some time during its operation, and the die
set damaged on the next stroke. Further, there will be a burr that will
rise above the surface of the sheet from retal flow in the clearance between
the punch and the die. As previously stated, this burr will cause leakage
problems. The unconventional practice came when scmeone said, "Dzn't let
the punch enter the die, make the die with zero clearance, have punches sup-
ported within dies on both sides of the sheet of material and have the face
of the punch stroke to flush with the top of the opposite die." This is
done in the United States by a firm known as Connecticut Fine Blanking. HDL
has received parts that have been manufactured by fine blanking dies, and
presently a die is being produced to manufacture the laminar proportional
amplifier. This process will be evaluated during 1374 and, if found satisfactory,
it will give us a possibility of economically menufacturing fluid amplifiers
in large quantities. One significant advantage over etching is the use of
thicker sheets in order to avoid stacking several thin foils to make one
amplifier; a tolerance of .0002 inch has been quoted.
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THE PROBLEM AREA: QUALITY ASSURANCE

The current cost of fluid amplifiers is considerably in excess of
the $1 to $10 unit cost of operating a low volume production process. This
cost is largely the result of expensive quality control and quality assurance
techniques. The dimensional and functional inspection of fluidic amplifiers
has been, and still is, a major cost barrier for the technology and must
be reduced to gain wider application. Several methods have been proposed.
One technique is a test pattern in which lines are progressively etched out
by undercutting of the photoresist. The final dimension is the photoresist
channei width plus undercuts. Therefore, the dimensional control of the
finished product is accomplished through observing etch-out of a test pat-
tern. Lacking success in this endeavor, the manufacture by forming and
stamping must be emphasized because they are highly repeatable processes
requiring that only a small percentage of output be inspected.

SUMMARY

Succinctly stated, fabrication of fluidics has progressed from model
making to production. There are presently six basic processes. Milling
can provide almost any shape we wish to investigate; however, it is not
suitable for manufacture of amplifiers in large numbers. Etching is suitable
for the manufacture of moderately large numbers of laminae with tolerances
of .0005 inch. Casting requires larger tolerances, often over .005 inch;
however it is quite suited to very large amplifiers because it is much more
economical in material and manufacturing costs. Electroforming has teen
demonstrated to be highly repeatable and suitatie for at least limited
preduction. Forming is a potential production process which has been shown
feasible for close tolerance (.0001 inch) in which electroforming is now
used; however it still remains to be proven economical. Stamping has a
potential that is still to be measured, but which may allow us to economically
produce quantities in the millions with tolerances of .0002 inch.

As previously stated, the process must be selected with care in terms
of the materials that are to be used, and the accuracy which is required.
Further, the unconventional practice must be applied if successful manufacture
is to be the result. Fluidics are now available by etching in such metals
ac stainless steel, beryllium copper, aluminum and titanium. They are
available in ceramics of the Corning variety. They are available by molding
in polyvinyl chloride and in polysulfone. Amplifiers can be found cast in
iron, steel and concrete. Electroforming is currently done only in nickel.
Additional materials may become available as the processes of forming and
stamping are developed. Existing processes in 1974 allow for the manufacture
of fluid amplifiers at costs of from $1 to $10 per amplifier. The difference
between this and the purchase price is largely the cost of quality assurance.
The ruturc of fluidics is to a large extent in the hands of the manufacturing
processes, with the emphasis now shifted to quality assurance. Economical
quality assurance methods are now being .nvestigated to further reduce the
cost of manufacturing fluid amplifiers.




ANNOTATED BIBLIOGRAPHY

1. Air Force Contract No. F33615-68-C-1700 with General Electric Specialty
Fluids Operation was to perform pilot line production with unskilled person-
nel on fluidic systems made for jet engine service, (1200° F in air), missile
service (600° F in air) and measurement of temperature to 3000° F. A wide
variety of materials and processes were surveyed. Materials selected were
stainless steel, aluminum, and silicon nitride. Assembly of silicon nitride
was deemed impossible and dropped. No bonding of aluminum was done. Stainless
steel bonding was achieved.

2. Air Force Contract No. F33615-71-C-1i347 with Bendiry was to photoetch and
diffusion bond miniature fluid amplifiers into circuits in aluminum. This
work is directly applicable if the snecified process can be verified to be
both satisfactory and repeatable in a pilot line. This verification is part
of the present effort.

3. Army Contract No. DAAA21-73-C-0517 with McDonnel-Douglas Astronautics,
Titusville, Florida, was for optimization of the process for etching titanium
foils to produce fluidic amplifiers.

4. Army Contract No. DAAA21-73-C-0021 with Orlando Fluidics, Orlando,
Florida, evaluated metal etch by several processes including their own.

5. Army Contract No. DAAA21-74-C-0316 with Bendix to photoetch miniature
fluid amplifiers under production conditions for subsequent bonding to form
circuits.

6. Kilduff, Timothy J.
Horsey, Eleanor F.
(USA) Dept. of the Army, Harry Diamond Laboratories
Bonding of Fluid Amplifier Systems with A Dry- Film Adhesive

Fluidics Quarterly, Vol. 2, No. 1, 1970

This report describes an improved system for bonding and sealing fluid
amplifiers. The principal feature of the new system is an experimental
ry-film adhesive, which consists of a plastic support film 0.001 inch
thick coated with a non-tacky epoxy resin adhesive about 0.002 inch thick.
This film is die-cut to shape and cured in place between the amplifier
halves. A secondary feature is an adhesive gasket of a commercial foamable
epoxy resin designed to seal the connector tubes in place. Bonding and
sealing are done simultaneously, which also represents an advance in the
state of the art. Compared with older bonding procedures which gave about
forty per cent rejects, the new method is less expensive and gave only six
per cent rejects.
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INTRODUCTION

Fluidic devices, now being put to different
applications, have no moving part which is an importa-
nt advantage in building reliable systems,

The development of the technology depends very
much upon the fabrication technique that will be adop-
ted in the production of the components. Fluidic
systems, in general are used for sophisticated applica=
tions where the requirements are rather exactirz, This
necessitates a high advancement in technology, which in
turn will enable fluidic systems to cover more arecs of
applications, The components used are generally very
small in size and minor changes in the vital dimensions
can change their performance characteristics considerably.

There are many methods of fabrication that are
generally used for making fluidic components, Rauch(1)#
gives a very brief outline of many of the processes,
Humphrey and Tarumoto (2) have discussed the manufacture
of fluidic components in general, with greater details,
Lundstrom (3) has discussed the relative merits and
demerits of some of the methods of fabrication, A suite
able process had to be selected frcm these and the
technology of the chosen process had to be developed.

CHOICE OF A FATRICATION PROCESS

An ideal process for making rluidic components
should yield a product that meets the standards and
specifications laid down for any fluidic system., It may
be further noted that the high cost of the fluidic
devices has been a barrier to its widespread application.
In this connection, the desirability of developing a
manufacturing technique for producing components at a
low cost is evident, As the fluidic components are put
to a wide variety of applications, an ideal process for
all the cases may not be practicable,

% Note: Underlined figures in brackets show references
at the end,
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The environmental conditions, and the stresses
which these components have to withstand while operat-
ing, mainly decide the choice of the material. The
universal properties required by these materials are
dimensional stabllity, precision formability and
seaiability. The fluid dynamic phenomena utilised in
the fluidic elements are very much sensitive to the
slightest changes in channel shapes., For the minia =
turisation of the components, the ability of the mater-
ial to conform to the critical tolerance specifications
also is to be considered, The sealing capability of
the material is equally important, as leaks,if present
will seriously arfect the performance in an adverse
manner, Mcreover, in a circuit plane having several
components, it is very difficult to locate leaks and
they will affect the performance of the whole assembly,

Specific applications of the components may
demand acditional environment tolerance capability.
They include chemical, thermal and moisture resistance.
Certain other secondary requirements include colour=-
ability (where colours are used to identify different
parts or merely for aesthetic reasons), surface finish,
and opacity or transparency.

B T g

. Por the fabrication of logic components (which
operate at low pressuresapd might be needed in large
numbers), the process should lend itself to the complex 3
shapes and reproducibility within close limits of 1
tolerance. The method selected should be capable of '
allowing for the miniasturisation of the components and
integrated circuite, Further, it will always be an ;
advantage if the laboratory fabrication method developed, !
can easily be transformed into an industrial manufactur-
ing method., Over and above all these considerations,
the investment cost involved will be an important factor ;
in the selection of a fabrication process, :

This broad range of requirements has led teo the
investigation of a number of febrication techniques ,
using several materials, 5

The process should be suitable for low as well as 4

medium rate of production as our requirement will not be 3
very large,

11




oi i

Materials that are more suitable for making
fluidic elements may be broadly classified into cera-
mics, metals and plastics,

Ceramics are generally inorganic, non-metallic,
materials which require exposure to high temperature
during the manufacturing process, The three classes
0f ceramics include; glasses containing an oxide base
which frequently is silica oxide, glass-ceramics, and
ceramics such as carbides, nitrides and siicides which
contain no glass, Ceramics are dimensionally more
stable than both plastics and metals, and are resist-
ant to high temperature, moisture and most of the che=
vicals, The major disadvantage is that they are brittle
and hence require protection,

Metals have excellent mechanical, very good
thermal and good chemical properties. When compared
with ceramics and plascics, metals are stronger and
heavier. They lie bstween ceramics and plastics when
considering processatility, elasticity, ductility,
thermal expansion, hsrdness and resistance to moisture,
But metals in genera’ have very low resistance to
corrosion. They are generally suitable for high stress
fluidic system applications where severe environmental
conditions may be encountered, Most commonly used
metals are alloy steels, sluminium alloys, copper
alloys, nickel and nickel alloys,

Plasticsinclude a large ‘roug of highly polyseric
synthetic and organic compounds, n comparison with
metals and ceramics, plastics are lighter and cheaper.
They can be easily processed, Generally, they are not
used for high stress applicationn and in high tempera-
ture environments. Many of the plastics huve chemical
and water absorption resistance.

Among the thermosetting plastics, epoxies have
been found to be very much suited for casting fluidic
components for logic circuits. The epoxies have high
dimensional stability and moisture resistance,
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Once the material selection is made, the choice of the
method of fabrication is automstically narrowed éown,

A comparison of different manufacturing methods
for fluidic components has: been made by Rauch (1) and
Lundstrom (3). The tables given by them provide guide-
lines to evaluate the suitability of the various proce-
sses to meet our requirement, According to Rauch,
photosensitive plastics and epoxy casting are the best
two methods, But certain limitations follow the adopt-
ion of photosensitive plastic technique. Investment
cost for equipment and special photopolymers required
are high, Also, they are not available indigenously,
The aspect ratio obtainable by this method is limited
to 3, which again depends upon the thickness of the
available photo-polymer sheets. The photopolymers are
sensitive to moisture and some chemicals, and fcr
operation, their maximum temperature is limited to
200°F,

T'e comparisdn made by Lundstrom gives a differ-
ent picture when considering the smallest channel width,
surface finish, investment cost etc. It can be seen
that the epoxy resin casting method is far better than
the photosensitive p_astic. Engraving and epoxy casting
are the only methods which do not demand a high invest~
ment cost and in the method adonted by the authors,
these two are combined as can be seen later, The simpli-
city of the method and the low investment cost required
have been the main deciding factors irn selecting the
evoxy resin casting method.

EPOXY RESIN CASTING METHOD

The method of epoxy casting had earlier been used
by Marsh and Hobbs (4), Brown (5) and alao by Hellbaum,
Phillips and Page (6) with variation in the actual
procedure involved.

Marsh and Hobbs had used silicone rubber moulds
made from an adjustable master unit. Different amplifier
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plates were cest in epoxy resins using the rubber
moulds. The methoed was used for the develepment eof
fluidic components. Each component plate was
tested using a single interchangable cover pnlate.
Or, in otherwords, they did not attempt the casting
of an integral top cover,

Brown made use of 'Dycril' plastic to make
masters using photoetching technique. A silicone
rubber negative was made from the 'Dycril' master
and this negative was used for casting the amplifier
plates, Later, a top cover was cast on the amplifier
plate using epoxy resin.

P e s e R T v
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Hellbaum, Phillips and Page also start the ;
technique with the phot. etching of 'Dycril', A -
negative of the circuit i1s etched on the 'Dycril'

plate, Water soluble wax is injected a% a temper-

ature of 65.5° C and under a pressure of approxi-

i mately 300 psi on the negative kept in vacuum

(1 am of Hg absolute) to get the soluble wax laminate, §
{ Molten pattern wax is again injected under pressure 1
1 (pressure of 130 to 500 psi and temp 65,5 to 82,2°C)
9

on to the soluble wax laminate kept in vacuum (1mm ]
of Hg). This iesults in a composite laminate
consisting of pattern wax core in tae channc.s
embedded is soluble wax, The water soluble wax is
then washed away in hydrochloric scid solution
resulting in the pattern wax core. Epoxy resin is 1
poured around the core and is cured in place. The
pattern wex core is melted away and the compnonent
is cleaned in kerosene & 100°C,

The last two references mentioned above use the ;
meth>d of photo etching of 'Dycril' as the first
stage. The technique of photo etching is quite com-
plicated and hes many limitations (2,3) regarding
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smallest channel size, aspect ratio, dimensional
stability etce The procedure followed by Hellbaum
is more complex than that given by Brown for
casting the final unit from the master.

In many cases, the details given by the authors
are too little to be of any practical use to the user,
In view of the procedure adopted by others, it was
felt desirable to have a simpler method of epoxy
casting for making integral units using a permanent
engraved metal master instead of the photo-etched
ones,

From the various combinations of resins and
hardeners available commercially, a two component
casting system, consisting of Araldite D{CY 230) and
Hardener HY 951 which has definite advantages, was
selected,

The curing of the component after casting need
not be under pressure or at elevated temperatures.
The shrinkage of the resin during curing is negligibly
small, Purther, it is not necessary to heat either
the resiu or the hardener for making the resin mix,

» master component is used for making a
negative die which in turn is later used for cast-
ing the positive (component plates) by pouring the
resin mix into it,

The master (Fig.1) is made by engraving the
component silhouette in an aluminium alloy plate
using a precision pantograph engraving machine in
the conventional way. The template for engraving
is 6 to 8 times the original size and is made of
thin perspex sheet of approximately 3 mm thickness,
It is inspected using a profile projector before it
is used as a template for engraving the amplifier.




Any conventional material like metals, plastics,
wood, etc. can be used for making the mould dox. Acry-
lic perspex is found to be well suited. The inside of
the mould dox is given a slight taper to facilitate
the easy removal of the castings.

A mould release agent is applied on the mould
surface as well as on the master to prevent the resin
mix from adhering to the surfaces while setting. There
are many mould release agents commercially availabdble
(which are generally silicone fluids of special formu-
lae) and most of them are quite good for the purpose.
Assemdled mould ready for casting the negative die is
shown in Pig.c.

Regin and the hardener are mixed in the correct
ratio (10:1 by weight) for prejaring the resin mix.Care
should be taken to remove all the air dbudbbles that are
trapped in the resin while mixing, 211 the air bubddbles
' ghould be removed bdefore the resin utarts setting. The
pot 1ife of the resin hardener six i 1 to 12 hours at
20°C. The polymerisation reaction that takes place is
exothermic in nature., Pillers if added (eg. talc,graph-
ite, chalk flour etc.) will reduce the heat developed
during the curing process sand will also reduce the shri-
nkage. Pigments may be added to the resin to get any
desired colour, .

The resin mix prepared as mentioned adbove is poured
along the sides of the mould in a thin stream (Pig.3) to
avoid trapping of air buddbles., A vacuum chambdber may be
used to facilitate the removal of air dubbdles.

The resin mix in the mould will set at room temper-
ature within 24 hours. However, the curing time can be
reduced very much (to the order of 5-10 minutes) if the
castings are cured at higher temperatures ( a2 maximum up
to 130°C); prolonged cur ng.tile or higher curing temp-
erature gives slightly better thermal stadility. The
?;gativ; die is taker out of the mould after curing

€ 4).

The casting procedure for the negatin dle and the

component plate are identical except in that the assem-
bled moulds are different. The mould assenm¥.led with
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\ negative die (¥ig.5) is used for casting the component
} plate as saown in Pig.6. FPigure 7 shows the component
\ plate cast in epoxy resin.

S' The component (a distadble smplifier) cast as dees-

} cribed above is to be fitted with a top cover., This

| top cover, called the cover plate carries the tube fit-

. tings at the supply, control and output ports. Reliable

\ working of fluidic components can be ensured only by
providing perfect sealing all along the periphery of the
component silhouette. Inter channel leakage will alter
the flow conditions and will adversely affect the perfor-

‘'mance of the component. Leakage of fluid from the compon-

ents is accompanied by undesirable power loss and probable
malfunctioning of the system. In a circuit plane having
several compoaents, it is difficult to locate any leakage
which may cause unpredi:table and undesirable interaction
of the components.

CHOICE OF ING METBOD

An ideal method of fixing the cover plate on to the
component plate would be to use an adhesive, as discussed
by Brown (5). But, a serious prodlem will follow if the
adhesive is applied directly on the component plate of
the element as the adhesive has a tendency to squeeze in-
to the power and control nossles and other channels and
alter their geometry, if not result in partial dlockage.
Even the thinnest layer that can be applied (which requi-
res & very high surface finish and flatness of the two
parts to be mated) exhibits a tendency to squeese into

the channels.

The authors have tried the method cf fixing cover

plate using screws. The method may not ensure perfect

t sealing as it will not provide unifora pressure on the
cover plate (because the number and locatioms of the screws
are limited by the small sise of the logic components).
Uwing & gasket in between the plates will ensure the seal-

‘ ing at the expense of slight alteration in the channel shap-

{ es, as these gaskets (which are gererally elastomers) will

i partly be pressed into the channels as the screws are tight-

. ened and alter their geometry. Gaskets odstruct visidility

.and hence vrevent visual inspection of the channels of

transparent components after assemdly. Using an adhesive
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coated film to fix the cover plate has deen suggested
by Kilduff and Horsey (7) as a solution to the sealing
prodblem, This method uses a thin szupporting film with
an adhesive coating on both the sidea, This film is
kept in between the cover and component plates and is
cured in place to make & perfect bond. At room tempera-
ture, the film should be nontacky and inactive.d sulta-
ble dbonding film is not readily available in the market
and its development needs separate attention and hence
was not attempted.

In the method adopted by the authors, the channels
of the components are filled with paraffin wax and then
the top cover is cast. The wax is later removed from the
channels after the cover plate is cast, anl the compon-
ent is ready for use.

CASTING THE COVER PLATE

This method when adopted for epoxy cast fluidic
components will result in a homogeneous integrated compo-
nent with cover plate permanently donded to the compoment

late. The sealing capacity of the joint is limited only
gy the strength of the resin. The same resin mix and
mould used for casting the component plate are used for
casting the cover plate also.

(nce the component plate is resdy (Pig.7),its surf-
ace is finished smooth and flat., Holes are drilled for
f’.xtng the tube fittinges at the supply,control and output
ports.

These holes will provide outlets for the molten wax,
when it is to de removed from the channels after casting

the top ccver, The component plate is cleaned thoroughly
and is ready for pouring the wax,

Paraffin wax used for filling the channels must de

very pure, without any dirt or other contaminants. It
is heated to a temperature of 10 to 12°C adbove its
melting point before pouring. Refined wax.- having higher
setting point in the range to 62°C has been found
gsuitable for £illing the channels. Utmost care should de
. taken when the wax is poured over the compoment plate

The modification of molten wax should be slow uniforl
to odbtain a smooth surface after finishing it flat.

18
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Sufficient thickness ie built up on the top surface of
the component to ensure that the channels will be filled
up even after the top surface is finished flat.

The wax, after complete solidification, is finivh-
ed flat on the surface with a straight edge. The wax
present on the surface, should be removed very carefully
using a clean soft cloth dipped in a suitable solvent.
Care should be taken to eee that wax filled in the chann-
els is not disolved away.

SOLVENT FOR PARAFFIN WAX

A mumber of organic solvents were tested for select-
ing a suitable solvent for dissolving paraffin wax; vis.

1) Acetone (2) Benzene (3) Carbon tetra
Chloride.

4) Chloroform (5) Trichloro ethylene & (4) Xylene.

From experience the authors have found Xylene to be
the most satisfactory one, among the six s.  vents tested.
It ie a cleer, colourless liquid with less volatility.
Solubility of paraffin wax in Xylene is very high, and it
can be increased by warming Xylene slightly ‘n an oven.
Once the top surface is finished flat as described earlier,
the component plate is ready for casting the cover plate.
fare should be taken to see that the surface surrounding
the channels (component siihouette) is completely free of
wax, The resin mix is poured into the mould to ma¥e a
cover plate.

During curing a lot of heat is developed and utmost
care is to be taken to see that the temperature does not
rise enough ( 40°C)to melt the wax., This can be done
by keeping it partly immersed in cold water.

Demoulding is done after a curing period of ¢4 hours
at smbient temperature. Pefore heating the component for
meltivg away the wax, all the drilled holes on the compone-
nt piste (at the supply, control amd output ports) are
cleared to provide way for melting wax to come out,

The component is heated in an oven to a temperature of
approximately 70°C to remove th@ wax from the channels.
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Molten wax will come out through the conmecting ports. This
process alone will not remove all the wax from the chammels,
The thin layer of wax left in the shamnels can finally be
removed by cleaning the components in Iylene using an ultr-
asonic cleaner for 2 or 3 minutes. After removing the wax
from the channels, tudbe fittings are provided at the conn-
ecting gorto to make the component ready for tutinf.niatu-
ble smplifiers with cast cover plate are shown in Pig.8.

CONCIUSION

The epoxy casting method, as mentioned earlier has
been used by others for casting fluidic coxponents mainly
for the development purposes. Marsh and Hobdbs (4) used an
interchangable cover plate, and casting a cover plate
integral with the component plate was not attempted.Brown
as well as Helldbaum,Phillips and Page have used 'Dycril’
for making the master. The limitations of using this photo
etehing technique has been listed by Browa himeelf (5).It
has been mentioned that the important dimensions are consi-
stently larger and under cutting is 'general’'., The smallest
chamnel dimension alee cannot bde less t.oa 0.5 mm (C,02 inm)
and the channel length should de kept a alnimum, This might
create prodlems in miniaturisation and channel design of
integrated circuits. The author also mentiomns adout the
"shipts prow® effect that can occur at sharp edges like
splitters ctc. due to the under cutting (3 to 4°) invelved.
Dyeril' cannot be used as a gorunnt master due to ite
water adsorption properties. It aleo has the limitation inm
the maximum value of aspect raiio obtainadble with the phote
stching technique. As mentioned earlier, the procedure adop-
ted by Helldbaum, Phillips and Page is more ladorious with
the injwction of molten soludle wax as well as pattern wax
under vacuum at high pressure(upto 500 psi).

Considering these points ami also the fact that 'Dycril’
is not available indigenously, alternatived for making masters
were sought and the authors found the engravimg of the master

as & promising alternative. The method of pantogreph milling
ives a master with dimensional stadility and good accuracy.
1s with a width of 0.5 ma have been machined om alumi-
niwa alloy plates without much prodlems., This mester can de
ugsed for almost an unlimited numdber of castings.

The engraved master dces mot necessarily require
casting of flexible rudder negatives as used Brown,sance




there is no under cutting in the master like the etched
ones.

Cest of the cover plate over the component plate
is essenti the same in principle though the actual
procedure adopted might vary. The advantage of the proced-
ure adopted by the authors is that the investment cost
invol is negligidle and the whole procedure is less
complex and can de¢ best adopted for RED work in the field.
The amplifiers cast in epoxy resin using the methed develo-
ped are being used in various circuit applications. With
proper standardisation and a certain amowit of mechanisat-
ion, the method seems to de highly promising for aase
production as well,
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Fig. 1. Master Component in Aluminium Alloy

Fig. 2. Mould assembled for casting
the negative die
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Fig. 3.

Pouring the resin over the master for
casting the negative die

Fig. 4. Negative die




Fig. 5. Mould ready for casting
the component plate
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Fig. 6. Pouring the resin to cest ]
the component plate E
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Fig. 7. Fluidic component plate
cast in epoxy resin

Fig. 8. Fluidic components
with cast cover plate




g S

DR. R. E. BOWLES ENGNEERING CONSULTANT
REGISTERED PROFESSIONAL ENGINIFR
2o S 7 - S - e gt Py SN0 o 4 oo L&
2108 SONDRA COURT
SILVER SPRING. MD. 20004
PHONE 301)-421.10090

FLUIDIC PRODUCTS FOR THE INDIVIDUAL

Almost everyone at this conference is technically oriented. Each of you fis
interested in how Fluidic Devices work and how they can solve problems in the
area of ''our technology. It is easy to overlook the fact that each of you is
also an individual person.

Not only do you work, you also eat, sleep, get sick, get well and have fun.
Please listen to this presentation as a person because I am going to talk about
Fluidic Products that you, the person, can use. I will briefly cover products
from a number of companies.  There are other interesting products on the way to
market which I could not get permission to describe at this time.

In 1962 Moore Products Co made a small plastic diverter valve model shown in

Fig 1a. Fig 1b shows the interior flow pattern of this device but with a fixed
divider. This toy-demonstrator was used to introduce their work in "Solid State
Pneumatic and Hydraulic Devices". The unit has a soft rubber sealing washer so
that it can be pressed against the sink faucet to provide a water supply. It
demonstrates both digital and analog operation of a boundary layer or wall inter-
action unit. A number of these units were given to potential customers. They
are still being sold by Edmond Scientific through their catalog. Fifty Thousand
of these toy-demonstrators have been built so far.

In the 1963-1964 period, a California firm produced another toy-demonstrator.

I am sorry but I do not recall the firm's name. I would appreciate it if someone
could identity it for me. This unit was a wooden model of a bistable flip-flop.
It had a transparent cover plate and used burning incense as a power supply and
flow tracer combined. The controls permitted demonstration of the bistable memory
and switching capabilities of the wall interaction flueric amplifier. As with the
Moore Products device this toy-demonstrator provided both fun and education. I do
not have figures as to how many were sold.

The first Fluidic Product for the Individual that performed a necessary as well
as a useful function was the Breathing Assistor. This device provides us with
the opportunity to track a product through several stages of evolution.

Starting with a bistable flip-flop and a conventional mask, Ray Warren of the
Harry Diamond Laboratories assembled a device which helped the individual breathe.
Further work at HOL resulted in the configuration shown in Fig 2. Subsequently
Bowles Fluidics Corp, Retec and Senko Medical of Japan developed units. The Senko
unit was very simple and was used during operations. About 1000 were built and
were supplanted by the BFC unit. The BFC unit was developed cooperatively with
MSA. It is an IPPB, Intermittant Positive Pressure Breathing Assistor. In this
therapeutic unit the patient creates a slight negative pressure to start the
inhalation. The unit then drives air (mixed with medication from a nebulizer)
into the patients lungs until a preset positive pressure level is reached. At
that point the unit switches to the exhale mode. The downstream vent allows an




expiration pause at ambient pressure at the end of exhalation. The patient must
try to inhale creating the sliaht negative pressure to start the next cycle.
This unit shown in Fig 3 is in use and being sold both domestically and overseas.

The next generation of the IPPR at MSA {is shown in Fig 4. The fluidic unit has
been relocated at a greater distance from the patient. The compressor operating
pressure has been increased and flow to the fluidic unit decreased. A bypass
valve has been added. Goals of the modifications were:
1. Reduce sound level at the patient due to the compressor (low frequency) and
the fluidic unit (high frequency).
2. Soften the dynamic response to conform to other IPPB units (this was a change
for marketing and not for clinical reasons).
3. Reduce exhalation resistance (this was a change for marketina, i.e. for
customer appeal and not for clinical reasons).
4. Reduce compressor air temperature rise at the patient (this was a change
for marketing purposes).
5. Improve nebulizer performance via “igher supply air pressure.
Note that there is no significant change in the fluidic control. These are
changes in Product System to help its marketability. MSA sells a variety of
Rreathing Equipment. They state that the Fluidic IPPB has an outstanding field
history of reliability. Oniy ruined elements come back, elements which have been
grossly abused.

These Breathing Assistors are designed, built and sold to individuals just like
you and me. As a matter of fact, I was astounded several years ago when my
Doctor prescribed one for me. When I asked if I really needed it he stated
that my alternative was to have a lung operation. *eedless to say, I consider
that the $150.00 I spent was a good investment as it solved my medical problem
within three weeks in a painless and economical fashion.

Other Fluidic Breathiry Equipment on the market includes Respirators by Ohio
Medical and Monahan and large PBA units such as one firom MSA. These use
Corning Glass Fluidic elements or integrated circuitry to achieve reliable
control.

In 1968 the Sherman Manufacturing Co introduced a Fluidic Lawn Sprinkler. This
impulse type sprinkler uses a fluidic oscillator to digitally traverse the
desired arc. A sliding member reverses the direction of traverse at each extreme
position. The oscillator discharge waters the grass. This was the first Fluidic
Product to be mass produced in large quantities and is shown in Fig 5.

Another serious product for indivicuals was the "Yacht Thruster" (a Fluidic Bow
Thruster). This is a large diverter valve for seawater, Fig 6. Water flow is
supplied by a Berkley Jet Pump. Atmospheric air is used as a control for the
1iquid flow. Purpose of the unit is to permit precision turning and translation
of Yachts and Houseboats without the need for forward motfon. This is particularly
valuable during docking and undocking operations, traversing locks, etc. The
capability is especially useful for power boats or houseboats having large sail
area exposed to the wind. The systems work quite well. Problems and major cost
items are not the Fluidics or the sea water pump or diverter valve controls.

The problems are related to getting power from the engine to the sea water pump.
Small boat power plants come in many varieties. They are almost allways installed
using a shoehorn with little or no room left for the auxiliary power takeoff
equipment. Each engine is a special problem the first time it is encountered.




Two thirds of the installations will require Engineering Design even if the engine
is one previously encountered. The most profitable way to sell this Fluidic device
is to sell only the Diverter Valve with controls and its matched sea water pump.
Such a course leaves the power take-off and hydraulic power transmission system

in the hands of the boat builder or owner. A boat builder can handle it with his
in-house Engineering staff. Most boat owners can't and would end up paying far
more than they anticipate for these engineering services which must be amortized
over their single boat. The Yacht Thruster is a luxury item. The disappearance
of the houseboat market and curtailment of the power boat market due to the energy
crisis will limit the number of Yacht Thrusters put into service. Sales are con-
centrating on Boat Building Companies such as Burgher as the contact point with
the new boat owner.

It is apparent that it is easier to make a profit on large quantity items where

R&D costs can be distributed as a small unit price increment. The simpler the

unit the better. Many times multiple uses or applications of the fundamental

unit can provide several products from the same R&D base. One example is found

in oscillation of a flow pattern. This 1s easy to accomplish by Fluidics. It

has led to a number of Products for the Individual. I could not get permission ]
to describe all of them to you. However, the following examples demonstrate the |
general path of such developments.

s E e =

The Power Jet shown in Fig. 7 was a flop. It was however tha forerunner of a
1 ! group of successful products. The Power Jet was a simple oscillator having two
: i discharge nozzles. Flow was digitally cycled between these two nozzles and

' provided discrete slugs of water. The initial models performed wel! as clean-
ing aides and provided impact cleaning action. Two reference points in the
artwork were used to establish a reference distance parallel to the y axis.
This reference was rigidly controlled in each step from original to production 1
i hardware. Unfortunately each step between the initial model and the production
1 hardware introduced an assymetric distortion. Thus all y dimensions in the
] final hardware were true but ali x dimensions were in error by a fixed percent-

age. The production unit flow channels were distorted from the desired shape

and it did not do a good job of cleaning. The inventory was ultimately salvaged I
gy salg to a European firm for use as high pressure pulsing massage nozzles in 4

auna baths.

The Power Jet was an educational experience. The pulsing jets of water felt
good when directed against the body. Thus the logical path was towards a massage
shower. As insurance that the shower stay sold it was decided to provide the
user with an option in his shower. The option was achieved by an internal valve
which permitted the shower to be used either in the massage mode or in a spray
mode. The spray mode turned out to be another winner. Wall attachment was used
in the shower comb which formed the spray to provide individual jets which
stayed coherent, had an excellent impact pattern coverage and didn't seem to
spatter on impact. This AQUA-MASSAGE shower is a successful product for the
individual. Fig. 8 shows the spray mode of operation. Figqure 9 shows the
Massage Mode capturing one slug of water as it impacts (and splashes) while a
second slug of water is in flight towards but has not yet reached the target.

Another outgrowth of the Power Jet is the AQUA-SWIRL, a hydro massage unit for
use in the bath tub. This unit operates fully submerged and is shown in Fig.
10. It was introduced at the beginning of 1974.
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A further outgrowth of the Power Jet is a low cost clothes washer. This unit

is shown in Fig. 1la. It clips on the side of any bucket as shown in Fig. 11b.
A detergent such as Wollite or Salvo is placed in the bucket with the clothes
which are to be washed. Water flows through the Fluidic Oscillator and agitates
the clothes+detergent as shown in Fig 11c. Small bubbles which are introduced
help to float the dirt (even such heavy items as metal chips) to the surface.
Surface water overflows the bucket rim into the sink or bathtub in which the
bucket has teen placed. After the detergent has been fully dissolved the unit
continues to operate as a rinsing action. The clothes do not tangle or pebble.
Action is gentle enough for the most delicate fabrics. Yet there is good clean-
ing action and the rinsing is excellent with a reasonable use of water. This
product was introduced in the Spring of 1974,

With the success of the AQUA-MASSAGE shower, a second type of Massage shower
was developed. This one, the AQUA-VIBRATOR, cyclicly issued a conical spray
pattern and then a central concentrated stream of water. The sensation is
quite different from that of the AQUA-MASSAGE. So is the effect. If you hold
your hand in the AQUA-VIBRATOR spray massage pattern it will change color and
become quite red. On removal from the spray pattern your hand will tingle.

It appears that the local blood circulation has been improved, both as to flow
rate and volume of blood in the local area. Fig. 12 shows the pulsing action
of the conical spray pattern. The wave front of particles approaching the
target is nearly a step input. Both types of showers are being tested by the
Vererans Administration for potential therapeutic uses.

My last example of Fluidic Products for the Individual is also water actuated.
The water pic is the most frequently mentioned potential fluidic application
in the consumer area. A number of groups are (or have been) working on the
fluidic water pic in a variety of configurations and capabilities. The water
pic concept is to provide a jet of sequential pulses directed at the teeth and
gums. A related product is the oral irrigator which uses a steady jet rather
than an interupted jet. A new Fluidic Product for 1974 is an oscillating oral
frrigator. In this product a small fluidic oscillator is located at the dis-
charge end of the irrigator nozzle. Such a nozzle is shown in Fig. 13a. This
causes the steady water jet to sweep back and forth as shown in Fig. 13b, a
high speed photograph of an earlier model. In use the oscillator discharge is
held within an inch or so of the teeth and qums. The Dentists appear to be
divided roughly into two camps. One group thinks that a pulsing jet of water
is God's gift to good dental hygine. The second group thinks that such high
pressure pusing jets are bad for the user and cause gum separation from the
teeth. The latter group appear to feel that this new oscillating oral irrigator
is the optimum solution offering the advantages desired without the concurrant
disadvantages of pulsing jets. As of the date this paper is being submitted
the clinical tests are yet to be completed. !t is however anticipated that this
product will be on the market in 1974. Fig. '3c shows the complete product as
it looks installed in a bathroom sink.

It is my hope that the above will serve to acquaint you with some of the pos-

sibilities, pitfalls and successes of this product area. I have described a
number of Fluidic Products which have been aimed at you as an individual. 1
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sincerely believe that they are but forerunners of many such Fluidic Products.
Products which will find their way into your everyday lives. It should be noted
however that except for the two demonstrator examples each of these products
exists not because it is Fluidic but because it meets a need. Each incorporates
our technology because FLUIDICS offers a simple and outstandingly reliable
solution {0 the product need. In each case Fluidics has provided a new and
useful control dimension. There are many opportunities for you to contribute
Fluidic Products for the Individual. Why don't you give it a try?
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FIG. 11a
BFC AQUA-WASHER

FIG. 11b BFC AQUA-WASHER WITH BUCKET
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ABSTRACT

The application of fluidics to the solution of aero-
space control problems began at AiResearch in 1964, Several
development programs have resulted in production appli-
cations related to the major AiResearch product lines which
include gas turbines, propulsion engines, air motors, and
environmental control systems. Early in these development
programs, it was realized that the manufacture of monolithic
flueric circuits would be necessary for aerospace use of
this new technology. Research and investigation of
production processes resulted in the use of photo-chemical
machining and assisted diffusion bonding for manufacture of
production and development fluidic circuitry The use of
these processes has led to ‘he successful application of
fluidics to aerospace products.
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AEROSPACE FLUIDICS
APPLICATIONS AND CIRCUIT MANUFACTURE

T. G. SUTTON
W. J. ANDERSON

INTRODUCTION AND SUMMARY

The purpose of this paper is to outline the development
and production applications of fluidics as related to
AiResearch aerospace product lines and to describe the manu-
facturing process used for these applications.

Fluidics technology as it is known today started in
the late 1950's and was widely publicized in the early
1960's. Initially, fluidics was considered as being appli-
cable to most control systems in production at that time.
This concept was soon shown to be untrue in the aerospace
field as production applications did not materialize as
expected. However, industrial applications flourished for
many reasons, among which were reliability of the components,
flexibility in control system packaging, and availability of
components with which to make these systems.

Aerospace requirements differ from industrial require-
ments mainly in that each application tends to pose unique
package and environmental conditions on the system. This has
presented designers with a continuous problem, not only in
how to make a part work but also how to make it fit in the
available space. This is further accentuated in fluidics by
the variation of flow in small passages with temperature and
pressure level changes, thereby causing mismatching of
amplifiers and resistance or capacitance networks. These
basic phenomena impose severe problems during flueric*
circuit development unless the breadboard circuits and
components are practically identical with those which are
considered ready for production,

Fluidic circuits also are akin to electronics in many
respects and, as such, perform complex functions requiring
large numbers of components and connecting paths. To over-
come these obstacles, it was necessary that a manufacturing

* Fluerics: The area within the field of fluidics in which
fluid components and systems perform control
functions without the use of mechanical parts.
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technique which would satisfy both development and
production be found. After considerable research into the
manufacturing processes in use in development and production
stages, the photu-chemical milling process employed in the
electronics ihdustry was shown to provide a good solution to
the unique problems of fluerics. The process enables parts
to be obtained rapidly at minimal cost for development and
is readily adaptable to aerospace-type production. Initial
testing of circuits made from the laminations produced by
the process may be accomplished by simply clamping the pasts
together; final checks may be made with the parts bonded
together. Although bonding was not originally considered a
major problem, the small leakage rates acceptable within
flueric circuits soon showed that bonding was essential for
high reliability. This again led to a continuation of the
manufacturing research program and to the decision to use an
assisted diffusion bonding process.

APPLICATIONS

AiResearch Manufacturing Zompany of Arizona has three
main product lines, namely: propulsion engines, gas
turbines, and pneumatic systems including air motors.
Fluidics technology has been applied to all of these product
lines by incorporating temperature sensors, speed sensors,
pressure sensors, and their associated computational
circuitry into various components. Some of these appli-
cations are described in the material that follows.

A. Auxiliary Power Unit (APU) Bleed Air Load Control

A test program to demonstrate the capabilities of
fluidics was begun at AiResearch in 1967. This program was
aimed at solving some reliability problems associated with
the bi-metal thermostat used in an APU load control system.
This bi-metal thermostat sensed exhaust gas temperature and
modulated a valve to control the engine bleed air load to
limit temperature. The replacement sensor consisted of a
flueric temperature-sensitive oscillator, a frequency
converter, and a gain block. Supply pressure was obtained
from the engine compressor plenum via a 150-micron wash
filter and a 40-micron inline filter. A simple preumatic
pressure regulator held the pressure to the flueric circuits
at 20 tl1.5 psig over the control range. The output of the
fluidic gain block drove the butterfly valve actuator
directly. Figure 1 shows a block diagram of the control
system and Figure 2 shows a photograph of a sensor instal-
lation.

50

P T T ST

RN TR V)

e




Bd e B | e TR L W

- ——

—— E S ——

e ey s

EXHAUBT GAS:
NOMINAL CONTROL
TEMP = 1200 :15F

TERNATOR
ELECTRICAL
LOAD
BLEED
TEMPERATURE LOW
REFERENCE RN

FLUIDIC
AMPLIFIER

EXHAUST
GAS
TEMP

SENSOR

FIGURE 1
LOAD CONTROL SYSTEM

B B T

s o S

i
i
3
1




FIGURE 2
FLUIDIC TEMPERATURE SENSOR INSTALLATION
ON AN AIRESEARCH 95-2 APU

FLUIDIC TEMPERATURE SENSOR
DEVELOPMENT PROGRAM
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Testing of the system was accomplished over a two-year
period with the cooperation of several airlines and the Air
Force Aero Propulsion Laboratory. Both ground and airborne
equipment were involved. A total of 780 hours and 3400
cycles of operation were accumulated on ground equipment and
90 hours of operation on airborne equipment. No flueric
failures occurred although filters were plugged and two
mechanical problems were encountered.

This program showed the capability of flueric tempera-
ture sensors while operating on gas turbine engines and
provided a small amount of background and experience in the
operation of fluerics in the field.

B. Free Turbine Overspeed Fuel Shutoff

Free turbine engines, either for primary or secondary
power, must meet an F.A.A., requirement that calls for
protection against free turbine overspeed and possible wheel
burst. Either a containment shield must be provided for the
turbine wheel or a secondary backup control must be used to
prevent the overspeed condition. The AiResearch TSE231
engine is a 450 shp free turbine machine. Overspeed
protection by the use of a secondary overspeed fuel shutoff
valve was chosen based on the tradeoff of size and weight
against containment capability. The overspeed-sensing
device was required to operate on the turbine wheel in an
800F ambient which made fluidics the ideal candidate for the
control.

A block diagram of the fluidic system is shown in
Figure 3 and a photograph is shown in Figure 4. The flueric
control module consists of a frequency converter that uses
a frequency input generated by a lobe on the free turbine
hub which interrupts a nozzle and receiver as it rotates.
The output of the converter is compared to a dual set point
reference to enable grcund checkout and normal operatior.

A final bi-stable output is achieved using amplifiers with
regenerative feedback. This on-off pneumatic signal drives
a diaphragm-operated sear pin to allow closure of the
spring-operated fuel shutoff valve located between the main
fuel control and the combustor nozzles. Manual override of
the fuel shutoff valve is available in the event of
inadvertent failure of the control.




TOILNOD QIIAISYINO
dINIONT T€ZISL HOUVIASTYIV

€ |WNOII

LNOADITHD
LHOITITEd

54




g ¥ R R L )

INIONI T€Z3ASL HOUYASTYIV
NO JATVA 430LNHS TINd ATAISYIAO

FIGURE 4

55

Lok i

R b e ap T T G PRI P | e YA Ve P




C. Auxiliary Power Unit Fuel Control

Since its inception in the late 1950's, fluidics has
often been considered as a solution to many of the problems
associated with fuel controls, particularly those related
to cost and reliability. When a small, 50-horsepower, low-

cost APU was under development, fluidics was chosen for the
fuel control system,

The control was designed to perform the following
functions: (a) provide fuel flow at a rate to prevent
surge during acceleration, (b) limit droop of speed during
steady-state operation, and (c) prevent engine damage by
conditions which could cause overspeed or overtemperature.
A block diagram of the control is shown on Figure 5 and a
photograph of the breadboard control is shown on Figure 6.
The flueric control block contains & frequency converter,
"least wins" logic, and output amplification stages which
provide the compressor discharge scaling and limit functions
in addition to the overall signal scaling.

D, Turbojet Fuel Control

This turbojet engine application for fluidics is
typical of the requirements for low cost and high reli-

ability. The engine was designed for expendable (single
mission) missile use,

In addition to meeting the cost and reliability
requirements, the complate fuel control system was :lso
constrained by the addec feature that required installation
of the system inside the engine. This again presented
unique packaging and temperature requirements. The block
diagram for the control, shown by Figure 7, indicates that
the sensed parameters for engine control were compressor
discharge pressure and shaft speed. Compressor discharge
pressure was scheduled to obtain light-off flow, and
acceleration scheduling was used to avoid surge problems.
During steady-state operation at the design point, the speed
signal was used to override the compressor discharge pressure
signal and thereby reduce the fuel flow required for acceler-

ation to that required to meet the steady-state speed
requirements.
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The compressor discharge pressure was scheduled by a
flueric pressure reduction circuit and the speed signal,
generated by a nozzle-receiver-interrupter assembly mounted
on the fuel pump shaft, was converted to a pressure by a
flueric frequency-to-analog converter. These circuits and
the flueric output amplifiers are shown in Figure 8 as
mounted on the engine. This figure also shows the location
of the hydraulic portion of the control consisting of a
high-speed vane pump, delta pressure head regulator, and
the metering valve whose diaphragm actuator was modulated by
the flueric circuit output. As previously mentioned, this
installation presented problems of packaging, installation,
and performance under a hostile environment which few
technologies could solve. Ambient temperatures ranged from
minus 65F to 500F and ambient pressures ranged from 6 psia
to 20 psia. Control accuracies over the range had to be
maintained at three percent during acceleration and two
percent under steady-state operating conditions. Actual
engine tests with many engines over a period of a year
showed that the requirement for three percent accuracy was
met by the control and that, after the first major tempera-
ture transients had occurred, a control accuracy of one
percent was achieved.

E. APU Surge Control Valve

A large number of gas turbines used for auxiliary power
are designed with oversize compressor sections so that
compressed air may be extracted for many uses. The
suxiliary power unit for the North American Rockwell B-1
engine is such a machine. During the start and acceleration
sequence or under any transient condition when bleed air is
not extracted, the backpressure on the compressor may cause
surge. To avoid this, a scheduled amount of air must be
bled from the compressor plenum. AiResearch chose a fluidic
controller to operate a mechanical valve to meet the
requirements. The controller schedules the bleed flow for
the engine as a function of a demanded electrical signal
received from the main fuel control. Figure 9 shows a block
diagram and Figure 10 presents a photograph of the valve.
This approach has resulted in a valve which has performed
throughout engine testing without malfunction or change and
which meets all the predicted performance requirements
under temperature, vibration, and altitude conditions.
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F. Thrust Reverser Actuator Controls

In revent years, commercial aircraft have turned to
pneumatic actuators for operation or their thrust reverser
mechanisms. The thrust reversers for the General Electric
CF-6 engine (used on the DC-10 and A300 airplanes) and the
Rolls-Royce Olympus engine (used on the Concorde SST
airplane) have such rotary gear motor actuators. These
actuators are equipped with fluidic speed controls. 1In
terms of production, these represent the highest quantity
production rate for aerospace fluidics with over 600 systems
already delivered.

The Concorde/Olympus system operates not only during
thrust reversal but also during transonic flight to
optimize the exit nozzle area and during takeoff to minimize
noise. The gear motor actuator contains the now familiar
nozzle-receiver interrupter pulse generatcr. A flueric
frequency-to-pressure converter provides the control signal
to limit the speed of operation of the gear motor. This
control is unique in that it operates over an altitude
range from sea level to over 80,000 feet.

The CF-6 thrust reverser system was the first production
aerospace fluidic application. This again is a speed control
system; however, in addition, the system must perform a
torque-limiting function at the ends of the stroke. To meet
performance requirements (under both steady-state and
transient conditions), this system also uses an operational
amplifier with a lead-lag characteristic. A block diagram
is show: in Figure 1l. Figure 12 shows the fluidic circuit.

G. “ressure Requlator for Lockheed S-3A

The avionics bays on the Lockheed S-3A airplane are
cooled either from the aircraft environmental control
system or by ram air. When ram air is used, the large
butterfly valve shown in Figure 13 is opened and the flow
rate into the avionics bay is controlled by the fluidic
module. This module consists of a simple gain block which
maintains the butterfly valve opening such that a constant
pressure drop of 7 in. H,0 is held between the inlet to the
bay and the bay itself.
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FIGURE 13

PRESSURE REGULATING VALVE OF
LOCKHEED S-3A AIRCRAFT
(AIRESEARCH PART 898524-1-~1)
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REQUIREMENTS FOR FLUIDIC CIRCUIT CONSTRUCTION

The aerospace fluidic applications described above show
that fluidics technology has been used successfully under
severe conditions. To recap these applications and their
requirements, the tabulation shown in Table 1 is presented.

Table 1 shows that fluidics must operate over a
temperature range of minus 65F to 600F and over an altitude
range from sea level to 80,000 feet. The fluidics
circuitry must be manufactured in a manner to prevent
leakage which would affect performance while operating
under these conditions,

One additional requirement which is not apparent from
the preceding discussion of applications is related to the
basic phenomena of fluidics, namely fluid flow. When
designing any breadboard circuitry, it is easy to fall into
the trap of forgetting the effects of temperature and
pressure level on the flow in the circuits. To maintain
accuracy, appropriate compensation must be provided for
these phenomena. The exact value of the compensation may
also vary with package design. For example, capillary flow
may be required to obtain a given flow characteristic. 1If
the capillary line used has bends, introduced for
packaging, the value of the flow for a given pressure will
change; therefore, the characteristic of the circuit is
dependent upon the packaging used. This shows that bread-
board, development, and production hardware must be as
similar as possible to achieve accurate circuitry character-
igstics and timely fabrication of production hardware.

FUTURE FLUIDIC CONTROL APPLICATIONS

The applications of fluidics at AiResearch to date has
been aimed at controls which are presently in production or
are being considered for possihie immediate production. A
second development phase has now started which is directed
primarily towards future production use of fluidics. These
first applications were the stepping stones towards the use
of fluidics as a prime control technology or as a

supporting technology for use in hybrid systems containing
electronics and mechanical parts.
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TABLE 1

SUMMARY OF OPERATING CONDITIONS
IN AEROSPACE FLUIDIC APPLICATIONS

g =

AMBIENT CONDITIONS BLEED AIR SUPPLY
Temperature Altitude Temperature Pressure
3 Degrees F Feet Degrees F psig
EGT Sensors -65 to +600 10,000 450 50
Turbine Overspeed -65 to +350 20,000 450 80
(Sensor location:
800F)
APU Fuel Control -65 to +350 10,000 400
Thrust Engine -65 to +500 20,000 550
3 Fuel Control
APU Surge Valve -65 to +300 25,000 400
Concorde Thrust -65 to +600 80,000 500
Reverser
CF-6 Thrust -40 to +350 45,000 600
Reverser
Lockheed S-3A -65 to +160 5,000 350
Pressure
Regulator
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Fluidics techr.clogy is now being applied to more
advanced systems., Iaterface devices involving fluidic
circuitry have been produced that are suitable for use in
converting electrical, mechanical, hydraulic, or pneumatic
input signals to either pneumatic or hydraulic outputs. An
example of the complexity of fluidic systems which may be
reasonably achieved at this time is shown by the diagram in
Figure 14 which depicts an environmental control system for
the cabin of a fighter aircraft. As shown on the figure,
this system involves temperature, pressure, speed, and mass
flow controls. Other systems of equal complexity which will
soon enter the development and production phases are missile
and helicopter flight control and actuation systems. Many
of these applications require the use of the previously
mentioned interface devices. Figure 15 shows a typical
electro-hydrofluidic transducer.

MANUFACTURING OF FLUIDIC CIRCUITS

AiRegsearch has been active in fluidics for approximately
nine years. Soon atter the first programs were initiated,
it became apparent tl:at there was no available manufacturing
process suitable for these research programs or for antici-
pated production programs. A major portion of the fluidics
effort was therefore diverted to this manufacturing area.
The initial thrust of the manufacturing effort involved
investigation of die stamping, machining, electro-forming,
photo-chemical milling, ceramic casting, and plastics. Early
development hardware was made using the Dycril photo-
sensitive plastic process; however, this was only a stop-gap
measure to enable component designs to Le tested. 1In 1967,
the photo-chemical milling or photo-etching method was
selected as the manufacturing method to be used. Table 2
lists the advantages and disadvantages ¢f each of the
processes investigated.

Photo-chemical milling offered a rapid means of
obtaining parts for development; tooling was cheap and
accuracy requirements could be met. In addition, develop-
ment and prcduction parts could be made from the same
tooling. This eliminated the problems associated with
transferring breadboard circuitry into production circuits,
and reduced development cost and risk.
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DEVELOPMENT UNIT OF

ELECTRO/HYDRAULIC FLUIDIC TRANSDUCER

(SHOWING PARTIALLY DISASSEMBLED UNIT)
FIGURE 15
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TABLE 2

SUMMARY OF FLUIDIC ELEMENT
MANUFACTURING PROCESSES

1. PHOTOSENSITIVE GLASS
® Low Cost - Good Accuracy
e Unsatisfactory for Development
e Difficult to handle in Aerospace Applications

2. SLIP CAST AND PRESSED CERAMICS
® Low Cost - Satisfactory Accuracy
e High Tooling Cost
® More suited to high quantity, simple component
production
3. INJECTION AND TRANSFER MOLDED PLASTICS
® Low Cost - Poor Accuracy
e Materials not suitable for most applications
e High Tooling Cost

4. PHOTO-PLASTIC
® High Cost - Satisfactory Accuracy
® Material Affected by Humidity
® Short Term Development Use Only

S. DIE-STAMPING
e Low Cost - Accuracy Unsatisfactory
e High Tool Cost - Short Life
@ Suitable for High Production of Non-Critical Parts

6. ELECTRO-FORMING
® Medium Cost - Good Accuracy

e Poor Range of Materials
e Packaging Difficult i
® High Tooling Cost

7. PHOTO-ETCHING [
e Low Cost - Good Accuracy
e Wide Range of Material
® Low Tooling Coust - Short Turn-Around Time
® Good Packaging Capability

i
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After the process for manufacture of basic components
was selected, the next major hurdle became that of leakage
and repeatability. To overcome these problems, the
individual laminations were sealed after being stacked into
the desired circuits. Many sealing techniques, ranging from
gluing to diffusion bonding, were investigated. At first,
it appeared that pure diffusion bonding could be employed.
However, the requirements for cleanliness of components
before bonding were more stringent than desired and there
was a problem of component distortion under the temperatures
and pressures that are associated with pure diffusion
bonding. Therefore, an interface material with a lower
temperature melting point, which would diffuse into the two
adjoining surfaces with lower bonding temperature and also
a lower pressure or clamping force, appeared to offer the
best solution. This process is known as the assisted
diffusion bonding process.

FLUIDIC CIRCUIT MANUFACTURING PROCESS

As previously discussed, photo-chemical milling and
assisted diffusion bonding were selected as the methods to
be used to manufacture fluidic circuitry. Other stepg such
as inspection and test of the individual parts and bonded
circuits complete the manufacturing process. Figure 16
shows the flow chart describing the process steps as
performed at AiResearch on a production basis.

The first step in photo processing is the preparation
of the master art work of the fluidic element. This is an
accurate representation that is made up to 20 times the
actual size of the part using a stable base, strippable
film. This master art work is reduced photographically to
a working size negative, which is inspected for accuracy to
within 0.0005-inch and designated as the master profile for
this part.

Multiple images of this master are reproduced on two
registered, back-to-back, 0.007-inch thick Mylar films by
a step and repeat photographic process. This multi-image
step and repeat tooling permits the simultaneous chemical
milling of many parts per sheet. Typically, a 12 x 18 inch
step and repeat tool contains from 16 tc 240 reproductions,
dependent upon the size of the part. Photo processing of
the metal sheet material consists of the following steps:

1, Cutting the sheets to size from raw stock

2, Cleaning and coating the sheet with photo
resist material
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3. Drying the photo resist materizl

4. Exposing the images on the sheet using the
step and repeat tooling

5. Developing and baking the finished sheet.

The materials presently used are SAE 347, 304L, and
440C corrosion resistant steels, various aluminum alloys,
and Waspalloy, with thickness ranging from 0.002 inch to
0.062 inch. The photo-resist coatings used to date have
all been of the negative type (i.e., when exposed to an
ultraviolet light source, the part exposed remains and that
not exposed is removable with solvent which is termed
development of the resist).

The image of the part is thereby printed on the metal
in the form of bare metal and metal protected by the resist
film, The material is then etched by spraying the surface
from both sides with a 46 degree Baumé solution of ferric
chloride. This attacks the bare metal by chemical action
along the material grain boundaries. As etching progresses,
the wall of the material which is being formed by the depth
of cut is also attacked which leads to an enlargment of the
width of the slot being cut. An allowance for this "over-
etch” must be made in the design stages. Figure 17 shows
the etching action and typical allowances made for slots.
As can be seen, the etching allowance is varied according

to material, material thickness, and the width of slot being
etched.

The etched or chemically milled sheet is then inspected.
This was found to be an extremely difficult task since parts
vary in profile and size, material, and thickness in
practically every conceivable combination. Profile checking
with projection equipment was found to be too expensive and
impractical for quantity production. A simple go-no-go
procedure was required. To accomplish this, one feature of
the part, usually a round hole, is designated as the gauge
hole and this is checked with a plug~gauge. In the design
of the artwork, allowances are made for varying etching rates
to ensure that this gauge hole etch is typical of the part
etching and over-etch. In addition, a spot visual check on
a sheet of parts is used to ensure the condition of the
etched walls of the part. This simple technique has p-oven
to be acceptable for production quantities presently being
produced. Larger quantity production would require an

automated test; however, the same go-no-go procedure could
be used.
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After inspection, the photo-resist is removed by a
chemical stripper which softens the resist and allows it to
be rinsed off of the surface of the metal. The cleaned .
i metal is then plated with various combinations of metals to
obtain the desired bonding temperature for the complete
flueric circuit, Electro-plating of these combinations of
mat-rials is usually used. The plating thickness is main-
tained such that the material practically diffuses into the
surf.ce during heating. A small amount of residual material,
however, remains which fills small voids along the mating
Joint where insufficient clamping forces exist for complete
bonding to occur. Control of this plating thickness is
important since an excess of plating will plug passages in .
the circuit; too little plating will result in an inadequate :
bond. Control of the thickness is maintained by use of a '
Beta~-ray, back-scatter technique wherein a radioactive source
is aimed at the material and the radioactive particles
i reflected are counted. The angle of reflection and count
represents the plating thickness.
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The plated parts are removed from the sheet and then
stacked vertically in the required combination to form the
fluidic circuit. This circuit is then clamped to a test
fixture and subjected to performance tests to ensure that
the assembly is correct and that the desired performance :
will be obtained when the assembly is ‘bonded. :

The bonding operation is preceded by cleaning the
laminations and machined parts which form the assembly. This
cleaning consists of ultrasonic degreasiny in triethane,
followed by an acid rinse to remove any buildup of salts
which form on the surface of the plating during storage.

The bonding operation itself is conducted in an inert
atmosphere. 1Initially, a convontional vacuum heat treating
furnace was used. However, cycle times due to furnace thermal
capacity were excessive and this led to the use of a quartz
lamp furnace. With this furnace, the cycle time of five hours ;
was reduced to 30 minutes. Figure 18 shows the furnace with
a CFé thrust reverser circuit installed ready for bonding.
When closed, the furnace is airtight and may be purged with
an inert gas mixture. The load cylinder applies a precise
bond via springs to four parts on the circuit which is
thermally insulated from its surrounding by pyrolitic
graphite. The quartz lamps apply a localized heat input
only to the central area of the furnace. The required
heating time of five minutes is so short that only the part
to be bonded placed in line with the lamp is heated. This
means that the cooling cycle for the furnace is short, i
thereby increasing production rates over conventional furnaces. ]
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or. removal from the furnace, the circuit is pressurized
to check for leakage and then assembled with the necessary
mechanical components for functional test and delivery.

CONCLUDING REMARKS

A few applications of fluidics have now been in
production for aerospace applications for a number of years.
These systems have proven that use of fluidics for aerospace
applications is a good, reliable choice vhere other
technologies have trouble in meeting reliability, cost, and
environmental tolerances. The unique package and development
requirements of fluidics have led to the photo-chemical
milling and activated diffusion bonding processes as
acceptable prcduction techniques. There is a need for
continued development in this area to improve inspection
methods and to generate the procecures for large-scale
production which is anticipated to occur within the next
two to five years. During this period, it is expected that
fluidics will be applied to gas turbine accessories and to
most aircraft pneumatic or hydraulic systems such as
environmental controls and braking systems. In addition,
fluidics technology is showing great promise for use in
missile directional control and stability systems.
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MOTOR AP OR TORQUE CONTROL CIRCUIT

INPUT

7. SCHEMATIC DIAGRAM OF FLUIDIC CONTROL
SYSTEM ON CF6 THRUST REVERSER ACTUATOR
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Many successful industrial applications of fluidics have been made
over the last decade to a vide variety of industrial process control
problems., As is typical with any nev techmology, fluidics has often
been given its "first chance" where "all else has falled". Experi-
ences gained under these hardships demonstrate that fluidics,
properly applied, provides benefits due to elimination of moving
parts., These are:

], Higher reliability and less mainteas....e,

2. Longer operating life.

3. Ability to vithstend adverse conditions such as
formation of deposits, corrosion, abrasion, etc.

4. Better accuracy.

5. Lower cost.

6. Faster speed of response.

No-moving-part fluidics are not limited to tiny geas breathing logic
devices. The Coanda effect has been used to make large liquid
diverting valves that are stocked in pipe sises through four inches.
Other valves, custom tailored to specific applications, have besa made
for gases as well as liquids. One gas valve was large enough to per-
mit a man to valk through it., Large scale fluidics has also proven
useful for measuring volume flow rate with a combination of advantages
not previously available,

An example of large fluidic diverting valves is shown in Figure 1.
These are 1iquid diverting valves in two of the stock sizes, one-half
inch and four inch, for flow rates ranging from 1/2 to over 1000 gpm.
These valves have a single control port wvhich makes them useful for
the control of liquid level. When a gaseous fluid is admitted to the
control port, the 1liquid flowing through the valve is diverted to an
outlet for £illing a vessel (Figure 2). However, when the level rises
to admit 1iquid at. the control port, flow is automatically diverted to
the outlet by-psssing the vessel (Figure 3). Neither auxiliary powver
nor moving parts are required for this completely fluidic level
control.

The first of these valves was installed at a West Virginia Paper and
Pulp Company plant early in 1964, and is still in operation today
(Figure 4). The valve controls level in a white water (paper stock
with a 1/2% consistency) chest by adding waste condensate water when-
ever the chest level is low. The only maintenance required has been
an infrequent cleaning of the control tube to remove puip deposit.

Several hundred fluidic level controls have since beea put into service.
Three applications in particular illustrate their ability to cope with
difficult fluid conditions such as abrasion, corrosion and deposit
forming tendencies.

Extremely abrasive conditions are present in a proprietary glass

industry application for control of a pumice slurry. Typically,
dilute pumice slurry flows through the valve and is diverted to a

RBA:mcd
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vessel, containing a concentrated pumice slurry, vhen level is low,
The fluidic valves have proven to require less maintenance and last
longer than the mechanical valves they replaced.

In the area of corrosive applications, fluidic valves have been
successfully employed to maintain level in electroplating tanks
(Pigure 5). Water is circulated through the valve from a reservoir.
When the electroplating solution level falls, due to evaporation,
vater is diverted into the plating tank. As the level rises to cover
the control tube, tho plating solution must not be drawn into the
fluidic valve since dilution might result. Dilution is prevented by
making the elevation of the control tube greater than the suction
11ft at the control tube. Service has proven to be trouble-free.

Figure 6 shows a fluidic valve in a hardness sampling system,

replacing a conventional solenoid which had stopped functioning

vithin a veek of installation because of internally formed deposits.
Water passing through the sampling leg is diverted down a drain if

the Lardness is greater than 1200 ppm. Make up vater with hardness of
200 ppm 1s then added to reduce system hardness, When the hardness
falls below 1200 ppm, the fluidic valve diverts the sampled water back
into the system. The soleroid at the fluidic valve control port handles
atmospheric air and, therefore, is not affected by the hardness. The
fluidic valve has been in service for six years without requiring main-
tenance.

In another application involving a potentially troublesoms fluid, a
tristable diverting valve, at a Beckly, West Virginia, sewnge disposal
station, has been connected since 1965 to deliver sewage pumped at 900
@m from a tank to two filtration beds (Figures 7 and 8). The valve
has two manually operated control ports. Normally both are open so
that the sewage is divided evenly between both beds., When it is
necessary to temporarily take one bed out of service, closure of one
of the control ports will deliver all sewage to the other bed.

The application of custom designed fluidic valves to the Diesel loco-
motive cooling system has been made the subject of a separate paper
n"Fluidics Controls Cooling of Diesel Locomotives".* However, another
interesting railroad application of large fluidic valves occurs on
tank cars for transporting cement in bulk (Figure 9). The cars,
manufactured by the General American Transportation Company, are
unloaded at their destination by blowing air into the tank through a
fluidic diverting valve (Figure 10). The valve, a two-stage self-
oscillating diverter, alternates between delivering air to the under-
eglde of either half of the tank., The alternate bursts of air,
through internal air slides, agitate and fluidize the cement to flow
toward the tank discharge from where it iz pneumatically conveyed
through a four inch line to a storage silo.

The importance of the fluidic valve lies in the fact that it has proved
ixpossible to unload the tank completely without them., The rapid
switching action and maintenance-free life cannot be duplicated by any

%Paper to be offered for Harry Diamond Laboratories State-of-the-Art
Symposium on Fluidics, September 20 to October 3, 1974.




mechanical valve. A -ecent check with personnel of the Lehigh Portland
Cement Company, unloading operators of these cars since 1966, revealed
that the fluidic valves have continued to satisfactorily perform their
function of completely unloading the cars.

Figure 11 shows the operation of the oscillating valve. Pressure picked
up from the main stream in the interaction chamber is fed back to the
Pilot control ports to produce the oscillation., The feedback acts to
divert the pilot stream which, in turn, diverts the main stream to the
other sidewall of the interaction chamber. The new position of the
main stream establishes feedback to the other pilot control port, thus
setting up a train of events which return the main stream to its
original position. The feedback on each side is delayed by volume
chambers to establish the frequency of oscillation at approximately

15 cpm.

Oscillation is maintained at any outlet loading. This result is achieved
by taking the feedback from the interacticn chamber which is separated
from the outlets by the interaction chamber discharge. Oscillation
occurs with outlet conditions ranging from no loading to complete block-
ing of one outlet.

Flow capacity ma’r reach 1000 CFM at 50 psig tank pressw.e. The pilot
flov capacity is only 2% of the main valve capacity and power gain per
stage is the order of 100, Maximum energy recovery at the =ain valwe
outlet is 558. The energy losses imposed on the system by the fluidic
valve are not significant, because the pressure drop across the valve is
a mmall fraction of the pressure required for pneumatic conveying
through the discharge line.

Another example of oscillating service is a large duct sisze valve with
1300 CFM capacity at 36 inch H20 drop for manipulating sheet stock
during a manufacturing operation. The air blast blows the sheet back
and forth at the rate of 1 CPS, Assuming that a mechanical valve of
that capacity could be found to act at the required frequency, it would
soon beat itself to plecas. The fluidic valve, presently in service
for over two years, could continue for an infinite number of cycles
since there is no wear and tear from repesated operation.

Considering all the fluidically based measurement techniques of which
the writer is aware, the fluidic flow meter is the only large scale
Coanda device. This liquid meter, Figure 12, is a fluidic oscillator
wvhose frequency is proportional to volume flow rate. Figure 13 illus-
trates the action that takes place during one-half cycle of oscillation.

The meter body is installed in the process pipe to receive the full flow.
The stream passing through the meter is attracted to one of the inter-
action chamber sidewalls. Starting with the stream completely attached

to the upper wall, impact occurs at the upper receiver as the stream

bends to pass through the discharge. The impact develops a small flow

at the upper control port, deflecting the stream toward the lover wall.
The stroam travels down the lower wail at a speed related to its average
velocity. When it reaches the lower receiver, feedback develops a small
flow at the lower control port, returning the stream toward the upper wall.

ki il
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The oscillation is sensed by a self-heated temperature sensitive
element. The element 1s sheathed in stainless steel and operated in
a constant temperature anemometer bridge for fast response to changes
ococurring in one of the feedback passages. As fluid pulses past the
sensor once each cycle, the anemometer bridge voltage automatically
pulses to maintain the element at constant temperature with respect
to the fluid.

The voltage pilses may be used for totalizing fluid volume or
developing an analog signal proportional to volume flow rate, The
converter of Figure 14, located in a control room up to 1000 feet
from the meter body, shapes the sensor voltage pulses into square
waves. The square wave is further conditioned into two pulses each
wvith constant volts-seconds area, wvhich are filtered to provide a
4 to 20 ma current regulated output proportional to frequency
(volume flow rate). If desired, the pulses may be multiplied and
divided by a totaliser scaler (Figure 15) to provide a pulse output
to a counter for indicating volume in gallons or other engineering
units.

Calibration data taken with a one inch meter and three fluids of
different densities is shown in Figure 16. The data demonstrates
that (1) frequency is linear with volume flow rate and (2) calibra-
tion is the same for all fluids. The slope of the calibration curve
is the meter factor in pulses per unit volume (usually taken as
gallons for 1iquid measurements).

At some low flow, viscosity effects become important, the Coanda
effect weakens, and the meter ceases to function. Operation,
although possible belov a pipe Reynolds number of 3000, may not be
reliable., Prior to that point there is some change in meter cali-
bration factor which is too small to be seen in Figure 16. Figure 17,
plotting meter factor versus pipe Reynolds number, more clearly shows
how meter calibration factor (slope of Figure 16) is affected by
kinematic viscosity at lov Reynolds numbers in a one inch meter.

At present, this meter is manufactured in pipe sizes from one inch
through four inches for full scale flow renges from 16 to Y00 gpm.
The more significant pluses are: linear calibration; no moving parts;
elimination of impulse lines external to process pipe, resulting in
simpler and less costly installation and elimination of errors; no
effect on calibration from over-pressure, shock, vibration or field
temperature change; elimination of field seroing; wide rangeability;
does not require conductive fluid.

In another application, a fluidic pressure comparator is a good
11lustration of performance improvement and cost reduction obtained
by replacing moving parts with fluldics. The comparator is a small
component of a control station (Figure 18), a number of which are
typically located on a control rcom panel (Figure 19). The panel
provides a central location from which to monitor and control an
industrial process. Each control station provides a means by which
control of a process variable can be instantly changed between auto-
matic and manual modes, Manual control is required to start up a

RBA:mod
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process and in case of an emergency. l

In panic situatiors, a contrel room operator must quickly take over and |
sanually control the process. If the menual output to the control valve

is different than the automatic control output, switching to manual will

"bump" the process, further aggravating the emergency.

The bhump can automatically be prevented by synchronising the manual
output, vhen in the automatic mode, with automatic output. The synchron-
ising is ac 1ished by the relay of Figure 20, The relay output
(manual output) is made to follow relay input (automatic comtrol output)
vhen the control station is in automatic mode. This is done by the
action of the fluidic pressure comparator (deviation controller) on the
turbine vheel. A decrease in relay input diverts the fluidic output to
move the turbine wheel in a direction to relex spring compression and
reduce relay output. When relay output again matches input, the fluidic
deviation controller stops the turbine wheel. When the control station
is changed to manual operation of the process, air to the fluidic
deviation controller is terminated, allowing relay output to be further
changed manually (at the upper adjustment).

Reliable operation of the deviation controller is crucial to "bumpless”
operation, Originally, a deviation controller design using moving parts
vas developsd for this job. The manufacturing cost required to meet the
precise performance requirements proved greater than anticipated. A
flnidic design vas undertaken vhich resulted in substantially reduced
zanufacturing cost, greater sensitivity, and more power to the turbine.

A differential change as 1ittle as 0.1 inch H0 (less than one part in
3000 of the 3-15 psi pressure range) can reverse the motion of the vheel.
Experience with over 10,000 comperators, thus far sold, has been
satisfactory.

The future will bring many nev and interesting applications of fluidics.

RBA:med
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FLO1DICS CONTROLS COOLING OF DIESKL LOCOMDTIVES

A fluidic system for ocontrolling Diesel engire water temperature
has been standard equipment on General Rlectiic domestic locomo-
tives since the end of 1971, Fluidically speaking, highlights of
this application are:

1. Large fluidic valves (Figure 1) divert vater to the
radiators for cooling., These valves have the capacity
to handle up to 1000 gpm of cooling water.

2. The fluidic system increases the locomotive cooling
capaciiy because the fluidic diverters have less
pressure loss than the mechanical valves they replaced.
Naturally, the use of fluidics resulted in the almost
complete elimination of moving perts in the cooling
system control.

3. RNuidic pilots (Figure 2) work to prevent radiator

freese-up by temporarily overriding the temperature
control,

4. The fluidic pilots automatically change the charac-
teristic of the fluidic diverting valves from analog
to digital.

The locomotive cooling system (Figure 3) pusps water from the tank
through the engine and or to a pair of fluidic diverting valves.
Ezch valve is connected to a bank of radiators. Vater is diverted
to the first bank of radiators wvhen cooling is required and, if
necessary, also to the second bank. Under some cold weather condi-
tions, cooling is not required and both valves divert all flow
directly to the water tank, thus bypassing the radiators.

The General Electric locomotive has a dry radiator system. A vent
from the radiator to the top of the water tank allows water to
drain from the radiator vhem all flow is bypassed to the tank,
Thic aust be done because any water left in the radiator would
quickly freese in vinter. The dry radiato~ system eliminates the
need for fan and air shutter conirols to vary the cooling rate and
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