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SUMMARY 

The major objective of the reported research was the develop­

ment of an improved needle control system for tufting machinery as 

used in the manufacture of bedspreads, rugs, and carpets. 

Most current controlled-needle tufting machines impart a 

reciprocating motion to a bar in which many spring-loaded needle 

holders are contained. In various ways a pattern signal is con­

verted into a means by which a needle holder is latched to the bar 

causing the corresponding needle(s) to sew, The contrast of sewing 

and not sewing through a backing material fashions a pattern in a 

piece of tufted goods. 

The research was directed toward a class of machinery termed 

cut-pile, with a pattern attachment of the scroll type. The control 

system concept was to include single needle control, a feature which 

has been found relatively difficult to achieve and sustain at desir­

able speeds in the tufting industry. A nominal speed of 1,000 

strokes per minute was to be achieved, a rate considerably higher 

than most comparable machines currently in use. Other factors 

taken into consideration during the project were such matters as 
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pattern cost, needle control system cost, average maintenance capa­

bility in tufting mills, yam feed location9 accommodation of 

existing cutting mechanism, and use of existing pattern design* 

The initial phase of the study was concerned with evaluating 

the relative merit of pattern sensing concepts with regard to eco­

nomic considerations and design restrictions imposed by existing 

equipment. Methods which were electrical^ mechanical3 hydraulic? 

vacuous, and pneumatic in nature were considered and the advantages 

and disadvantages of each were compared<, The conclusion was 

reached that? of these, the pneumatic approach offered the greatest 

number of significant advantages despite attendant disadvantages„ 

Air sensing systems are relatively inexpensive to manufacture? 

inexpensive to operate j, and reliable. Minimum wear and low main­

tenance requirements are assets as wello Also? the disadvantages 

of pneumatic systems are generally less inherent and offer* greater 

opportunity to minimize than the liabilities of most other systems 

adj udged, 

Having elected to develop a pneumatic needle control system^ 

concepts for specific components were considered,, In view of the 

heavy suspension of lint particles in the atmosphere inside most 

tufting mills^ methods -were sought in which air intake from the 
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surroundings was avoided in order to minimise potential pluggage, 

Accordingly; a row of nozzles flowing air from a manifold was 

conceived as a means to sense a pattern. Each nozzle is tapped 

transversely such that blocking the mouth of the nozzle with a 

pattern creates a signal, at the tap in the form of raised back­

pressure o Such patterns can be formed by alternate raised and 

recessed areas of material passing in very close proximity to the 

mouths of the sensing nozzles*, 

Several means of pattern signal amplification were, con­

sidered, including a type of ball amplifier and several fluidle 

devices such as the bistable., turbulence, and vortex amplifiers. 

A spool valve amplifier was chosen largely because the amount of 

amplification is relatively flexiblef and the long and successful 

usage of spool valves in fluid systems provides a high degree of 

confidence for their use in the needle control system, 

Latching the needle holders by converting the air power 

signals from the spool valves presented the final problem of con­

ceptual evaluation. Cam action was rejected in favor of direct 

latching by means of small spring-loaded pistons which engage 

notches in the needle holders, 

A mathematical model was derived to describe the behavior of 



the control system for purposes of analysis<, Separate sections 

of the system were defined and Individual differential equations 

were written for each section., 

One equation describes the behavior of the tap pressure in 

terms of the pattern position relative to the mouth of the sensing 

nozzleo Assuming a reversible adiabatic process9 an expression was 

derived from the gas law, fundamental orifice equations for compres­

sible flow,, and geometrical relationships at the nozzle, resulting 

in a first order nonlinear differential equation,. 

In like manner_> appropriate expressions were found for the 

spool valve pressure transfer function, transmission of pneumatic 

signals through small lines$ and the movement of a spring-loaded 

spool and piston„ The composite of these equations, in state 

variable representation^ was used to formulate an overall mathe­

matical model for the control system* 

A computer program was written to solve the equations, per­

mitting the variation of each significant pressure signal to be 

studiedo Major purposes of mathematical modeling were to evaluate 

the time responses within the system as well as to study the effect 

of changing system parameters« 

Initial experimental investigations were primarily concerned 



with development of an optimum sensing nozzle configuration. An 

ordinary drilled hole was studied but the tap backpressure was 

found very sensitive to tap location^ exit conditions^ etc0j? making 

it difficult to produce numerous nozzles with essentially identical 

characteristicso This difficulty was overcome by placing an orifice 

at the entrance to the hole^ and final tests were run to select the 

best base hole and orifice hole combination^ 

A commercial product was found from which patterns could 

readily be made by exposing a photosensitive material to ultra­

violet light passing through a film negative of the chosen design* 

Response measurements were made with the aid of a simulated 

pattern glued to the side of a gear which was driven at the proper 

speed* A micrometer nozzle adjustment permitted the test nozzles 

to be accurately positioned. Response measurements were Initiated 

using a photocell pickup which triggered an oscilloscope signal,, 

thus registering the output of a strain gauge pressure transducer 

upon a memory screen,, In this manner the reliability of the 

response equations for system components was evaluateda The same 

physical arrangement was also used for experimentation to determine 

the sensitivity of the system with regard to pattern resolution. 

In order to examine the effects of the continuous flexing of 
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tubing such as would occur at the connection of the latching pistons 

in the reciprocating drive bar^ a cam action device was constructed 

and several kinds of tubing were subjected to multimillion cycle 

tests at more than 1,000 strokes per minute. Both nylon and vinyl 

tubing appeared entirely satisfactory in this service.. 

Finally, a machine was constructed to simulate the movement 

of an actual tufting machine using an eccentric and push rod from 

an existing machine„ Ey adapting to this machine the various com­

ponents conceived in the needle control system as developed during 

this research project^ the operability of the complex was conclu­

sively demonstrated„ 



NOMENCLATURE 

A amplitude of machine stroke^ ft 

A orifice area, general o 

A.1 cross-sectional area of transmission line? sq ft 

A2 area of spool face, sq ft 

A3 area of piston face,, sq ft 

A01 area of orifice between manifold and base hole of sensing nozzle, 
sq ft, 

A02 variable area of orifice at mouth of sensing nozzle^ sq ft 

A03 variable area of orifice at manifold entrance to spool valve? 

sq ft 

El spool damping coefficient^ lb-sec/ft 

B2 piston damping coefficient^ Ib-sec/ft 

C speed of sound, fps 

C ° constantj general 

C ' constant 

C! ' ' constant 

Cd coefficient of discharge^ general 

CI 2.06 °R/sec 

CD1 coefficient of discharge j, orifice at manifold entrance to sen­
sing nozzle 

CD2 coefficient of discharge9 orifice at mouth of sensing nozzle 
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CD3 coefficient of discharge, orifice at manifold entrance to spool 
valve 

d displacement of needle holder from center of machine 

A d d 
2 

dt 

DE density of air? slugs/ft-sec 

f coefficient of friction 

Ff static force of friction, lb 

Fh force of retaining spring on needle holder, lb 

Fn normal component of force on piston tip, lb 

G gap between raised pattern surface and mouth of sensing nozzle, 
ft 

g force of gravity, ft/sec 

k poly tropic exponent (i.e., for air) 

Kl spool spring constant, lb/ft 

K2 piston spring constant* lb/ft 

Kh needle holder spring constant, lb/ft 

LI length of transmission line from sensing nozzle to spool valve, 
ft 

L2 length of transmission line from spool valve to piston, ft 

m mass, lb 

ir 
dm 

dt 

Ml mass of spool, slugs 
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M2 mass of piston,, slugs 

Mh mass of needle holder, slugs 

cp angle of piston tip 

p density of air, slugs/ft-sec 

P force exerted "by piston springy lb 

AP pressure drop across orifice, general, psf 

p(u) s ignal ixiput pressure a t sensing nozzle * psfg* 

p(u) JZ^l • 
dt 

P(i) initial pressure of P(u), psfg* 

P(B) pressure outside of sensing nozzle mouth, psfg* 

P(l) supply manifold pressure to sensing nozzles, psfg* 

P(2) pressure at end of transmission line to spool valve, psfg* 

P(2) 
dP(2) 

dt 

P(2) * 2 p( 2) 

dt2 

P(3) manifold supply pressure to spool valve, psfg* 

P(*0 pressure downstream of spool valve, psfg* 

•^Depending on particular context, pressures may appear as gauge 
or absolute values as noted; however, for purposes of calculation in 
Appendix C, all pressure values are gauge. 



Hh) -MM-

dt 

P(5) pressure at piston face, psfg* 

P(5) -SiSL 
dt 

P(5) ^ £ i 5 L 
d t 2 

Q flow through orifice, general 

R gas constant, ft/°R 

R frictional resistance of transmission line, lb -sec/ft 

RN radius of base hole of sensing nozzle ? ft 

RO radius of supply pressure bole to spool valve, ft 

51 damping ratio of first transmission line 

52 damping ratio of second transmission line 

t independent variable time, sec 

T temperature, °R 

T(i) initial temperature, °R 

U dynamic viscosity of air, slugs/ft-sec 

v specific volume, general, cu ft/,1b 

V volume, general, cu ft 

VF volume of second transmission line plus entrance to piston, 
cu ft 

*See footnote on previous page. 



XX 

VP variable terminal volume at piston, cu ft 

VS variable terminal volume at spool, cu ft 

VT volume of first transmission line plus entrance to piston, 

cu ft 

w frequency, radians/sec 

W weight rate of flow, general, lb/sec 

AW difference in flow rates Wl and W2, lb/sec 

Wl weight rate of flow through orifice at manifold entrance to 
sensing nozzle, lb/sec 

W2 weight rate of flow through mouth of sensing nozzle, lb/sec 

WK1 undamped natural frequency, first transmission line 

WTC2 undamped natural frequency, second transmission line 

x pattern displacement, ft 

x _^L_ 
dt 

X( ) state variable 

x( ) . qo . . 
dt 

y piston displacement, ft 

y _SL 
at 

,2 
y JjL 

2 
at 

y(0) initial piston spring compression, ft 

y(t) piston spring compression as a function of time, ft 



Y orifice expansion factor^ general 

z spool displacement, ft 

dt 

d2z 



CHAPTER I 

INTRODUCTION 

History and Background 

The tufting industry has expanded rapidly in recent years to 

meet demands for such tufted products as bedspreads> rugs^ and 

carpets. Beasley (l) describes the phenomenal growth of this 

industryo 

For some thirty-five years until the early 1930"s> tufting 

was accomplished entirely by hand in a so-called ''cottage industryc 

Hand tufted bedspreads9 gowns and housecoats were sold to south­

eastern tourists at roadside stands and shipped to department 

stores throughout the country,, 

Early tufting machines essentially were modified sewing 

machines, followed by multiple needle equipment to add versatility„ 

Just prior to World War II, the first coarse-gauge machines were 

created to produce a complete tufted bedspread in a single passo 

After considerable evolution the highly significant controlled-

needle bedspread machine was invented* In 195° a-̂ d 1951.? machines 

were introduced which could produce broadloom carpet., ushering in a 

tufted carpet industry which has progressed very rapidly« 



In much tufting machinery now in use^ an eccentric drive 

imparts reciprocating motion to a bar which spans the entire width 

of the tufted article being produced. Many needle holders are 

housed through the bar, and each can be separately latched to move 

with the bar and cause the corresponding needle(s) to sew through 

a moving backing material» Springs restrain unlatched needle 

holders to prevent sewing,. By exercising control over the latching 

mechanisms, patterns can be created in a backing material from the 

contrast between areas sewn and not sewn0 

Tufting machines may be divided into two broad categories, 

cut-pile and loop-pile machines, the obvious difference being that 

the loops are cut in the first-named machine„ A cross section of 

a cut-pile tufting machine is shown in Figure lo Controlled-needle 

machines may be further classified according to the pattern attach­

ment used, some of which are called the roll type, the universal-

type^ the scroll-type,, and the slat- type« (This research project 

is concerned only with cut-pile controlled-needle machines having 

a scroll pattern attachment. In context, a scroll refers to the 

surface of a drum upon which a pattern is created such that a 

machine can interpret and reproduce it*) 

Among cut-pile, scroll-pattern tufting machines developed by 
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Figure 1. Cross Section of a Cut-pile Tufting Machine ( l ) . 
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1966, two concepts have gained prominence in use, The pattern used 

in the first of these concepts is a phenolic drum into which grooves 

have been machined. High and low places in each groove correspond 

to a given pattern design<> Fingers--one for each groove--ride on 

the rotating drum to close and open electrical contacts0 The con­

tacts actuate solenoids which move latch pins to engage or release 

needle holders as described above« Patterns are ordinarily sym­

metrical such that one pattern groove will exercise control over 

two or more needle holders. A ratchet device enables each needle 

to draw an appropriate length of yarn for each stitch, 

The second kind of cut-pile, scroll-pattern tufting machine 

now in favor operates in similar fashion except that the drum is 

made of transparent material with a light source inside„ The pat­

tern is a photographic positive (or direct drawing) wrapped around 

the drum. The opaque sections of the positive prevent the internal 

light from shining through to photocell sensors, which serve the 

same function as the pattern fingers in the first machine„ The 

very low current generated by the photocells is greatly amplified 

in order to control relay contacts which actuate solenoids as before,, 

Each of the machines described has distinct disadvantages„ 

Phenolic drum patterns are expensive in the case of the first 



im.chin* .j i: pd the eiec L lea] contacts ;,''>'- difficult to matnUui . 

Aiapl L'fieutlon problems OCCUJ in tne other machine due to lew level 

signals frow the photocells Also the second machine is relatively 

e xpens i \/e H ad spe c i ••?. 1 i zec] nib i i\tenanee pe.rsonneI are n*5<:es sa L*y -

Solenoid space limitations are a problem common to both machines. 

A need exists to examine avenues of potential improvement in order 

lo develop tufting machinery in which such undesirable features 

are minimized. 

projeet Def initlon 

The research effort for this project was confined to that 

area of a cut-pile^ scroll-pattern tufting machine that is concerned 

with the pattern itself, pattern detection., pattern signal amplifi­

cation and needle holder engagement--an area hereafter called the 

needle control system. Existing machine framevork, feed drives, 

power drives and eccentrics _, tuft cutting facilities^ and the Like 

are expressly excluded from consideration herein, except as it is 

necessary for innovations in the area of concern to accommodate re­

strictions imposed by existing equipment not specifically within the 

scope of study. 

The project objectives included not only the development of 

a needle control system which minimizes certain disadvantages of 
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existing tufting machines but also the provision of another feature, 

that of individual needle control. Previous efforts at single 

needle control have not proven entirely satisfactory, such that most 

existing machines exercise control over individual needle holders 

(see Figure 2) containing two needles normally spaced on 3/l6 in. 

ORIENTATION AND 
LATCHING FLAT 

/Y 

NEEDLE 
SETSCREW-

© 

@ @ 

ii 
n 

NEEDLES DUAL YARN RATCHET 
MECHANISM 

Figure 2 . Needle Holder . 



centers a Thus*, if a pattern design vere to call for tufting a 

diagonal line,, the test approximation that could be achieved would 

be a "staircase'"• with a run of 3/8 in. By controlling each needle 

individually--that is, by housing only one needle in each holder*-

a machine can produce a tufting pattern with much finer design 

resolution. Of course, physical limitations severely restrict the 

size of the needle holder and latching mechanism, and pose a diffi­

cult orientation problem; however^ the objective of this work was 

to provide individual needle holders and to retain the present 

3/16 in. needle spacing if possible (7/32 in. maximum), 

Other physical criteria also constrained the needle control 

system development. The needl.es could not be staggered in order to 

gain space, because the existing catting facilities could only 

accommodate needles in a straight row. For similar reasons> yarn 

could be fed to needles from one side of the machine only. The 

amplitude of the needle stroke remained 7/8 in„, but the nominal 

machine speed was to be increased to 1,000 strokes per minute> more 

than doubling that of one machine now used extensively. Ten 

stitches per inch was a design guide« and no less than three consecu­

tive tufts was considered in possible pattern designs-. 

Factors of an economic and commercial nature also influenced 

the research, although absolute cost criteria naturally depended 

needl.es


upon performance in several areas * in general it was desirable to 

limit the separate cost of the needle control system as previously 

described to approximately $30,000 in order that the machine would 

be favorably competitive with most recent machines „ Also, the cost 

of an individual pattern was to be well below that of a grooved 

phenolic drum (about $300). 

Other less tangible considerations influenced various de~ 

cisions throughout the project. For example, previous unfavorable 

experience with a concept already tried unsuccessfully in the in­

dustry would obviously limit the marketability of a similar con­

cept, regardless of its merit otherwise. An arrangement- necessi­

tating synchronization of the pattern position with the machine 

drive would normally be much less desirable than a scheme without 

such a restriction. Also, in view of the relatively unskilled 

technicians available^ particularly in some tufting mills, advan­

tages that might accrue from more complex approaches can easily be 

outweighed by the resulting change in maintenance requirements. 

Finally,, in order that the myriad of pattern designs now 

in existence could be readily converted for use with the new con­

trol system, the conventional (half) choice of pattern scale was 

specified. In addition, only pattern designs which were symmetrical 



about the center of the machme were to be used. The significance 

of the latter specification is found in the need to sense a folded 

pattern (i„e0, half of a pattern) and to convert one pattern signal 

into a means of controlling two symmetrically placed needles« 



CHAPTER II 

EVALUATION OF CONCEPTS 

Pattern Sensing 

A good measure of the potential success of the project de­

pended upon the initial approach. In order to select the ucos't 

advantageous concept for a needle control system within the restrie 

tions imposed by the project definition* a number of alternative 

methods were considered. Early studies were largely confined to 

examination of various pattern sensing techniques (2)^ because 

the means for sensing a pattern determines the course of develop" 

ment of other elements in the control systemo 

Electric Sensing 

In view of widespread utilization of electrical methods for 

pattern sensing in other fields* several electrical concepts were 

evaluated, 

Direct Contact Sensing, One means of electrical sensing is 

shown in Figure 3° A grounded metal drum is covered with a per­

forated pattern of insulating material. As the drum turns the 

spring-loaded brushes make contact through perforations^, completing 



REMOVABLE PERFORATED TYPICAL BRUSH 
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SLIP—*- i 
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ROTATING DRUM 
(CONDUCTING) 

Figure 3. Direct Contact Sensing. 

electrical circuits. 

Direct contact sensing is very simple and relatively inexpen­

sive. Pattern costs are also small; however, pattern life is short 

from friction wear as well as destruction from arcing. This con­

cept has already been tried in the tufting industry, leaving un­

favorable experience particularly with regard to maintaining elec­

trical contact between the brushes and the drum. 

Photoelectric Sensing. Another method of electrical sensing 

makes use of photocells as shown in Figure k. In fact, this form of 

sensing is one of the two described in Chapter I that are now exten­

sively in use. Even so, the concept was reconsidered with the idea 

of improving the existing systems by using light sensitive resis­

tivity elements in circuits containing silicon controlled rectifiers. 

Photoelectric sensing is now familiar in the industry, and the 
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Figure k. Photoelectric Sensing. 

positive patterns are relatively inexpensive and not subject to 

wear. Conversely, a photoelectric sensing system is expensive, re­

quiring low level signal amplification and specialized service 

attention. 

Hot Wire Anemometer Sensing. A hot wire anemometer (3) means 

of electrical sensing appears in Figure 5« Here, air is pulled (or 

forced) through a given pattern perforation past a resistance wire 

heated by an electric current, causing a change in current through 

the wire. This, of course, is the same principle used in measuring 

air flow through ducts except the calibration requirements are much 

less stringent. 

Advantages of hot wire anemometer sensing are high frequency 

response and an inexpensive pattern subject to very little wear. Dis> 

advantages are the delicate circuitry in confined spaces, the need to 



Figure 5* Hot Wire Anemometer Sensing. 

amplify low level signals, the expensiveness of the system, the 

specialized maintenance requirement, and the necessity to provide 

both pneumatic and electrical circuitry. 

Hydraulic Sensing 

A partially hydraulic means of pattern sensing is sketched 

in Figure 6. Again a pattern perforated according to design passes 

over a sensing block in which spring-loaded plungers are placed in 

correspondence to the rows of pattern holes. The ends of lengths 

of fluid-filled tubing are aligned with the plungers in very close 

proximity to the moving pattern. The plungers can pass through the 



Figure 6. Hydraulic Sensing. 

pattern holes and depress the diaphragms covering the tubing ends, 

causing the corresponding diaphragms at the tubing ends not shown 

to project outward in a manner that could be converted to some form 

of mechanical needle control. 

The benefits of the semihydraulic sensing arrangement outlined 

above are the moderate cost both for the system and the pattern, the 

direct transmission of pattern signals, and the unskilled maintenance 

requirements. Liabilities envisioned are the sealing and containment 

of fluid in the lines, potentially troublesome temperature effects 

from tubing expansion, excessive pattern wear, and possible diaphragm 

problems. 



Mechanical Sensing 

A mechanical linkage form of pattern sensing is pictured in 

Figure 7. The principle employed is very similar to that in the 

Figure 7« Mechanical Sensing. 

hydraulic technique. In this case flexible inserts are spring-

loaded in the tubing run with the tapered tip (taper not shown) 

positioned very near the recessed surface of a contour pattern. 

As a raised pattern surface passes the mouth of a sensing tube, the 

insert is forced to retract such that it will extend at the opposite 

end of the tube to effect needle control through some form of cam 

action. 

Although such a mechanical system is direct, simple, and 



relatively inexpensive, using a comparatively inexpensive pattern and 

demanding inexpert service attention only; synchronization of the pat­

tern travel with needle movement would be almost mandatory, pattern 

wear could be excessive, and precise tolerances would be necessary 

and difficult to sustain, 

Vacuum Sensing 

A typical pattern sensor applying a vacuum source is illus­

trated in Figure 8. The drawing may be recognized as the design 

Figure 8. Vacuum Sensing. 

commonly used in the player piano. A perforated pattern traverses 

the mouths of a row of tubes upon which a vacuum is being drawn 

through bellows. A hole in the pattern vents a given line and 



causes the bellows to expand and physically displace a push rodo 

The rod movement can be transformed into a latching operation„ 

A vacuum design of this kind is very simple, making use of 

a low cost pattern subjected to slight wear* The response of the 

system is relatively slow5 however, and the nature of a vacuum 

scheme introduces additional potential of fouling from, an atmos­

phere heavily laden with lint particles. In addition*, effective 

location of the bellows would be difficult within the space limita­

tions defined in this project.. 

Pneumatic Sensing 

Several direct ways to sense patterns pneumatically were 

considered and dismissed in favor of an indirect approach repre­

sented in Figure 9* 35*6 major determinant in the selection was 

elimination of system fouling from the air intake. As shown in 

the sketch, air from a pressure manifold flows out of a drilled 

hole nozzle which has been tapped transversely. As a raised sur» 

face of the pattern passes close to the mouth of the nozzle {kf Sj^ 

flow is restricted and the backpressure rises in the side tap, thus 

creating a pattern signal. Since air flows continually out of the 

sensing configuration^ potential pluggage is minimized. Several 

pattern stractures were conceived for possible use with the system 



Figure 9* Pneumatic Sensing. 

shown--one being a screen material with a pattern formed by blocking 

or filling appropriate areas of screen mesh--but considerations of 

pattern wear made the contour pattern preferable. 

Plus factors of the choice of pneumatic pattern sensing are 

low cost patterns, inexpensive system components, absence of appre­

ciable wear of either the system or the pattern, and of particular 

importance, the adaptability of this scheme to reliable and inexpen­

sive signal amplification techniques. Negative factors are the clos 

tolerances required between the pattern and nozzles, possible high 

consumption of air, and potential signal transient troubles. 

Judicious comparison of the foregoing methods of pattern 



sensing within the prescribed project frame'work led to the conclu­

sion that the economic advantages and versatility promised by devel­

opment of a pneumatic needle control system clearly outweighed the 

merits of the other concepts. Furthermore, the disadvantages of the 

air pressure approach also appeared less inherent- and therefore more 

likely to be alleviated. Accordingly, investigation was begun to 

evaluate possible avenues for amplifying the pneumatic pattern 

signals. 

Signal Amplification 

Fluid Amplifiers 

Since the i960 announcements by the Diamond Ordnance Fuze 

Laboratories regarding fluid amplification, interest in fluid ampli­

fiers has grown very rapidly0 As a result, considerable research 

is now taking place in this area. A survey of the literature con­

cerning fluidic devices (6, 7, 8, 9, 10, 11} revealed a number of 

plausible approaches to amplification of pneumatic signals. A 

brief description and evaluation of several of these devices is 

given in Appendix Ac 

In general,, a control system using fluid amplifiers would 

be relatively inexpensive to manufacture, would be virtually free 

of wear, and would utilize Inexpensive patterns which in turn would 
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be subjected to little or no wear„ Potential liabilities of such a 

system are possible high air consumption, fouling from the atmos­

phere, and transient problems (particularly in staging concepts)„ 

Use of fluid amplifiers in this project as a first approach 

was rejected for the following reasons ° 

lo Although a great deal of research has already been con­

ducted toward the development of amplifiers which might 

well be useful in this application, proprietary interests 

apparently have resulted in specific design specifica­

tions and related information being omitted in the 

literature. Therefore considerable experimentation 

would be necessary just to achieve reasonable dupli­

cation of existing knowledge. 

2. inhere is no assurance that, a fluid amplifier unit is 

the best choice of pneumatic system^ particularly in 

view of other potential solutions that have not been 

investigated^ 

Ball Amplifier 

A very simple device which can be used for air signal ampli­

fication is the ball amplifier (12) shown in Figure 100 An unbal­

anced force will cause the balls to shift in the confined space, 



Figure 10. Ball Amplifier. 

With no signal applied as in (A), the power supply is transmitted 

past the smaller ball into the lower port. A signal pressure some­

what smaller than the power supply will, when applied to the pro­

jected area of the larger ball, cause the balls to shift into the 

position (B), thus blocking the power supply and venting any trapped 

pressure at the same time. 

Such an amplifier is easy to manufacture and inexpensive. 

Ball diameters of from l/l6 to 3/8 in. can readily be used with 

supply pressures from fractions of 1 psig to 100 psig. Response 

frequencies above 5̂ 0 switches per second have been observed. Yet 

physical limitations make it difficult to use a ratio of ball 

diameters greater than two "to one, meaning that a maximum amplifica-
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tion of four is obtainable from the device (unless the air power 

supply is cycled). While this degree of amplification may "be 

adequate for the pneumatic control system,, very little safety factor 

could be incorporated in the design, 

Spool Valve 

Another way to amplify a pneumatic signal makes use of a 

conventional spool valve construction as drawn in Figure II. Here* 

an air pressure signal will displace the spool to the right against 

the spring force until the supply pressure ports are uncovered (and 

the exhaust ports are blocked) _, allowing the supply air to flow 

through the valve and out of the transmission ports< In most appli­

cations , spool valves (13) must be very accurately made in order to 

limit leakage^ and close tolerances result in expensive manufactur­

ing costs. But for use in the control system for a tufting machine^ 

where minor air leakage is not of great concern as long as the valve 

functions properlŷ , a spool valve of less than ordinary tolerance 

specifications would be entirely satisfactory. 

An important asset of the spool valve is found in the 

variable amplification ratio that can be achieved if desired. Ex­

cept for the indirect flow force exerted by the supply air^ the 

mass of the spool and the spring constant (and friction) are all 
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that limit the pressure level that can be accommodated at the supply-

ports^ even though the signal pressure may be relatively small. As 

a result of this versatile features a safety factor could automat­

ically be incorporated in a system which uses spool valve amplifica­

tion, because the supply pressure can be increased if needed. Also, 

as illustrated in Figure 11, the spool valve lends itself readily 

to division of one pattern signal into several power signals with 

which to accomplish needle control, Chiefly for the reasons just 

given, the spool valve approach was selected over the other 

methods of signal amplification described. When comparing other 

characteristics the spool valve consumes less air than all except 

the ball amplifier, is less subject to transients, receives more 

wear although not a great deal; and is more expensive but still 

relatively low in cost, 

At this point of the evaluation procedure, it was decided 

to pursue development of a control system for tufting machinery 

which employed a pneumatic pattern sensing scheme with a spool 

valve signal amplifier. There remained the means of needle engage­

ment to be conceived. 

Ne edl.e Engagement 

In order to fully comprehend the context in which arrange-



ments for controlling the tufting needles were analyzed̂ , it is help­

ful to understand that the orientation of the needles is critical 

and that deviation from proper orientation will result in needle 

and/or cutting hook destruction. In the tufting machine using the 

needle holder pictured in Figure 2, a metal edge riding in the flat 

maintains the orientation of the holder and needles. The lover 

recess lip of the same flat serves to latch the needle holder to the 

drive bar by means of a pin thrust against the flat by solenoid 

action. 

In view of the single needle control feature to be Included 

in the system as well as the restriction preventing staggering of 

needles^ a scale-down version of the holder of Figure 2 would not 

be satisfactory^ because not enough flat surface could be machined 

on the smaller diameter shank for orientation purposes and the ed^e 

of the flat would not be deep enough for latching. So^ the decision 

was reached to make the needle holders rectangular in cross section 

to pass in a conforming siot# eliminating the problem of orienta­

tion and providing bulk for latching reasons« Of course^ holes are 

easier to drill than slots are to machine? but it was believed that 

the rectangular holder and slot arrangement would have less critical 

wear restrictions than the flat on existing holders and that longer 



life would be a fortunate consequence. 

Before deciding upon a specific mechanism with which to 

engage the needle holder, attention should also be given to the 

timing aspect of engagement. It is imperative that the needle 

travel the full stroke of the drive bar,, or not enter the cutting 

zone at all, because--as with misoriented needles--needles at im­

proper elevation also cause breakage. In effect, this restriction 

means that needle engagement can only be effected near the top of 

the drive bar stroke. Also, if a positive method of engagement 

such as direct cam action were employed,, some means of synchron­

ization of the pattern signals with the position of the drive bar 

would be necessitated. It is desirable, of course, to avoid such 

timing constraints if feasible. 

Several pursuits to the problem of latching a needle holder 

to the drive bar were considered in which various forms of indirect 

cam action produced the engagement. Still, such approaches re­

quired conversion of the pneumatic power signal from the spool 

valve into some means of cam actuation, The possibility of direct­

ly converting the pneumatic signal to a latching operation by means 

of a spring-loaded piston was then considered, which emphasized 

problems associated with the 3/l6 in. needle spacing. 
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For the advantages of simplicitŷ , -the approach finally 

selected was direct as illustrated by Figure 12„ The inlet power 

signal from the spool valve displaces the spring-leaded plunger into 

a notch in the needle holder in order to latch the holder to the 

drive bar. The piston tip is also notched in conformance with the 

needle holder recess to prevent disengagement during a tufting 

stroke. A restraining spring on the holder insures that contact is 

maintained at the notch, A cast iron striking bar stops the holder 

near the top of the stroke to allow the piston tip to be released 

or inserted into the notch. Aside from being inexpensive and long-

lasting ̂ cast iron was chosen for the striking bar primarily because 

of its high damping capacity (14) in order to minimize the potential 

bouncing action as the needle holder hits the bar. The spacing 

problem is solved by staggering the piston assemblies (and corres­

ponding needle holder notches) on 3/8 in, centers. Note that no 

synchronization restrictions are placed on the pattern signal with 

the arrangement employed in Figure 12. A signal may begin or end 

at any time during a stroke» but the engagement or release of a 

needle holder can take place only once during a stroke cycle—at 

the top position of the drive bar, 

Finally^ after examining and evaluating a number of alterna-



CAST IRON 
STRIKING BAR 

SLOTTED 
DRIVE BAR 

LATCHING PISTON 
ASSEMBLY 

(SEE DETAIL A) 

SIGNAL 
INLET 

RECTANGULAR 
NEEDLE HOLDER 

U-YARN 

Figure 12 . Needle Engagement. 



29 

tive approaches to pattern sensinĝ , signal amplification and needle 

engagement, an overall concept for a needle control system emerged 

as represented in Figure 13° A raised-surface contour pattern 

creates a pressure signal as it restricts the mouth of a sensing 

nozzle. The transmitted pressure signal opens a spool valve admit­

ting two power signals to latching pistons positioned symmetrically 

from the center of the needle drive bar. 

There remained the analytical, and experimental investiga­

tions needed to develop a specific system within the framework 

of Figure 13 and to substantiate the success of the development-
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CHAPTER III 

EXPERIMENTAL INVESTIGATIONS 

Nozzle Development 

Most experimental testing for the project was intended to 

verify some phase of mathematical analysis or to confirm the func­

tional success of a concept0 However̂ , mathematical analysis of the 

sensing nozzle (see Chapter IV) took place concurrently with the ex­

perimental worko In fact, nozzle testing was largely guided by a 

study of parameter effects during development of a mathematical 

model for the system*. Thus, the selective tests made during nozzle 

development were an integral part of the analysis leading to the 

final nozzle choice0 

In the beginning the nozzle concept was that of a simple 

drilled hole tapped transversely as shown in Figure 9° The obvious 

points of question concerned the diameter and length of the base 

hole and the position of the tap. Neglecting for the moment less 

fundamental factors^ the basic criteria upon which to judge nozzle 

performance were the extent that signals to sew and not to sew were 

distinguishable and the reproducibility of results,, With these 
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essential requirements in mind^ experiments to examine nozzle char­

acteristics were begun0 

The basic manifold used for most of the static nozzle tests 

is illustrated in Figure Ik. Air is supplied into the trunk of the 

manifold which opens into a plenum behind a removable face plate„ 

Test holes can then be drilled around the periphery of the face 

plate as desired. An adjustable blocking bar is positioned a known 

distance away from the mouth of a test nozzle by shim washers as 

showno In this manner the blocking bar simulates a stationary pat­

tern o In practice, it was necessary to verify the gap at the noz­

zle mouth with a feeler gauge and to make shim adjustments accord­

ingly. A picture of the nozzle testing apparatus used is shown 

in Figure 15. 

The first series of tests were made simply to measure the 

tap backpressure characteristics for seven distinct nozzle con­

figurations as the gap between a nozzle mouth and the blocking bar 

increases from closed to 0<,01Q in. The different nozzle arrange­

ments and their resul.ting characteristic curves are drawn in Figure 

l6o A gauge manifold pressure of k in„ Hg was chosen for conven­

ience » The first three nozzles shown were compared in the initial 

test. Tapping close to the mouth as in nozzle 1 produces a sig-
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Figure 15. Nozzle Testing Apparatus. 

nificantly greater contrast between a blocked (i.e., small gap) and 

an open nozzle than does tapping near the manifold plenum as in 

nozzle J* From Figure l6 it is apparent that the smaller 0.0.31 in. 

base hole of nozzle 2 is better yet. A factor (not shown) that be­

came evident in several early efforts to make the first three noz­

zles was the effect of the drill sharpness on the performance curves. 

This variation' together with the critical tap location foretold 

problems in manufacturing numerous nozzles of this general type 

having essentially the same behavior in use. In addition, test 

results not given demonstrated that base hole exit conditions also 

affect the characteristic curves of nozzles made as in examples 1, 2, 
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and 3' 

A second test was designed to compare nozzles k.t 3s a^i 60 

Nozzle 4̂ was checked for possible reference purposes only. 33ie in­

tent in testing nozzle 5 was to determine the outcome of tapping the 

base hole as close to the mouth as possible, This was accomplished 

by drilling angularly to intercept the base hole. The decrease in 

tap backpressure with the nozzle open appeared insufficient to 

justify angular drilling in mass scale. Even more than expectedj 

nozzle 6 succeeded in maximizing the contrast between an open and 

closed nozzle. This nozzle was constructed by stopping a, 0*070 in, 

base hole drill just short of the Inside of the face plate and com­

pleting the nozzle by drilling through with a O.OUO in, drill, thus 

creating an orifice. As seen in Figure 16 for the open nozzle 69 

virtually all of the pressure drop between the manifold and atmos­

phere takes place before the 0,070 in. base hole is tapped—-that is^ 

across the orifice» 

Having concluded then that an orificed configuration as in 

nozzle 6 was the logical choice<, the last preliminary test was con­

ducted for nozzle J, which is essentially the same nozzle using a 

sharp-edged orifice= This two-pieced arrangement is much more 

practical both to manufacture and to reproduce. As evidenced by 
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the characteristic curve, the latter nozzle produces the sharp con­

trast desired between a blocked and open mouth„ In addition, since 

almost all of the pressure drop occurs across the orifice, factors 

such as the location of the backpressure tap or the sharpness of 

the drill are no longer critical to the successful performance of 

the nozzleo 

The next stage of nozzle development tests were needed to 

tentatively bracket the optimum size range for the base and orifice 

holeso The mathematical, relationship derived to describe the beha­

vior of the nozzle in use (see Chapter .IV} revealed that these two 

parameters were =• -with the exception of the manifold pressure and 

the •*shim gap—the most dominant factors in determining nozzle 

behavior, At this point it was necessary t-o amplify the definition 

of performance being sought. If the nozzle mouth were to be fully 

closed by the pattern to create a signal to sew, maximum contrast 

between signals to sew versus not to sev could be achieved0 However_, 

in order to insure full nozzle closure at one extreme of manufac­

turing tolerances> some pressure would need to be applied to the pat­

tern at the opposite extreme a 

Thus, provision to completely close a nozzle mouth immediate­

ly introduces the undesirable feature of pattern wear into the over-



a l l p ic tu re . A good deal of unfortunate experience has accumulated 

in small tuf t ing mil ls with pat terns of l i g h t construction wearing 

out , a factor which in pa r t explains the continued use of the expen­

sive but sturdy phenolic drum pa t t e rns . From th i s standpoint an 

arrangement whereby the pat tern does not touch the nozzle mouth i s 

preferable as in the case of the photocell sensing technique of 

Figure k< 

A folded hal f -sca le pa t tern for a conventional ten feet 

square bedspread could encircle a drum 19 in* in diameter and 30 in, 

long. Careful machining of the drum could produce a surface round 

within a tolerance of 0.001 in - , and the transverse diametral dimen­

sion can be held within 0.0005 in . Allowing for wear adjustments 

and s l i gh t pa t te rn thickness var ia t ions , i t was decided tha t a nomi­

nal distance between the pat tern surface and the face of the piece 

containing the sensing nozzle should be about 0,002 in , in order 

to prevent pa t te rn wear0 To provide a s t i l l greater factor of 

safety, a distance of 0*003 in* was chosen for purposes of design 

and evaluation, Therefore--remembering the 0=001 in . roundness 

tolerance—to se lec t the desired nozzle,, the contras t in tap back­

pressure between a shim gap of 0,004 in , and open (loH*? near 0,010 

in , ) should be used as the prime c r i t e r i on , 



The characteristic curves resulting from tests to select the 

best choice of base and orifice holes for the sensing nozzle are 

given in Figure 17= An orifice hole of 0*0135 in, diameter is seen 

to be too small regardless of base hole size, because virtually the 

entire range of backpressure variation is completed within a gap 

spacing of less than 0o00U in. Although the 0,025 in, diameter 

orifice tests yielded the desired backpressure contrasts between 

a 0,00̂ - in. gap and a 0,010 in, gap, the relatively high backpres­

sure remaining at the 0,010 in, gap is not desirable, because a 

threshold of signal pressure at which the spool valve would not 

actuate could thus become as important a control standard as that 

which would actuate the valve. The same objection is found with 

regard to the nozzle having a 0,031 in, base hole and a 0,020 in. 

diameter orifice. From Figure 20 the conclusion was reached that 

the optimum choice of orifice hole was 0„020 in, with a base hole 

of about 0,052 in, or 0.0^0 in., depending on the amount of signal 

contrast necessary. In view of the 3/32 in, (half-scale) spacing 

of nozzles, a base hole much larger than 0.052 in, would be physi­

cally impractical„ 

Now that the choice of nozzle was reasonably well bracketed, 

more specific information was needed regarding the possible inter-
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action of adjacent nozzles. First a simple test was run to compare 

the backpressure of three adjacent nozzles to learn what effect, if 

any, one nozzle has upon another., The curves of Figure 1.8 were ob­

tained using three nozzles spaced 3/32 in. apart and having a OoÔ -O 

in. diameter base hole and a 0„021 in, diameter orifice hole, The 

difference in tap backpressure of the center hole was relatively 

small as shown, but was definitely significant from the standpoint 

of measuring thresholds. For this reason all further tests were 

made with three properly spaced nozzles flowing, and data was always 

taken from the center nozzle tap, 

The next nozzle test was conducted to demonstrate an inherent 

safety factor in the pneumatic concept being developedo As seen in 

Figure 19> the simple expedient of raising the manifold pressure 

supplying the nozzles also raises the backpressure signal strength 

at a gap below 0,00̂ - in» much more than the strength is raised at a 

0„010 in. gapo Thus, if a control system began operating poorly due 

to wear, pluggage^ or the like, it would be entirely possible that 

a temporary solution would be to raise the pattern sensing manifold 

pressure until a convenient period for cleaning or repairs could be 

scheduled, 

The curves of Figure 19 apply to a nozzle having a 0*052 in, 
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base hole0 Those for a 0.0^0 in* base hole were similar, but the 

pressure at a gap of OoOlO ino was found significantly less for the 

0.052 in0 hole as also evidenced in Figure 17<, The difference is 

probably a result of the greater area of air escape of a larger 

hole versus a smaller hole if both are blocked the same distance 

from the mouth. As previously explained, the low pressure at a 

0*010 in« gap is desirable to avoid involvement with a second sig­

nal pressure thresholds 

The last series of static* experiments for nozzle development 

were concerned with the signal threshold between adjacent nozzles as 

a raised pattern surface blocks the mouth of one nozzle and not the 

othero One reason for making these tests was to determine how ac­

curately a pattern edge would have to pass between two adjacent noz­

zles in order that a straight line is sewn parallel to the side of 

a bedspread„ Several tests were run having this general purpose, 

and some basic results are presented in Figure 20. The A series of 

curves presents the tap backpressure characteristics with the edge 

of the raised surface of the special blocking bar just covering a 

*Note that the slow (less than one in» per second] travel of 
the pattern past the sensing nozzles gave no cause to anticipate 
transient problems which might change the conclusions reached from 
static evaluation of nozzle performance«. 
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nozzle mouth completely. The B series of characteristic curves were 

measured with the blocking bar edge just before covering a portion 

of the mouth of the adjacent nozzle. For a given manifold pressure 

at a shim gap "below 0.00U in», It is seen that a distinct contrast 

exists between positions A and B of the blocking bar. For example, 

if the manifold pressure supplying the sensing nozzles is 6 in. Kg 

at a shim gap of =003 in.j any signal threshold between 0,3 s.nd 1.5 

in„ Hg would permit a pattern edge to vary at least over the dis­

tance between adjacent holes (corresponding to blocking bar posi­

tions A and E of Figure 20), Q»Qh2 in., without causing an edge 

stitch either to be added or missedo Further test results indica­

ted that partial overlapping of the sensing holes can even occur 

without interrupting the sewing edge. 

In Chapter IV the nozzle behavior' is described analytically, 

and the specific effect of changing physical parameters is explained 

with regard to a balance of several design objectives. 

Pattern Material 

Having decided to employ a raised surface contour style of 

pattern for reasons already explained,? a search was conducted to 

find a way to produce such a pattern„ .After consulting several manu­

facturers seeking suitable materials, it was learned that products 



ideally suited for the purpose were commercially available. One 

range of products (called either Dycril or Templex as trade names) 

by the DuPont Company was selected for the tests. 

A sketch of the pattern material during and after processing 

is given in Figure 21. A photosensitive material is laminated to a 

Figure 21. Pattern Material. 

support backing with a bonding substance. The chosen pattern 

design in the form of a photographic negative is held in contact 

with the material during an exposure to ultraviolet light. The 

light rays pass through the clear sections of the negative to form 

the pattern design image. The unexposed areas are washed away with 

a dilute aqueous sodium hydroxide solution. A pattern can be made 

in about 20 minutes for well under £100} a price very favorable com-



pared with that for phenolic drum patterns, 

The material illustrated in Figure 21 is available with steel, 

aluminum, or flexible plastic support backing. Relief depths from 

O0OO8 in, to O0OU2 in, may be selected. -The flexible support, backing 

(trade name is Cronar) Is manufactured with a relief depth of 0.008 

ino only^ a value in keeping with the results of nozzle tests already 

described. Since the advantage of flexibility* is coupled with cost 

lower than for steel-backed material, it was decided to test the 

0,008 in, relief.t Cronar-supported pattern material as a first 

choice, 

Response Measurements 

In order to verify the analytical studies to be described 

in the next chapter,, instrumentation was needed to measure and re­

cord the pressure transients at several strategic locations in a 

simulated needle control system = For this purpose a 3Latham strain 

gauge differential pressure transducer,, Model No. PM2953X3 * 1Q--350* 

was purchased, The wiring diagram for this transducer circuit is 

given in Figure 22, A calibration circuit (shown dotted in the 

*Note that a choice of steel backing would necessitate spe­
cial forming of a cylindrical pattern and would be more difficult 
to attach to a drum. 
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Figure 22. Wiring Diagram for Pressure Transducer. 

figure) was also built as specified by the manufacturer to facilitate 

instrument calibration. The transducer was applied to the points 

of measurement and operated in conjunction with a Sanborn Carrier 

Preamplifier, Model 350-llOOB. The measurement results were then 

displayed on either the corresponding Sanborn recording system or 

the screen of a Tektronix type 56H oscilloscope. 

Some means to simulate a rotating pattern drum was needed, 

and for this purpose a precision gear train from a war surplus gun 

turret was adapted. The train was powered by a DC motor, the speed 

of which was adjusted using a Dodge SCR control unit. A pattern 

was simulated on the face of one gear of the train in a fashion to 

be described later. Three adjacent nozzles were machined into a 



special piece which was positioned near the pattern with a microm­

eter screw. The center nozzle was tapped to complete the sensing 

phase of the control system simulation. When conducting the tests 

described later-<-even with the micrometer adjustment available--

difficulty was experienced in accurately measuring the gap between 

the pattern and the center nozzle due to such factors as pattern 

separation from the gear face, slightly eccentric gear travel, and 

small angle between the gear face and the surface of the nozzle 

piece, 

As a basis for comparing pressure transients with respect;. 

to timej a starting base was needed from which measurements could 

begin at a pattern position known with respect to the nozzle mouth. 

An amplified photo-reflective pickup (Power instruments Model 0-836) 

was purchased for this purpose, The basic circuit for the pickup 

unit is shown in Figure 230 Tests were conducted to determine the 

actual performance of the circuit under several trial conditions. 

The basic performance curve for the instrument is also shown in the 

figure as a reflective surface passes before the photocell. The ma­

jor portion of voltage drop passing from a sharply defined reflec-

tive-to-non reflective edge takes place in approximately 0,04 in., 

a distance too great for the use intended. A feature of the oscillo 
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scope being used, however, enabled the scope display to be triggered 

at a specific voltage. Here, ten volts was selected as a convenient 

triggering voltage on the steeply sloping section of the performance 

curve in Figure 23. With this technique a pressure transient curve 

could be captured on a memory screen with a pattern starting point 

which could be determined well within 0.001 in. if desired, A 

picture of the gear train, photo pickup, and pressure transducer in 

position to record the nozzle signal input is shown in Figure 2k. 

Figure 2k, Response Instruments in Use, 

Sensi t iv i ty Determination 

In se lect ing a t e s t pat tern make-up using the pat tern material 

of Figure 21, i t was decided both to ascer tain the basic s u i t a b i l i t y 
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of the material and to learn roughly the sensitivity of the sensing 

nozzle as well. The test pattern was made In the shape of an annular 

ring with a k in. ID and a 6 in. OD to accommodate the gear face. 

The pattern was glued to the test gear as pictured in Figure 25. 

Figure 25. Test Pattern Results. 

The dark radial sectors (raised surface) of the pattern ring gradually 

decrease in width until the smallest slivers are only about 0.02 in. 

wide. The qualitative response resulting from the test pattern Is 

also pictured in Figure 2^, as obtained using the measuring apparatus 

previously described. It can be seen that the first two pattern ring 

sectors in the left grouping provide distinct response signals, 

whereas the signals from the remainder of the group are indistinguish-



able* The two responsive sectors are slightly more than o*l in<= wide, 

Also,, a variation in signal strength for different surfaces is evi­

dent a The difference could be caused to some extent by an accumula­

tion of glue between the pattern and gear face. Howevery it was 

discovered later that the gear does not run perfectly true,, which 

probably accounts for most of the signal strength variation= 

It will be recalled from the project definition in Chapter I 

that pattern designs to be considered would call for a minimum c 

three consecutive tufts„ Specifically, using the proper machine and 

pattern scale factors, a pattern width corresponding to three tufts 

is 0.2 in,^ approximately the width of the four pattern sectors in 

the second grouping (from the left) in Figure 25« Thus, the sensing 

nozzle will detect a pattern width that is only one-half of that 

specified for this research project. 

Nevertheless, an evaluation of the nozzle sensitivity is of 

interest so that the degree of extra capability of the needle con­

trol system in this respect can serve as a known basis of potential 

from which to examine future machine Improvements. Accordingly, two 

points of information were sought: the smallest width of pattern 

surface which could readily be sensed, and the spacing between raised 

pattern surfaces which would permit the signal to diminish to an 



acceptable level. To accomplish these objectives the gap between 

raised pattern surface and nozzle mouth vas chosen at 0.003 in., the 

manifold pressure was held at k in. Hg, and the pressure measurements 

were taken close to the nozzle backpressure tap with no transmission 

tubing installed.* It should be recognized that a different gap, 

manifold pressure, or the like would produce somewhat different 

results quantitativelyo The intent, however, was not to establish 

a full range of nozzle sensitivity information under multiple test 

configurations, but merely to provide a basic guide regarding sen­

sitivity to aid possible developments in the future, 

In order to determine the smallest width of pattern surface 

which could be reasonably sensed, seven small pieces of 0,007 in. 

shim stock were glued to the face of the test gear in widths de­

creasing from 0.10 in, to 0,03 in. Considering the glue thickness, 

a contour relief of approximately 0=008 in. was thus created to 

simulate the 0.008 in. relief of the Cronar-backed pattern material 

under consideration. The test results are given in Figure 26. For 

reference, the strongest signal (on the left) is O.36 psig or 0,76 

in. Hg. The fourth signal from the left, coming from a surface 

*Pattern speed was approximately correct during the tests, 



Figure 26. Minimum Surface Width Sensitivity. 

G.O69 in. wide is the smallest clearly distinctive signal, but its 

strength is only half that of the third signal, which comes from a 

surface width of 0.077 in. Although increased amplitude for the 

fourth signal was gained by increasing the manifold pressure, this 

course of action would ordinarily be inefficient and therefore im­

practical. Thus, it can be said that—under the test conditions 

defined--the sensing nozzle can readily detect pattern widths as 

small as O.O77 in., and still narrower widths can be sensed but with 
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sharply reduced signal strengths, 

The second sensitivity criterion sought was the spacing re­

quirement between raised pattern surfaces which permitted the signal 

to sufficiently diminish, The reason for this spacing study was to 

allay fear that air flow from the nozzle into small pattern channels 

might possibly behave in such a manner as to prevent the signal pres­

sure from falling properly. The same test conditions were held for 

these experiments as for the minimum surface width tests. Two 0.007 

in, thick, 0,2 in. wide shim pieces were glued to the test gear with 

an arbitrarily chosen space between of 0.05 in. Note that the 0.2 

in. widths simulate the minimum pattern width specified for this 

project. The test results from the 0.05 in. spacing are shown in 

Figure 27, A pressure drop from about 0.6 in, Hg to roughly 0.2 in, 

Hg occurs while traversing the 0.05 in. space- (Note that the dif­

ference in signal strengths of the two shim pieces is due to a slight 

angle in one piece as well as a different thickness of glue.) The 

pressure drop across the 0,05 in. space is satisfactory for most im­

aginable threshold requirements. Note that the 0.05 in. space is 

less than the 0.077 in. corresponding to the smallest surface width 

that can readily be sensed. Ihus, under the given test conditions, 

it can be conservatively said that spacing between raised pattern 



Figure 27. Minimum Pattern Spacing. 

surfaces can be at least as narrow as the width of the surfaces 

being sensed. 

Line Flexure Testing 

Remembering the number of signal transmission lines (see 

Figure 13)--nearly 1000 separate pieces in all--necessary within 

the overall needle control system concept, care should be exer­

cised in selecting the transmission line material. Since the recip 
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rocating motion of the needle drive bar causes one end of more than 

600 transmission tubes to oscillate, durability during repeated 

flexing is the one property that the line material must have. In 

order to test this property for several choices of tubing material, 

a machine was constructed as pictured in Figure 23. The machine 

Figure 28. Tube Flexing Machine. 

stroke was approximately 7/8 in., and the operating speed was 1150 

strokes per minute. 

Since the pressures involved are very low and the atmosphere 

in a textile mill would not cause abnormal deterioration in use, the 

choice of tubing to be tested was made chiefly with regard to economy 

and availability. Two inexpensive tubing materials were selected: 

a l/lo in. vinyl tubing such as used for wire insulation, and a 1/8 

in. heavy duty nylon tubing. Two pieces of each were tested: one 
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drawn relatively tight during the down stroke, and one which was 

very loosely connected (see Figure 28). The tubing lengths were 

10 in. and 11 in. from anchor point to anchor point. After subjec­

tion to the test for over 1000 hours, or 69,000,000 flexures^ neither 

the vinyl nor the nylon tubing evidenced any visual sign of damage« 

Therefore, frequent tubing replacement will probably not be a 

serious problem for tufting machines employing this control system., 



ANALYTICAL DEVELOPMENT' 

Input Signal 

From the experimental discussion in Chapter H I , it is evident 

that the key to the performance of the needle control concept lies 

vith the parameters which govern the behavior of the sensing nozzle. 

By the same token, the most important link in the development of a 

mathematical model for the control system is the proper representa­

tion of the sensing nozzle. Specifically, the first analytical objec­

tive is the formulation of mathematical expressions which describe 

the input signal to the control system that results from a pattern 

raised surface passing in front of the mouth of a sensing nozzle„ 

Derivation 

A sketch of a partially blocked sensing nozzle is given in 

Figure 29. As shown, the behavior of the pressure, P(u), constitutes 

the input signal„ Writing the ideal gas law, 

P(u)V = mRT (k,±) 

Because P(u) is an absolute pressure, and the maximum gage pressure 

involved is relatively small, it is reasonable to assume that the 
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Figure 29* Partially Blocked Sensing Nozzle. 

pressure varies uniformly throughout the transmission line, (The 

variation in the gauge pressure through the transmission line is 

given later.) 'The volume, V, includes the nozzle base from the 

orifice to the mouth, and the transmission line from the tap to the 

spool valve. Since the line is on the order of 12 feet long, the 

variation in total volume due to spool movement is so slight that V 

is considered constant. Thus, P(u) depends only upon the mass, tem­

perature, and constants, such that the total differential of P(u) is 

dP(u) .= -pW dT r(u) cb. i^2) 
^T 

m 
om 

i' 



Using equations (̂ ol) and (k92) 

dP(u) = - S - dT + -52L dm (lf„3a) 
V V 

or, 

dP(u) _ _dT_ __dm 

P(u) T m (^3b) 

Assuming a reversible adiabatic process,, the following basic 

equation (15) can be written 

P(u)vk = C (k.ka.) 

or, 
1 1 
k k 

P(u) v = C s C " (k**to) 

and,, using the gas lav, 

P ( u ) k **T = C ? J (It. 5a) 
P(u) 

or, 

l-_ 
c = J 

""R 
m»(u) k = J1!J_=: c g " (^.5b) 



6k 

Differentiating equation (k,5b)f 

i-k £ £ -1) 
"T" 1 -k k 

FCu) dT +• TP(u) dP(u) = 0 [k.6a) 
k 

1-k 

and? dividing by TT\'u) ̂  gives 

dT 
+ J_*_J^L = 0 (4.fib) 

T k P(u) 

Substituting equation (k.6b) into (̂ «3b) gives 

or. 

dP(u) k-1 dP(u) dm_ , 
P(u) ~ k P(u) m ' ' f&; 

3 dP(u) _dm_ 

k P(u) m 
(̂ -7b) 

Since variables P(u)j T̂  and m are all dependent variables of the one 

independent variable3 t (time), for the problem at hand, equation (ktJb) 

can be rewritten 

1 dP(u) 1 dm M 

(*.T<0 kP(u) dt m dt 



andj, again using the gas law, 

1 d?(u) RT dm 

kP(u) dt ?(u)V dt 

Substituting from equation (k*5&)f 

1 dP(u) _ C5' dm 

kP(u) dt. 1̂  dt 

P(u)* V 

and evaluating C1 at initial conditions -with equation (k.5a) 

1-k 

1 dP(u) _ RT{i) P(i) k dm 

fcP(tt) dt i dt 
P(u)k V 

>.8) 

(fc.9*) 

(̂ .9b) 

The very small temperature change that occurs during the nozzle flow-

process (es) is negligible in terms of numerical calculations so that 

T(i) is taken as room temperature,. Also,, P(i) = P(B) as shown in 

Figure 29. Equation (4.9b) can therefore be rewritten 

k-1 

P(U) = J£T. (J£isl^ i (k^ 
V V P(B) 

Equation (4.9c) thus represents the behavior of the input signal p(u) 



in terms of system constants and the time rate of mass change in the 

transmission line. 

Referring again to Figure 29* it is seen that the difference in 

the orifice flows Wl and W2 constitutes the same time rate of mass 

change which appears in Equation (ko^c). Assuming the processes of 

flow through the entrance orifice (Wi) and through the orifice at the 

nozzle mouth (W2) are quasi steady_, the "basic equation of flow of a 

gas through a single orifice (13) can be applied twice. 33ms, 

WI k / ^/._\ x k 

(CD1)(A01) y ^ 
. C 1 JHL (J&LY / i - 3 4 - r (*.io) 

n* \ P(l) / J 'V P(l) J 

and 

1 / k-1 
k / / ~^\ , k 

/-^ U(u)/ y U(u)/ ;CD2)(A02) 

where; Wl and W2 = weight rate of flow, lb/sec 

CD1 and CD2 = orifice discharge coefficients 

A01 and A02 » orifice areas9 sq ft 

P(l) = manifold supply pressure to sensing nozzles, psfa 

T = room temperature, °R 

P(u) = nozzle tap backpressure (input signal), psfa 

k = polytropic exponent (l*k for air) 



P(E) = discharge pressure at pattern recess, psfa 

CI = g 
2k 

R(k-l) 
= 2„06 /^R/sec 

Also, 

Wl - W2 = AW = 
dm 

dt 
= m (̂ .12: 

Combining equations (h*9c), (4.10), (4.11), and (4.12), 

k-1 
k P(U) = s s (mi) * -£L_ 

VT IP(B)/ ^ 

1 / k-1 
( C D l ) ( A 0 l ) P ( l ) / ^ k / l - /Z i l l i r 

(CD2)(A02) P(u) r ^ 5 i 
\P(u) 

k-1 

1 ./SiST. 
\P(u)/ 

(4.13a) 

Equation (̂ ,13a) is a first order ordinary nonlinear differential equa­

tion describing the signal input, P(u), in terms of known parameters<• 

The only other variable in the expression is A02 which of course de­

pends upon the position of the pattern in relation to the mouth of the 

nozzle. Since the pattern travels at a constant rate of speed, the 

variable x in Figure 29 can be defined by the expression 

x = constant (4.l4a) 
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A02 varies from a maxiimam of TT(RN) at x = 0, where RN is the 

radius of the nozzle base hole> to a minimum of 2TT(RN)(G) at X = RN. 

In order to complete the relationship between time and the input sig­

nal, it is necessary to express A02 as a function of x as x varies from 

0 to 2(RN)o Using appropriate geometrical relationships for segments 

of circles^ etc., as developed in Appendix B=-for 0 < x < RN^ 

A02 = 2(G)(RN) tan"1 
1 / RN~x \ 

! RM I m RN-x 

RN 

+ TT(RN)' 

(RN)2 tan"1 /w- RN-x 

m. 
RN-x 

RN 

where A02 £ TT(RN] 

h.15) 

(BN-x)/2(RN)(x) - x2 

Similarly, as on the following page^ for RN <. x <. 2(RN) 



A02 = (G)(RN) 2TT - 2 tan° 
i -f—f 

I RN / 
x-RN 

RN 

(x-RN) yRN2-(x-RN)2 + (RN) tan"] 

TT(RN)' 
T 

2 

x-RN 

JQL 
x-RN \2' 

(4.16) 

\ RN 

where A02 s 2rr(RN)(G) 

The mathematical model describing the overall input signal has there­

fore been expressed in two basic equations, (4,13a) and (holka.) where 

A02 in equation (4,13a) is given by equations (4.15) and (4*l6)« At 

this point the reader may wish to refer to Appendix C wherein a sample 

computer program is presented in which the four equations above (to­

gether with equations describing the remainder of the control system) 

are written in state variable representation as first order differen­

tial equations which are solved simultaneously using a Runge-Kutta nu­

merical integration technique. The input signal P(u) as calculated in 

Appendix B from the equations just derived is compared in Figure 30 

with the actual input signal as measured with the response instrumenta­

tion described in Chapter III and pictured in Figure 24o Note that 

the close agreement between calculated and measured results as shown 

in Figure 30 is due largely to selection of discharge coefficients as 
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explained later. 

Parameter Variation 

The parameter values appearing in the mathematical model for the 

signal input that are most open to question are the values of the ori­

fice discharge coefficients, GDI and CD2—particularly the latter. The 

basic difficulty in selecting the appropriate discharge coefficients 

occurs as a result of the small sizes and pressures involved. For ex­

ample, with a manifold pressure of 2 psig supplying air to an open sen­

sing nozzle having an orifice hole of 0o020 in. and a base hole of 

0,052 in0<? the Reynolds number is but 1^00. This is well below the 

range of the standard curves for the VDI orifice (l6). However9 ex» 

trapolation of the standard curves indicates a value for CD1 somewhere 

between 0„6o and 0„70o The point here is that even for a physical 

orifice configuration which does not change, the discharge coefficient 

varies with Reynolds number in this low range. Thus, GDI varies ac­

cording to manifold pressure«, The existence of this variation was 

definitely established by measuring the flow through the open sensing 

nozzle being discussed at several manifold pressures^ and calculating 

coefficient values from the standard equation (16) for compressible 

flow through a square-edged orifice^ 

Q = CdY AQ / -2£L- (4,17) 
P 



Values of GDI ranging from 0,83 to Q»6k were calculated using corres­

ponding manifold pressures of 1 psig to 5 psig« S&e value of GDI used 

to calculate the curve presented in Figure 30 was Q067? which was found 

to give a good approximation to measured results, A typical flow cal­

culation from equation (hoYf) is given in Appendix Do 

The problem of selecting a value for CD2 is still more involved 

than for CD1,, because the size of the orifice changes with pattern 

travelo Several approaches were taken to assign CD2 an appropriate 

value. First an approximate extension (17) of the standard vDI orifice 

curves was found In terms of the varying ratio between the area of the 

orifice (i<.e„, A02) to the area of the nozzle base hole. The carve 

formed from the coefficient values at the appropriate Reynolds number 

was then fitted using a computerized least squares technique and the 

fitted curve was tried in the program given in Appendix (!0 It was 

learned by comparison with measured results that the -variable CB2 found 

in this manner was relatively poore "Thus the square -edged orifice 

should not be used as an approximation of the variable orifice at the 

mouth of the sensing nozzle» 

Next it was decided to extrapolate the curves for the VDI flow 

nozzle (16) to the proper values of Reynolds number and repeat the 

above process „ By limiting values of CD2 to 1*0 and below<, good agree­

ment was found between calculated and measured results; however,, the 



range of values used was so small, 0,80 to 1<0, that this approach 

seemed unnecessarily complicated. Several constant values of CB2 were 

tried and 0,87 was found to give very good results as shown in Figure 

30. 

Having now verified that the mathematical model describes the 

physical system in so far as the input signal is concerned, it is pos­

sible to analytically examine the effects of several parameter varia­

tions which were described in Chapter III, The most pronounced effects 

occur as a result of varying either the gap between the nozzle mouth 

and a raised pattern surface or the size of the base hole of the sen­

sing nozzle itself, 

Using the same computer program values of Appendix C which pro^ 

duced the curve in Figure 30^ except for varying the gap, the series 

of curves given in Figure 31 were calculated. As expected from the ex­

periments in Chapter H I , closing the gap produces a very pronounced 

increase in the strength of the input signal. This effect serves to 

again emphasize another safety factor of operation inherent in the sen­

sing concept, such that the simple expedient of adjusting the path of 

pattern travel slightly closer to the mouths of the sensing nozzles 

will sharply increase the ability to sense a pattern. 

Again^ using the same values in the computer program as before 

except for varying the size of the base hole of the sensing nozzle, 
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the curves in Figure 32 were calculated. As expected, the smaller the 

base hole^ the more quickly the signal input occurs and the stronger 

the signal amplitude, In the event a need existed to shorten the re­

sponse time for the control system, then one logical step to consider 

would be that of reducing the diameter of the sensing nozzle base hole., 

Pneumatic Line Transmission 

The basic reference used in finding the equation for transmis­

sion of the signal input from the nozale through a line to the spool 

valve is an article by Shuder and Binder (l8) written in 1959" The 

equation derived in this work was found to accurately describe the 

measured transmission characteristics except that the measured pressure 

always lagged behind the calculated pressure„ By introducing a time 

lag of the line length divided by the speed of sound, very good agree­

ment was reached between the calculated and measured results of Shuder 

and Bindero For this reason, the same time lag was incorporated in 

the computer program of Appendix C with good results as seen in Figure 

33= Since the time lag is a function of the length of a transmission 

line and a typical tufting machine is more than 10 feet wide, care 

should be exercised to keep the lengths of transmission lines approxi­

mately uniform. For example, a difference of less than six feet in 

two transmission line lengths will result in a signal being transported 

through the shorter line some five milliseconds sooner,, The difference 
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could result in a slight distortion of the pattern being sewn for rea­

sons which are explained later in the chapter. 

The equation actually used for the signal transmission came from 

an article (19) based on the derivation of Shuder and Binder. This 

simplified relationship is applicable to pneumatic line transmission 

as long as the ratio of the inside diameter to the line length is quite 

small, as in this project. Writing the expression as a differential 

equation, 

p(2) + 2(si)fwwi) p(a) + (wra)2 p{2) = (WNI) 2 P(U) (^i8a) 

where 

si* (R^L1) /-L.+ ?o_2 (kal9) 
2(DE)(C) J 2 (A1)(LL) 

WN1 = — — — — (4,20) 

L/i 
J 2 

LI / — + VS 
(A1)(L1) 

P(u) = pressure input signal, psfg 

P(2) = pressure at end of transmission (spool entrance), psf^ 

SI = damping ratio 

WN1 = undamped natural frequency 

R = —2gU—_ = factional resistance, Ib-sec/fiT 

(Dl)2 



(3 

U = dynamic viscosity of air, slugs/ft-sec 

Dl - inside diameter of line, ft 

LI = length of line, ft 

DE = density of air, slugs/cu ft 

C = velocity of sound, fps 

VS = terminal volume at spool, cu ft 

Al = cross-sectional area of line, sq ft 

The terminal volume, VS, above is a variable quantity (20) which 

is a function of the spool displacement at a given time, A simple 

means to define VS is 

VS = (A2)(z) (4.21) 

where: 

A2 = area of spool face, sq ft 

2 = spool displacement, ft 

Equations (4,l8a), (k.X9), (4.20), and (4.21) define the transient be­

havior of P(2), the pressure downstream of the transmission line, in 

terms of P(u), z, and known system parameters. As with the signal in­

put equations, these relationships are also expressed in state variable 

representation and solved simultaneously in the same computer program 

given in Appendix C. The calculated values of P(2) are compared with 

measured values in Figure 33- As shown, the calculated values spread 
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somewhat above the measured values as P(2) increases. This is attri­

buted to leakage at the spool valve itself; however, the agreement was 

satisfactory for the analytical purposes of this project without intro­

ducing the factor of spool leakage into the mathematical expressions. 

Spool Valve Relationships 

Spool Movement 

The next in the series of mathematical expressions to describe 

the overall needle control system is that of the movement of the 

spring-loaded spool itself (see Figure 11). Here, the basic equation 

for the motion of a spring-loaded mass is applicable. 

(Ml) z + (Bl) z + (Kl) z = (A2) P(2) (4.22a) 

where: 

Ml = mass of spool, slugs 

Bl = spool damping coefficient, lb-sec/ft 

Kl = spool spring constant, lb/ft 

It is probable that the damping term could be omitted in equa­

tion (4„22a) without significant effect; however, realizing that very-

little damping is present,* the value of Bl was arbitrarily chosen as 

two per cent of the critical damping ratio; i.e., 

*Valve leakage may affect damping to some extent, however. 
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Bl = (0.02) 2 J (K1)(M1)' (̂ .23) 

Pressure Transient 

Derivation of an expression for the pressure transient across 

the spool valve is somewhat similar to the input signal derivation. 

Beginning with the "basic (13) orifice equation, 

1 / k-1 
W - (ci) -H3L (j*&^ A - te-\ k

 (h.2k) 
fip U(3)/ J U(3) / (CD2)(A03) 

Now, using the gas law for the air passing through the valve into the 

volume in the transmission line, and assuming that the pressure varies 

uniformly through the volume, 

P(*0V = mRT (̂ .25) 

In this case, the process is assumed to he isothermal,* because experi­

mental evidence (21) indicates that an isothermal process more nearly 

approximates true conditions of direct line transmission than does a 

*The following analysis lends credence to the assumption of an 
isothermal process. The maximum rise in temperature will occur if the 
process were reversible adiabatic. From isentropic relationships (15) 
for a pressure rise of 0.75 Psi> the temperature rise is about 8 de­
grees F. The entire process occurs in less than 0.03 sec (see Appendix 
C). Assuming that the air temperature inside the transmission line is 
suddenly raised 8 degrees F, it can be shown that--at the end of 0.03 
sec--the space mean temperature (22) is virtually unchanged. 



reversible adiabatic process. Considering that the line volume remains 

essentially constant, and differentiating equation (4.25)_, 

V-MiiL^FT-^L (4.26a) 
dt dt 

where 

i£L = w 
dt 

or, rewriting, 

W = - ¥ — p(4) (4.26b) 
RT 

Thus, combining equations (4,24) and (4.26b), 

k - 1 

P W = to(cD3)(A03)(Cl) £i3l f W / l - f£iili k ( )+.2Ta) 
\VF / j-f \ p (3 ) /y \p(3)/ 

where: 

P(4) = pressure downstream of spool, psfa 

VF = volume of transmission line plus entrance to piston, 
cu ft 

CE>3 = coefficient of discharge 

P(3) = pressure upstream of spool, psfa 

Equation (4.27a) describes the pressure P(4) across the spool in terms 

of known parameters and the variable orifice area, A03. Selection of 

the coefficient of discharge for the orifice, CD3, is governed by the 



same factors which led to the choice of GDI and CD2. Here, a value of 

O.65 was taken. 

Using the same geometrical relationships as those from which the 

relationships for the sensing nozzle orifice were found (see Appendix 

B), the variable spool valve orifice can be expressed with translated 

values of the spool displacement, z. Referring to Figure 34, section 

(A), for 0.00 521 < z < 0.00782, 

A03 = (RO)2 tan"1 

/ 1 /RO - (z - 0.00521) \ 2 

RO - (z - 0.00521) 

' RO 
(4.28) 

RO - (z - 0.00521) J 2(R0)(z-0.00521) - (z-0,0052l):" 

and, from section (B), for 0.00782 <. x <L 0.01042, 

A0 3 = -IL(RO)2 + (z - 0.00782) J (RO)2 - (z - 0.00782)2 

+ (RO)2 tan"1 

z - O0QO782 

RO 

1 -
z - 0.00782 p 

RO / 

(̂ .29) 

Equations (4.27a), (k,?Q), and (4.29) complete the mathematical defi­

nition of the transient behavior of the pressure, P(4), across the 

spool valve. As before the equations are incorporated into the comput-
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Figure 3̂ » Partially Open Valve Port, 

er program in Appendix C, and trie values of P(̂ -) calculated there­

from are compared with measured results in Figure 35« Here, the valve 

leakage results in a substantially lower measured pressure than that 

calculated, and the time delay is not as accurate as before. Apparent­

ly the supply port (see Figure 11) and exhaust port were not drilled 

exactly as intended. Also, the peripheral leakage effect seen in 

Figure 33 occurs in this case in two directions instead of one. No 

attempt was made to fit the calculations to the inaccurate spool valve 

used in the project nor to machine a more accurate valve, because the 

valve finally produced for an operating machine would not be accurately 

simulated, and because the leakage error does not prevent the mathemat­

ical model from serving its primary functions as given later in this 
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Figure 35. Transient Pressure Across Spool Valve—Calculated vs. 
Measured. 
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chapter. Since the valve used performed well enough to demonstrate 

the operability of the needle control system concept, it is assumed 

that a more accurate valve would he at least equally satisfactory. 

Mathernatical Mode1 of Control System 

Remaining Relationships 

The final relationships necessary to complete a mathematical 

model of the needle control system apply to the transmission of the 

pressure signal, P(4), through the line to the piston, and the move­

ment of the spring-loadec. piston itself. Both expressions are arrived 

at in the same manner as were equations (4.l8a), (4.19), (4.20), (4.2l) 

and equations (4.22a) and (4*23). 

For the transmission of pressure P(4), 

P(5) + 2(S2)(WN2) P(5) + (WN2)2 P(5) = (WN2)2 P(4) (4.30a) 

where; 

(R)(L2) / _1_ , VP 

2(DE)(C) J 2 (A1)(L2) 
(^31) 

WN2 = 

L2 / -=- + 
. 

1 VP 

(^32; 

2 (A1)(L1) 

VP = (A3)(y) (^33) 



3? 

P(4) = pressure downstream of spool, psfg 

P(5) - pressure at piston, psfg 

S2 = damping ratio 

WN2 =s undamped natural frequency 

L2 = length of line, ft 

VP = terminal, volume at piston, cu ft 

A3 = area of piston face, sq ft 

y = piston displacement, ft 

For the motion of the spring-loaded piston, 

(M2) y + (B2) y + (K2) y = (A3) P(5) (4.34a) 

where: 

B2 = (0.02) 2 J (K2)(M2)' (4,35) 

M2 = mass of piston, slugs 

B2 = piston damping coefficient, lb-sec/ft 

K2 = piston spring constant, lb/ft 

State Variable Representation 

Basically, seven differential equations—(4.l4a), (4.13a), 

(4.18a), (4.22a), (4.2?a), (4.30a), and (4.34a)—have been developed to 

describe the transient behavior of the several respective segments of 

the control system--pattern movement, signal input, first line trans­

mission, spool motion, pressure transfer across spool valve, second 
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line transmission, and piston motion,, The composite of these seven 

equations make up the mathematical model sought to describe the overall 

needle control system complex. In order to solve the equations, the 

computer program of Appendix C was written making use of the Runge-

Kutta numerical integration technique (23) for the simultaneous solu­

tion of first order differential equations. Of course, four of the 

equations are second order. Therefore, using state variable represen­

tation (2k), these four were rewritten as eight first order equations, 

such that the final basic system equations were 

X(l) = x = constant {k.lkh) 

k-1 

X(2)=P(u)i^M/^A
k Cl_ 

(VT) \P(B)/ JY 

(CD2)(A02)(X(2))P^r 
U(2)/ 

x(3) = x{h) 

(CD1)(A01)(P(1))(^2] 

\P(D 

k-1 
'P(B)\ k 

X(2), 

(̂ .13b) 

(4.l8b) 

±(k) = P(2) = -2(Sl)(WNl) X(U) - (UNI)" X(3) + (WN1) X(2) (4,l8c) 

x(S) = x(6) 

x ( 6 ) ^ = . ( a W ) J5)x(5) ^Vx(3) 
\Miy \MI/ \aj 

(4.22b) 

(4.22c) 
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k-1 

X(7)=P(U)=M^ (CD2)(A03)(C1) ̂  toV / l -/Xill\ k (4,27b) 
(VF) y ^ \ p(3)/y \P(3)/ 

x(8) = x(9) ('i-.30h) 

X(9) = p(5) = -2(S2)(WN2) X(9) -(WN2)2 X(8) + (WN2)2 X(T) (L!-30c) 

X(10) = X(ll) (4,34b) 

X(ll) = y = . (^X(ll) - feW(lO) +fA3)x(8) (4„34c) 
\M2/ \M2y \M2/ 

The above composite of equations together with complimentary 

equations (4.15), (4.l6), (4.19), (4.20), (4.21), (4.23), (4.28), 

(4.29), (4,31), (4,32), (4.33), and (4.35) were the specific relation­

ships used in Appendix C. 

The foregoing mathematical model is intended to serve at least 

three needs with respect to development of an improved needle control 

system for tufting. First, as already illustrated in Figures 31 and 

32, the effect of parameter changes in the system can be studied with­

out physically making the changes. Secondly, troubleshooting of the 

system is simplified considerably with the aid of calculated results 

as in the computer program printout of Appendix C. For example, with 

these results, timing problems can be more clearly diagnosed and cor-
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rective measures can be readily evaluated. Finally, the mathematical 

model should prove very helpful in extending the system development 

beyond that embodied in this thesis. Recalling from Chapter III, sev­

eral alternative system components could well be found preferable to 

those chosen by the author. Also, cycling of air sppears to offer some 

advantages that have not been explored. In any event, it is hoped that 

the mathematical model developed here, particularly that portion de­

scribing the sensing nozzle behavior (input signal), will prove useful 

in future research efforts in this area, 

Selection of Springs 

Response Limitation 

As long as components are reasonably uniform such that all 300 

(plus) signals sensed from a pattern at any instant of time are trans­

mitted to the corresponding 600 positions at the needle drive bar in 

approximately the same length of time, there is but one major response 

limitation in the control system. Enough time must elapse at the top 

of the tufting machine stroke to permit the piston to thrust into the 

notched needle holder in response to a signal to sevf or, conversely, 

to allow the piston to withdraw from the notch when a signal to sew 

no longer exists. Referring back to Figure 12, the factors which 

affect the piston movement are the position of the striking bar, the 

force exerted on the piston by the spring, and the force of the signal 



pressure on the face of the piston. 

The length of time at the top of the stroke during which the 

piston tip can move in or out of the notched recess in the needle 

holder is governed by the position of the cast iron striking "bar. 

In the timing diagram of Figure <6, the total time for a complete 

Figure 36 • Timing Diagram. 

cycle cf the eccentric drive is shown as 0.06 sec (corresponding to 

1000 strokes per minute). If the striking "bar is positioned such that 

the needle holder is stopped l/l6 in. below the top of the stroke as 

shown, then approximately 0.01 sec will elapse during which the piston 

can move in or out of the recess. 

Thus it is seen that the first step in determining the comple­

ment of springs to be used is to establish the time limitation for 

piston response in accordance with the position of the striking bar. 

For convenience, the sequential steps taken to select the proper 

springs are enumerated below and amplified afterward. 
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(1) Choose the desired piston response time (see above). 

(2) Calculate the strength of the piston spring, 

(3) Determine the pressure required to actuate the piston. 

(k) Find the corresponding strength of the needle holder 

retaining spring. 

(5) Select a spool valve spring, 

Piston Spring 

Having established a time limit in which to withdraw the piston 

from the needle holder notch, the minimum strength of the piston spring 

can be determined. Neglecting the damping term, the equation for pis­

ton withdrawal is 

(M2) y + (K2) y = 0 >,36) 

The solution to equation (4.36) is 

y(t) = y(0) cos K2 

M2 
(^37) 

Equation {h.Jj) can be rewritten 

K2 = M2 
cos 

-1 y(t) 
3S (JN38) 

whe re: 

y(o) = initial spring compression, ft 
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t = independent variable--time, sec 

From equation (k,3&)> the value of the spring constant can be directly 

calculated in keeping with the chosen time limitation, 

The minimum pressure required to actuate such a spring-loaded 

piston is determined from 

P(5) =J^lli2L 
A3 0*39) 

Needle Holder Retaining Spring 

Having selected a piston spring from equation (k-.^Q) in keeping 

with the desired piston response behavior, the needle holder retaining 

spring can then be selected. First the needle holder spring must be 

at least strong enough to assure that the notch does not separate from 

the piston tip at any point during a sewing stroke; otherwise, the pis­

ton might withdraw near the bottom of a stroke and result in machine 

damage during the loop cutting process. Since maximum acceleration 

occurs at the bottom of the stroke, then the needle holder retaining 

spring must be strong enough to maintain an upward force at that time. 

Again neglecting damping, the equation of motion for the spring holder 

is 

(Mb) d + (Kh) d = Fh (k.hO) 



where: 

Mh = mass of holder, slugs 

d = displacement of holder from center of stroke, ft 

Kh = holder spring constant, lb/ft 

Fh = force on holder 

The holder displacement is a function of the drive eccentric position, 

d = A sin dot) (k.kl) 

where: 

A = amplitude of stroke, ft 

tut = angular position of eccentric 

Combining equations (̂ .UO) and (k.kl), 

-(Mh)(A)(uo2) sin (cut) + (Kh)(A) sin (cut) = Fh (k.k2) 

Since the force, Fh, must remain positive at the bottom of the stroke, 

where cut is 90 degrees, then it can be seen from equation (k.k2) that 

the minimum spring constant is 

Kh = (Mh)(«j2) (^3) 

However, Kh must be some value above the minimum of equation 

(U.U3)—at least enough to maintain sufficient force on the piston tip 

to prevent the tip from being withdrawn by the force of the piston 

spring. Therefore, the case must be examined in which the piston is 



most likely to retract from the notched recess in the needle holder. 

As already explained, this likelihood is greatest at the bottom of the 

stroke, when the force, Fh, is least. The analysis is based upon the 

forces acting on the piston, as illustrated in Figure 37' P is the 

Fh 

Figure 37. Forces on Piston. 

force exerted by the spring on the piston, which is K2 times the 

spring compression distance. The slanted needle holder notch surface 

exerts restraining forces on the piston tip as shewn. By summing 

forces in both the vertical and horizontal directions, an expression 

is derived from which the force (minimum) exerted by the needle holder 

retaining spring can be found to correspond to the piston spring al­

ready selected, 



Fh = i (k.kk) 

3 in cp 
• 4- cos cp 

cos cp - f 

where: 

cp = angle of piston tip 

f = coefficient of friction 

From the foregoing spring calculations it is evident that the 

specific springs selected for use in the control system could vary in 

strength considerably and remain within the limitations of the system. 

Furthermore, the limitations can be changed if necessary. For example, 

increasing the angle of the notch in the needle holder recess or 

strengthening the needle holder retaining spring would materially in­

crease the allowable strength of the piston spring. In the final 

analysis, the optimum specific complement of springs will doubtlessly 

be determined by actual experience with the machine in operation. 

Spool Valve Spring 

Just as with the piston spring, a wide range of springs for the 

spool valve might conceivably be chosen, depending upon the pressure 

level and/or response desired. There is no specific response limita­

tion for the spool valve in the manner of that for the piston spring. 

except that all valves must function with essentially the same opera­

ting delay, To be certain that the "behavior of individual valves does 



not affect the p rformance of the control system, it is probably best 

to select a valve spring which is strong enough to insure full spool 

travel within 0.001 sec, thus maintaining fractional time variations 

relatively insignificant. Writing the fundamental relationship^ 

(Ml) z + (Kl) z = (A2) P(2) (k.k5) 

assuming the closed valve spring is not initially compressed, equation 

(̂ -.̂ 5) can be solved as 

/ Ml _! 
t = / — — cos ± 

J Kl 
(**> * W - z(t) 

Kl 
'k.k6) 

From this expression, the time for full spool travel can be found for 

an assumed step pressure input. 

Test Springs Selected 

For this project, piston and spool springs were made with a 

lathe by winding 0.007 in. diameter music wire around a rod. In order 

to determine a working value for a particular piston spring constant, 

the spring was actually placed in the piston housing assembly (see 

Figure 12), and the extension of the piston tip was measured at a re­

corded pressure. 

Arbitrarily assuming a time limit for piston response of 0.006 

sec, a value for the piston spring constant was determined from equa-
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tion (̂ .38) "to be 2.0 lb/ft. Here, the initial spring compression was 

7/32 in. From equation (4.39)> the pressure required to actuate the 

piston is 1.6 psig. From equation (h,kh), where cp is 15 degrees, the 

minimum Fh was found to be 0.024 lb., This value of Fh was substituted 

into equation (4.42)* to give a minimum needle holder spring constant, 

Kh, or 22.8 lb/ft. (A spring constant of 24.0 lb/ft was actually used.) 

For convenience, the same spring strength (2.0 lb/ft) selected for the 

piston was also used for the spool valve. From equation (4,46), the 

time required for full spool travel with this spring is 0.009 sec, 

where a step pressure input of 0.5 psig was assumed. 

The particular piston spring strength was chosen to permit tes­

ting in the range (below 4 psig) of nozzle supply manifold pressures 

originally used to develop the nozzle. A machine in production would 

probably use higher pressures and stronger springs, an option readily 

available to provide a safety factor of operation. Also, a much 

stronger spring could be selected for the needle holder; however, an 

unnecessarily strong spring--when multiplied by more than 600—neces­

sitates unwarranted use of machine power to actuate the drive bar. 

*Where sin (cut) = 1 at the bottom of the stroke, 



CHAPTER V 

DISCUSSION OF RESULTS 

Performance Demonstration 

The final objective of the research project was the verification 

of the conceived needle control system in simulated practice. To accom­

modate a test demonstration, a machine was constructed—using a drive 

eccentric and push rod from an actual tufting machine—to give the pro­

per stroke amplitude and speed,, The simulated tufting machine is pic­

tured in Figure 38* For reference, the top of the frame stands about 

21 in. above the table top. The stroke distance of the machine is 

7/8 in v and the speed was measured at IQkB strokes per minute. At 

this speed, despite heavy frame construction and careful adjustment 

of a counterweight on the eccentric drive shaft, considerable vibration 

occurred during operation of the machine, requiring that it be securely 

anchored to the heavy table shown in the pictures. The slotted drive 

bar and associated features of the design outlined in Figure 12 were 

adapted to the test machine as also seen in the pictures„ The horizon­

tal rod above the drive bar anchors the top of the needle holder re­

taining spring. The rod level can be changed by inserting the rod 

through frame holes provided at different elevations. At the bottom 
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Figure 38. Simulated Tufting Machine. 

of the framework holding the rod is seen the cast iron striking bar 

against which the retaining spring is pulling a single needle holder. 

An entire needle control system was assembled in the manner 

diagrammed in Figure 13. The pattern and sensing nozzle arrangement 

of Figure 2k were connected to the spool valve of Figure 11 with a 

12 ft length of 1/8 in. standard copper tubing. Six additional feet 

of tubing joined the spool valve to a short flexible length of l/l6 

in. vinyl tubing which connected to the piston assembly in the machine 

drive bar. 

During the tests described in Chapter IV, it was found that 

both the notch in the mild steel needle holder and the tip of the 

stainless steel piston received battering damage during operation. In 

order to conduct a reliability test, therefore, both the needle holder 
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notch and the piston tip were case-hardened with cyanide, A carbide 

insert in the needle holder might solve the problem of hardening the 

notch in a production version of the machine. 

A second photocell pickup of the type shown in Figure 23 was 

positioned so as to sense a needle holder at the bottom of a sewing 

stroke only (see Figure 38)" Using a simple bridge circuit the photo­

cell signal was displayed as a blip on one channel of a Sanborn re­

corder. The Statham pressure transducer (Figure 22) was placed in 

the transmission line close to the piston at the drive bar, and the 

pressure signal was recorded on the other recorder channel, In this 

manner the pressure signals created indirectly from sensing a pattern 

could be compared directly with the resulting number of simulated 

stitches, thus demonstrating the successful performance of the needle 

control system concept. 

For the reliability test, one piece of 0,007 in. thick shim 

stock approximately 0.47 in. wide was glued to the face of the test 

gear. It was noticed in the previous calculations (see Appendix C) 

that a manifold pressure of 2 psig (k in. Hg) will barely open the 

spool valve, and measured pressures were found less than calculated 

values. For this reason the reliability test was made at a sensing 

nozzle supply manifold pressure of 3 psig and the gap between the pat­

tern (shim piece) and the nozzle was narrowed to about 0.0025 in., 
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thus giving added insurance of sustained operation on the first try 

with the specially hardened components. 

The reliability test was conducted for a period of one hour, 

and sample recordings taken at the beginning and end of testing are 

given in Figure 39« It is seen that the performance was the same at 

(A) At Start (B) After One Hour 

Figure 39. Reliability Performance Recording. 

the b e&inning and end of the test. A spool valve manifold supply pres­

sure, P(3)> of 1-75 psig produced a pressure signal (see Figure 39) of 

almost 0.8 psig at the piston for a duration of 6 stitches. (On sever­

al trials during the hour test, seven stitches were recorded.) While 

the repeatability of the needle control system concept was demonstrated 

by this test, it should be noted that the pressure signal should have 



lasted long enough to produce 9 stitches instead of 60 Again, this is 

attributed to the excessive leakage both at the spool valve and at the 

piston, where cleaning a distorted piston after heat treatment intro­

duced additional clearance and therefore leakage. A time delay of at 

least the transmission line lengths divided by the speed of sound al­

ways exists through the system from an input pressure signal to the 

corresponding pressure buildup at the piston- On the other hand, 

leakage will allow the pressure to dissipate without the same time de­

lay when the input signal is removed. It is believed that this ex­

plains the shortage of stitches in the test. Several potential rem­

edies to correct this problem are; 

1. Eliminate significant leakage at the spool and piston 

with O-ring seals or the like, 

2. Shorten the transmission lines as necessary to remove 

the problem, 

3° Gear down the pattern drive in a manner to produce the 

correct number of stitches to correspond to a given pat­

tern area. 

k. Use a shrink rule to construct the lengthwise pattern dimen­

sions at the proper proportion to produce the desired num­

ber of stitches. 

By locating the spool valve near the sensing nozzle, thus essen­

tially eliminating the first transmission line delay, 7 and 8 stitches 



were produced as compared with the 6 of Figure 39 • 

Results Compared with Objectives 

Single needle control on 3/l6 in* centers has "been accomplished 

by converting to a needle holder with rectangular cross section. It 

is believed that the individual needle holders will actually maintain 

orientation better than the dual holders now in service, and that re­

placement of the holders due to wear will occur less often. 

Ihe design criterion for machine speed was 1000 strokes per 

minute, a rate less than that demonstrated with the simulated machine. 

This speed is by no means the maximum which can be achieved using the 

concepts generated in this research project. Vibration problems in 

the existing machine may be found to limit machine speed before the 

upper reaches of response using the described control system are 

explored. 

The sensitivity requirements were more than met as discussed in 

Chapter III, and the desired pattern scale factors were adhered to 

except as noted above. The control system is not at all difficult to 

understand and should prove relatively easy to maintain by semiskilled 

personnel. From the pattern to pistons, very little wear should occur, 

which should make for a long-lived system. 

It is difficult to assess the cost of all elements of the con­

trol system without having fabricated an entire machine. It is expec« 



ted that the cost (in production) will be less than half that specified 

in the project definition, including the air compressor equipment re­

quired. As already mentioned, pattern costs will be less than a third 

of the phenolic drums now in use. 

An important feature of the needle control system described 

herein is the safety factor of operation. As discussed before, a num­

ber of courses of action are available with which to adjust the per­

formance of a machine in use. Also, several dimensional changes can 

easily be made to materially alter the control system response and sen­

sitivity. Much of the research conducted during this project was rela­

tively conservative in premise, and performance considerably superior 

to that indicated could reasonably be achieved by close control of 

machine tolerances. 

Present Status 

Of course, a great deal of difference exists between successful­

ly conceiving a control concept and fabricating an actual machine which 

operates reliably for long periods at a competitively favorable cost. 

Undoubtedly, problems that have not been foreseen will be encountered 

in the endeavor to convert the concepts of this project into an opera­

ting tufting machine. Also, additional precautions may be found neces­

sary to permit a pneumatic concept of this nature to function for long 

periods in the heavily lint-laden atmosphere commonly found in tufting 



mills. A method for accurately attaching a pattern to a drum is an 

exacting design project as envisioned for piece goods such as bed­

spreads. A means to mount a pattern on the drum for tufting contin­

uous goods must yet be worked out. 

In conclusion, this was an unusual research and development 

project in which virtually all of the objectives originally envisioned 

were met or bettered. Using the needle control system concept devel­

oped, it appears that a tufting machine can be manufactured which 

gives improved performance at greater speed, is less expensive to build 

and operate, and is subjected to less wear and maintenance requirements 

when compared to existing machines in comparable service. It is the 

wish of the author that some variation of the needle control system 

spawned through this project will prove to be a significant contri­

bution to tufting and allied industries. 
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FLUID AMPLIFIERS 

A great many variations exist in fluidic devices, but these 

studies were confined to three basic kinds for purposes of evaluation 

only. 

Bistable Amplifier 

A typical bistable (25, 26, 27, 28, 29) fluid amplifier is illus­

trated in Figure kQ. This device employs the Coanda effect of jet at­

tachment to a nearby wall. As an air jet approaches a wall, the pres­

sure near the wall is lowered due to reduced counterflow area such 

that the jet will attach to the wall in a stable manner. As shown in 

the figure, a small control jet properly positioned will separate a 

power jet from the wall and deflect it to the opposite wall, where it 

clings until a signal is applied through the corresponding control jet. 

Pressure gains of five to seven are obtained per stage in cascades of 

these amplifiers, with response speeds above 1000 cycles per second. 

Using a controlled bleed variation of the bistable amplifier to 

harness the dynamic pressure, it is entirely conceivable that a satis­

factory pneumatic control system could be devised for tufting machinery. 
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Figure ^0. Bistable Amplifier, 

Inr.xpensive manufacturing costs and absence of wear would be principal 

attractive features_, whereas problems might be encountered with air 

consumption rates, staging transients, and the low signal-to-noise 

ratio. 

Turbulence Amplifier 

A second basic kind of fluid amplifier is the turbulence ampli­

fier (30, 3) as represented in Figure kl, A laminar stream of air 

can be projected across a gap as great as 100 times the diameter of a 
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Figure 4l. Turbulence Amplifier. 

smooth-walled tube. Thus, in (A) of the figure most of the pressure 

from the power input duct is captured in the output duct. A small 

disturbance through the control duct, however, will cause the pro­

jected stream to become turbulent, resulting in a sharp drop in 

output duct pressure. 

A slower response speed of less than 100 cycles per second may 

be adequate in the proposed service but would nevertheless be somewhat 

of a liability for the turbulence amplifier. As compared with the bi­

stable device, air consumption is less and transient difficulties are 

far less. Again, inexpensive manufacturing costs and lack of moving 

parts are assets. But perhaps the most severe restriction in use of 



I l l 

turbulence amplifiers concerns the low power which can be developed, 

The maximum supply pressure is approximately 3 A Ps^St a l ° w border­

l ine value for the defined applicat ion. 

Vortex Amplifier 

The l a s t f luid amplifier considered was the vortex amplifier 

(32, 33) as pictured in Figure h-2. With no control flow, the power 

CONTROL 
INLET 
DUCT 

^POWER INPUT 
\ DUCT 

OUTPUT DUCT 

Figure k2. Vortex Amplifier. 

stream flows radially across the cylinder to the output duct, encoun­

tering very little impedence to flow. When a control input flow is 

admitted tangential to the outer wall of the cylinder, a spiraling 

flow results causing increased irapeaence and greatly diminishing the 

flow output. A frequency response in the order of 150 cycles per 

second is obtained with this instrument. 
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As witfr the bistable and turbulence devices, vortex amplifiers 

are relatively low in cost and have no wear problems* A detrimental 

feature is the three dimensional space required for each unit. 



GEOMETRICAL VARIATION OF SENSING NOZZLE ORIFICE 

A sensing nozzle having a base hole radius of RN and a gap 

between the nozzle mouth and a pattern raised surface of G can create 

a maximum orifice size of TT(RN) and a minimum of 2TT(RN)(G). In be­

tween the orifice size is a combination of areas Al, a segment of a 

circle, and A2, a portion of a cylinder wall;, as pictured in Figure 

^3. 

In section (A) of the figure, the area of the segment A3 for 

0 < X < RN is given by 

A3 = (RN)2 cos"1 ( L M I 2 L L (RN-X) J 2(RN)(x) - x2' (B.l) 

In order that the equation can be computerized, cos" is converted into 

tan" using the relationship 

cos"1 **•* U tan-l 

V RN / 

1 - RN-x 

RN • (B.2) 
RN-x 

RN 

By inspection, 



Inl­

and 

and 

Pattern Ed^e 

{A) (B) 

Figure h-3* Sensing Nozzle Orif ice Diagrams 

cos 9 = RN-x 

RN (B.3) 

A2 - (RN)(-e)(G) (B.h) 

A02 = k'd + Al = A2 + (TT)(RN) - A3 : B . 5 ) 

Combining the equa t ions above on the fol lowing page, for 0 < x < RN, 



1 -

A02 = 2(G)(RN) tan' 

RN-x 

. RN 

RN-x 

RN 

4- TT(RN)' 

(B.6) 

1 -

(RN) tan" 

RN-x 

RN 

RN-x 

RN 

/ - (RN-x) J 2(RN)(x) -x£ 

whe re: 

A02 <. TT(RN)' 

Similarly, referring to section (B) of Figure 43, for RN < x < 2(RN), 

Al = -IL(RN)2 (x-RN) 7 (RN)2 - (x-RN)2 + (RN) 
2 . -l/x-RF sm f — — 

\ RN J 

(B-7) 

s i n " 1 p E ^ S J U t a n " 1 

\ RN / 

x-RN 
RN 

1 - x-RN 
RN 

(B.8) 

1 -
= c o s " 1 p E ^ g - ) = t a n " 1 

V RN / 

x-RN 

RN 

x-RN 
RN 

(B.9) 

A2 = (G)(RN)(2TT - 29) (B.10) 
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Thus , 

A02 - (G)(RN) 

1 -

2TT - 2 t a n - 1 

^-RN\ 2 

RN 

x-RN 

RN 

n(RN)' 

N / 2 (x-RN) V RN x-RN) 2 + (,?>K)2 "^an"1 

(B 11) 

x-RN 
RN 

^ N 
RN 

where 

A02 £ 2 T T ( R N ) ( G ) 



REPRESENTATIVE COMPUTER PROGRAM 

BEGIN 
COMMENT 

INTEGER 
REAL 

LABEL 
ARRAY 
FILE 
LIST 

FORMAT 

COMMENT 

MATHEMATICAL MODEL OF NEEDLE CONTROL SYSTEM 
FOR TUFTING MACHINERY S F PETRY 

H1,H2*I,J*L*M*N,ND1*ND2,S 
Al,A2*A3>ADJK»AOl*A02*Bl*B2,C*Cl*CDl*CD2*CD3*Dl*D2*D3*DE*DT* 
FCl,FC2*FC3*FC4*FC5»FIN,G,Kl*K2#KA*KFl*KF2*Ll*L2*Ml*M2*PA*PB> 
PI*P0S*Pl»P2*P3*P4*P5*R»«A*RN#Ra*Sl*S2*T*TA*T8*TF*TI*U*Vl*V2* 
VF* VP» VS*VT>WN1,WN? 
C A L L # S K l P * B A T » E f l l * E 0 2 # E Q 3 * K U N * F I N I S 
A X [ 0 » l 3 ] > X t 0 t l W 0 l S 9 9 ] # K [ O M 2 » O U ] , D X [ 0 » 1 3 ] 
L I N E S 6 ( 2 * 1 5 > 
I N K T d , D T # M ) > 
I N ? ( F U R J «- 1 STEP 1 U N T I L M DO X [ J * 0 ) ) 
F L l ( X 3 5 * " T 8 = " * F 7 . 3 » X 5 # " Q T = " * F7 , 4 » X5 * " H • " > I 3 / / ) » 
F L 2 ( X 4 5 , " I N I T I A L C C1NO I T I O N S " * / ) 
F L 3 C X 4 8 > F 1 0 , 4 ) , 
F L 4 ( / / , X 3 * " N " * X 5 * " T l M E " , X 7 * " X [ l # N ] " * X 8 * " X r 2 * N ] » , X 8 , » X [ 3 » N ] » , X 8 , 
" X I 5 # « J " # X 8 * " X [ 7 » N ] " * X 8 . " X [ 8 * N } " » X 8 » w X r i O * N ] " * / ) , 
F L 5 ( X 2 2 * " X M * X 1 3 * , , P u " ' X l 2 * , ' P 2 , ' * X 1 2 * " Z , % X 1 3 * , ' P 4 " , x l 2 * , , P 5 " * 
X l 3 * " Y " , / / ) , 
FL6(I<**F10,4'7E14,4) ; 
Al = INSIDE AREA OF TRANSMISSION LINE, SU FT 
A2 = AREA OF SPOUL FACE, SQ FT 
A3 = AREA OF PISTUN FACE' SO FT 
ADJK = ADJUSTMENT FACTOR FOR ALL VARIABLES 

MOUTH UF 
MANIFOLD 

B-SEC/FT 
LB-SEC/FT 

AUl = AREA OF DRIFKE FROM MANIFOLD 
CD,00000218 SQ FT) 

A02 • VARIABLE AHEA OF QRIFICE AT 
AO3 = VARIABLE AREA OF nRIFICE AT 

VALVE* SQ FT 
Bl = SPOOL DAMPING COEFFICIENT* L 
B2 = PJSTON DAMPING COEFFICIENT* 
C = SPEED OF SOUND (1130 FPS) 
CI = 2.06 DEG R/SEC 
C01 = COEFFICIENT OF DISCHARGE* 

TD SENSING NOZZLE 
CD2 = COEFFICIENT of DISCHARGE* 

NOZZLE 
CD3 = COEFFICIENT (jf DISCHARGE* 

TO SPOOL VALVE 
INSIDE DIAMETER OF TRANSMISSION LINE 
DIAMETER OF SPOOL FACE (0.0156 FT) 
DIAMETER OF PISTON FACE (0,0146 FT) 
DENSITY OF AIR (0,0023 S(_UGS / F T-SEC ) 
STEP INCREMENT OF TIME, SEC 
FACTOR USED TO CALCULATE FC2 

INTO SENSING NOZZLE 

SENSING NOZZLE*SQ FT 
ENTRANCE TO SPOOL 

ORIFICE 

ORIFICE 

ORIFICE 

a. r 

AT 

AT 

MANIFOLD 

MOUTH OF 

MANIFOLD 

ENTRANCE 

SENSING 

ENTRANCE 

Dl = 
D2 = 
D3 = 
DE = 
DT = 
FC1 
FC2 
FC3 
FC4 
FC5 
FIN 
G = 
HI = 
H2 * 
Kl = 
K2 = 
KA • 
Ll = 

L2 = 

(0.00521 FT) 

FACTOR 
FACTOR 
FACTOR 
FACTOR 

USED 
USED 
USED 
USEO 

TD 
pi 

TQ 
Û 

CALCULATE 
CALCULATE 
CALCULATE 
CALCULATE 

AND FC5 
A02 
FC4 
A02 
A02 

= REAL NUMBER APPROXIMATING UNITY (1,000000001) 

GAP BETWEEN RAJSED PATTERN SURFACE AND MOUTH OF 

NOZZLE (0.00025 F T ) 
TIME DELAY INDEX THROUGH FIRST TRANSMISSION LINE 
TIME DELAY INDEX THROUGH SECOND TRANSMISSION LINE 

SPOOL SPRING CONSTANT (2,0 LB/FT) 

PISTON SPRING CONSTANT (2,0 L B / F D 
PQLYTROPIC EXPONENT FOR AIR (1,4) 
LENGTH OF FIRST TRANSMISSION LINE* 

TO SPOOL VALVE (12,0 fT) 
LENGTH UF SECOND TRANSMISSION LINE* 
TO PISTON C6.0 FT) 

SENSING 

FROM SENSING NOZZLE 

FROM SPOOL VALVE 

0 
i.O 

2 o 
10 
40 
50 
^0 
7 0 
5b 
90 
100 
110 
120 
130 

no 
150 
160 
1/0 
190 
190 
200 
210 
220 
230 
2ao 
250 
260 
270 
280 
290 
300 
310 
3?0 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
460 
490 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
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M = NUMBER OF STATE VARIABLES 
Ml = MASS OF SPOOL (0.00014*5 SL 
M2 = MASS OF PISTON (0.000118 SL 
N = INTEGRAL NUMBER OF TIME INCR 
MD1 = TIME DELAY FACTOR THROUGH 
NO? = TIME DELAY FACTOR THRDUGH 
PA = ATMOSPHERIC PRESSURE (2116. 
PB = PRESSURE OUTSTDE OF SENSING 
PI = 3,1416 
PUS = FACTOR USED AS LIMIT GAUGE 

PI = PRESSURE IN NOZZLE SUPPLY M 
P2 = X[3,N] = VARIABLE PRESSURE 
P3 = MANIFOLD SUPPLY PRESSURE TO 
P4 s Xf7j.Nl = VARIABLE PRESSURE 
P5 = X[8*NJ = VARIABLE PRESSURE 
R = FRICTIONAL RESISTANCE OF TRA 
RA = SAS CONSTANT (53,3 FT/DtG ff 
RN = RADIUS OF SENSING NOZZLE BA 
RU = RADIUS UF HOLE AT SPOOL VAL 
51 = DAMPING RATIO OF FIRST TRAN 
52 = DAMPING RATIO OF SECOND TRA 
T = TIME'SEC 
TA = TEMPERATURE OF AIR C530.0 

= STARTING TIME (0,0 SEC) 
s SQUARE RUUT UF TA 
= 1 IME ACCUMULATED* SEC 
DYNAMIC VISCOSITY OF AIR (0, 

= VOLUME OF FIRST T R A N S M I S S I O 
= VOLUME OF SECOND TRANSMISSI 
= TOTAL VOLUME BETWEEN SPOOL 
= VARIABLE TERMINAL VOLUME AT 
= VARIABLE TERMINAL VOLUME AT 
= TOTAL VOLUME BETWEEN NOZZLE 
= UNDAMPED NATURAL FREQUENCY 

UGS) 
UGS) 
EMENTS 
FIRST TRANSMISSION LINE 
SECOND TRANSMISSION LINE 
B PSFA) 
NOZZLE MOUTH* PSFG 

IN PROGRAM 
ANIFOLD (288.0 PSFG) 
SIGNAL AT SPOOL FACE* PSFG 
SPOOL VALVE (108,0 PSFG) 

DOWNSTREAM OF SPOOL VALVE* PSFG 
AT PISTON FACE , PSFG 
NSMISSION LINE* LB-SEC/(FT)*4 
) 
SE HOLE (0.002167 FT) 
VE MANIFOLD SUPPLY (0.0026 FT) 
SMISSION LINE 
NSMISSION LINE 

DEG R) 

NATURAL FREQUENCY 

TB 
TF 
TI 
U = 
VI 
v2 
VF 
VP 
VS 
VT 
WNl = 
WN? = UNDAMPED 
TB «• 0,00 
DT <- 0.0002 
M «- 11 
WRITE (LINES*FL1*INI) 
FUR J «• 1 STEP 1 UNTIL M DO 
X[J*OJ <• 0,0 
XC 2*0 J «• 6.00 
X[ 3*0J «- 6.00 
WRITE (LlNES*FL2) 
FOR J «- 1 STEP t UNTIL M DO 
WRITECLINES*FLj,X[J,01) 
T <- TB 
WRITE (Ll^ES*FL't) 
WRITE (LINES*FL5) 
PI <- 288.0 
PI «- 3.1416 
U «- 4.0P-07 
DE 4- 2.3?"03 
Dl «- 5,2l?-03 
R «- (3?)x(U/(Dl*2)) 
C «- 1130.0 
Al *• C3,1416/4,0)x(Dl*2) 
LI *• 12.0 
Ml «- 1,4650*04 
Kl f 2,0 
SI «• (Q,02)x(2.0M (KlxMl )*0,5) ) 
D2 <• 0,0156 
A2 «- (3. 1416/4,0)x(02*2) 

0000004 SLUGS/FT-SEC) 
N LINE (0,000278 CU FT) 
ON LINE (0.0001277 CU FT) 
AND PISTON (V2 + VP) 
PISTON* CU FT 
SPOOL* CU FT 
AND SPOOL (VI + VS) 

* FIRST TRANSMISSION LINE 
* SECOND TRANSMISSION LINE 

620 
630 
640 
650 
660 
670 
680 
690 
700 
M O 
720 
7 30 
740 
^50 
760 
770 
THO 
790 
800 
810 
820 
830 
840 
850 
860 
870 
8*0 
890 
900 
910 
920 
930 
940 
950 
960 
970 
980 
990 

1000 
1010 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1150 
1 190 
1200 
1210 
1220 
1230 
1240 

Xf7j.Nl


CALL « 

SKIP J 
BEGIN 

£N0 

CD 1 
CD2 
CD3 
CI 
P3 
PA 
PB 
TA 
TF 
KA «-
KF l «-
KF2 * 
RA *• 
RU <-
Yl «• 
V2 <-
AUl fr 
G «• , 

RN «-
L2 <-
M2 * 
X2 c 
82 * 
D3 «-
A3 * 
FIN » 
NUl *-
ND2 * 
5 «- 0 
HI «-
H2 «-
N ir 0 

IF Hi 
DX[i2 
C ((CD 
((1.0 
( (CD2 
( (1.0 
IF X[ 
IF S 
IF X[ 
IF N 

5 7 
hi 
65 
6 
,0 
6,8 
+ X[2>0] 
.0 
*0.5) 

A - 1 .0)/KA 
.0/KA) 
3 
026 
8P-04 
77P-Q4 
18P-06 
25 
2167 

8?-04 

02)x{2tOx((K2xM2)*0.5)) 
146 
iai6/4tO)xf03*2) 
000000001 
IER (H/(CxDT)) 

TIER CL2/CCXDT)) 

0. 
0. 
0. 

2.0 
108 
211 
PA 
530 
(TA 
1.1 
CK 
(1 

53, 
0.0 
2.7 
1.2 
2, 

000 
.00 
6,0 
1.1 
2.0 
(0. 
0.0 
(3. 
1 1 
EN 
L>4 

0 

= 0 THEN DXC 12 J *• 0.0 ELSE 
J* ((KAxKAxTA)/VT)x(((X[2>HlJ + PA ) /PA ) *KF1)x(C1/TF)x 
lxADlx(Pl + PA))x(((X[2»Hll+PA>/(Pl • PA))*KF2)x 
- (((X[2/Hl] + PA)/(Pl + PA) )*KF1 ))*0.5)) -

xA02x(X[2,HlUpA))x((PA/(X[2,H13 + PA))*KF2) x 
- C(PA/(X[2#H1]+PA))*KF1))*0.5))) 

5»H2] < 0,00521 THEN DXC 1 3] *• 0.0 
t 0 THEN GO TO SKIP 
r>Nl > 0.0 THEN S * (N-1+ND2) 
< S OR S = 0 THEN 

BATi 
BEGIN 
CUMMEN 

DXr 13 J «• 0.0 
GO TO BAT 

IF (X[5»H23 > 0,00521) AND (X[5#H2I < 0.00782) THEN 
DX[ 13 ]* (RAxTA/VF)x(CD3)X((R0*2)x(ARCTAN((R0x((1.0-(((R0-
(X[5*H?]-0.00521n/R0)*2))*0.5))/(R0-(Xt5»H2l-0,00521)))) 
-((R0"(Xt5#H21-0.00521))X((c(2.Oxflo)x(X[5jH2J-0.00521))-
((X[5*H2J-0.0052l)*2))*o.5)))x(((Clx(P3 + PA))/(TA*0.5 ) ) X 
(C(X[7,H2]+PA)/(P3 +PA))*(1.0/KA))x((i,0-(((X[7»H2HPA) 
/(P3+ PA )}*C(KA-i,0)/KA) ) )*0.51) 
IF X[5,H2) > 0,00782 THEN 
DXC 1 3 ] •• (RAxTA/VF)x(C03)x((Plx(Ra*2)/2.0) + (X[5,H2]-0.00782) 
x(((RQ*2)-((X[5,H2]-.00782)*2))*0.5)+(R0*2)x(ARCTAN((X[5#H2]-
0.00782)/(ROx((l.O-(((X[5>H2]-.00782)/Ra)*2))*0,5)))))x 
C ( ( C 1 * ( P 3 + PA ) ) / ( T A * 0 . 5 ) ) x C ( ( X C 7 # H 2 ] + PA ) / ( P 3 • P A ) ) * 
C 1 . 0 / K A ) ) * C ( 1 . 0 - ( ( ( A X [ 7 ] + P A ) / ( P 3 + P A ) ) * ( ( K A - 1 , 0 ) / K A ) ) ) * 0 , 5 ) ) 
FUR L «• 1 STEP 1 UNTIL A DO 

T SELECT APPROPRIATE ADJUSTMENT FACTOR FOR K 
ADJK «• IF L = 1 THEN 0 FLSE IF L = A THEN l ELSE 0,5 
T «- T • ADJKXDT 
FUR I f 1 STEP 1 UNTIL M DO 

1250 
1260 
1270 
1210 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1370 
1310 
1390 
1400 
1410 
1420 
1430 
1440 
1450 
1460 
1470 
14B0 
1490 
1500 
1510 
1520 
1530 
1540 
1550 
1560 
1570 
1580 
1590 
1600 
1610 
1620 
1630 
1640 
1650 
1 660 
1670 
1680 
1690 
1700 
1710 
1720 
1730 
1740 
1750 
1760 
1770 
1780 
1790 
1900 
1810 
1820 
1830 
IB40 
1850 
I860 
1870 
1880 
1890 
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BEGIN 
COWMEN-

BEGIN 

END 

END 

COMMON 

NOw ADJUST X WITH ADJUSTED K 

AX[I] • XCIfN] + ADJK x K[I>L-1] 

A X [ 1 2 U X[2>H1J+ ADJK x QT x DX[12] 

IF N < N01 THEN 

AX[12J 

AX[3] 
• 0 . 0 
0 . 0 

A X f 1 3 1 * X C 7 > H 2 ] + ADJK x QT x Q X U 3 J 

EUll 

IN 
SE 
IF 
IF 
DX 
FC 
IF 
FC 
FC 
IF 
FC 
FC 
IF 
AU 
(( 
PU 
IF 
IF 
AU 
x( 
IF 
IF 
VS 
VT 
DX 
(( 
(( 
(( 
(( 
DX 
SI 
WN 
DX 
DX 
IF 
DX 
IF 
IF 
VP 
VF 
S? 
WW 
IF 
IF 
X£ 
XI 
Xf 
GO 

SERT 
L E C T E 
(N-N 
(N-N 

[ H • 
1 * ( 
FC1 

2 «- A 

3 «• 

FC3> 

4 «• A 

5 * A 

X[l. 
2 «• ( 

RN -

S <• C 
POS 

(XI 1 
2 *• ( 

C(RN* 

X[l, 

XI5* 
f X[ 

<- vi 
[2] <-
(CDlx 
1.0 -
CD2XA 
1.0 -
[33 «• 
«• ( ( 

1 *• C 
[4] * 
[53 «• 
AXC7 

[63 • 
AXI5 
X[5. 
<- *C 
«• V2 
«• (< 

2 <- C 
<Xt5 
X[5, 

7.N3 
8.NJ 
lO.N] 
TO R 

DIFFE 
0 STA 
D U < 
D2) < 
0.06 

(RN -
< 0.0 
RCTAN 
( CAXt 
1.0 

RCTAN 
RCTAN 
H 3 < 

(2.Ox 
AX[1 ] 
AX[13 
> RN 
.N3 > 
GxRNx 
2) -
N3 >( 
N3 -
5>N3 

+ VS 
CCKA 

A01x( 
(((A 

02x( A 

({PB 
AX[4 

RXLl ) 
/((LI 
"(2, 

AX[6 
3 >10 
-CB1 

3 > 0 
N3 < 
10»N3 

+ VP 
RXL2) 
/((L2 
>N]>0 
N3 > 
•• 0.0 
«• 0.0 

«- 0, 
UN 

RENTI 
TE VA 
0 TH 
0 TH 

944 
AXC1 
THEN 

cc( i. 
13 -
THEN 

C((l. 
(FC3/ 
RN TH 
G X R M X 

Jx(c( 

- RN 
THEN 
RN) A 
((2,0 
( ( 

RNX2, 

0.0 T 

* A2 

xRAxT 
PI + 
XI23 
XL ? ] 
/(AXI 
3 
/C2.0 
)*((0 
Oxsix 
3 

6,0 
/Ml)x 
.0104 
0.005 
x A3 

/(2.0 
)x ((0 
.0052 
0.007 

AL EQUATIONS .LINEAR OR NON-LINEAR. IN 
RIABLE REPRESENTATION (USE ADJUSTED X) 
[N HI f 0 ELSE HI * (N - NDl ) 
EN H2 «• 0 ELSE H2 «• (N - ND2) 

n / R N ) 
FCl * 0.00000001 

0 •(FC1*2))*0.5)/FC1) 
RN)/RN) 
r C 3 * 1.0 
0 - CFC3*2))*0.5)/FC3) 
((FIN - (FC3*2))*0.5)) 

EN 
FC2) • ( 3 . 1 4 1 6 X ( R N * 2 ) ) - (((RN*2 ) xFC2) -

2.0xRNxAXLl3) - (A X[l3 * 2 ) ) * 0,5)>>) 

) 
PC1S * RN 
NO (X[ 1.N3 < (RNx?,0)) THEN 
xpI)-(2.0xFC4)))+(PIx(RN*?)/2.0)-(((AX[l3-RN) 
POS )*2))*0,5)) + ( ( R N * 2 ) X F C 5 ) ) 

0) THEN A02 <• ( 2 . 0x3 . 1 4 1 6xRNxQ ) 
HFN VS *• 0.0 ELSE 

A)/VT)x(((AXr23 • PA ) /?8 ) *KF1 ) x(C1/TF ) x 
PA))x(((AXC2] • PA)/(P1 + PA))*KF2)x 
+ PA)/(Pl + PA))*KF1))*0.5) ) -
+ PA) )x((P8/(AXt23 + PA))*KF2) X 
2 3 + PA))*KF1))*0.5))) 

xpExC))x(C0.5 + (VS/(AlxLl)))*0.5) 
.5 + CVS/CAlxLl ))}*0.5) ) 
WNlxAX[4])-((WNl*2)x(AX[3 3))+((WNl*2)xAXCl23) 

THEN AXC73 «M07.995 

(AXC63)-(Kl/Ml>x(AX[53)+(A2/Mi)x(AXt33) 
2 THEN AXI53 •• 0.01041 
21 THEN GO TO E&l 

xDExC))x((0,5 + (VP/(AlxL2) ) )*0.5) 
,5+CVP/(AlxL2)))*0,5)) 

1) AND (XC5*N350.00782)THEN GO TO E02 

82 T H E N G O T O EQ3 



F I N I S I 

/ V F ) x C C D 3 ) x C ( R 0 * 2 ) x ( A R C T A N C ( R 0 * ( ( l , 0 - C ( C R 0 -
) ) / R O ) * 2 ) ) * 0 . 5 ) ) / ( R O - ( A X [ 5 ] - 0 . 0 0 5 2 1 ) ) ) ) 
- 0 . 0 O 5 2 l ) ) x ( ( C C 2 . 0 X R O ) X ( A X [ 5 ) - 0 . 0 0 5 2 1 ) ) -
2 1 ) * 2 ) ) * 0 , 5 ) ) ) x ( C ( C l x ( P 3 + PA ) ) / ( T A * 0 , 5 ) ) x 
/ ( P 3 + P A ) ) * t l . 0 / K A ) ) x ( ( 1 . 0 - f { C A X C 7 ] + PA) 
< K A - i . 0 ) / K A ) ) ) * 0 , 5 ) ) 

S 2 * W N 2 x A X C 9 ] ) - ( C N N 2 * 2 ) x C A X [ f l ] ) ) + ( ( W N 2 * 2 ) x A X [ l 3 ] ) 
J 
M2) x ( A X [ U ] ) - ( K 2 / M 2 ) x ( A X [ 1 0 ] ) + C A 3 / M 2 ) x ( A X [ B ] ) 

/ V F ) x ( C D 3 ) x ( ( P I x ( R D * 2 ) / 2 . 0 ) + C A X [ 5 ] - 0 . 0 0 7 8 2 ) 
[ 5 J - 0 . 0 0 7 3 2 ) * 2 ) ) * 0 . 5 ) + C R U * 2 ) x ( A H C T A N ( C A X [ 5 ] -
C l , 0 - ( ( ( A K t 5 ] - 0 , 0 0 7 8 2 ) / R 0 ) * ? ) ) * 0 . 5 ) ) ) ) ) x 

) ) / ( T A * 0 , 5 ) ) x ( C ( X E 7 # N 2 ] t PA ) / ( P 3 + P A ) ) * 

0 - ( C ( X [ 7 * H 2 ] + P A ) / t P 3 + P A ) ) * ( f K A - 1 . 0 ) / K A ) ) ) * 0 . 5 ) ) 

S 2 X W N 2 X A X r 9 ] ) - ( ( H N 2 * 2 ) x { A X [ 8 ] ) ) + C ( H N 2 * 2 ) x A X t i 3 ] ) 
] 
M2) x ( A X r l l ] ) - ( K 2 / M 2 ) x ( A X [ 1 0 ] ) + ( A 3 / M 2 ) x ( A X [ f i ] ) 

1 U N T I L M DU 
CI J 

FUR I «- 1 STEP 1 U N T I L M QU 
X C l / N + l ] *• X [ I # N 3 + ( K U > 1 J * 2 x ( K r i * 2 U K r i » 3 ] ) + K [ i , « ] ) / 6 
N •• N + 1 
TI <• N x OT 
IF X [ 5 , N l > 0 . 0 1 0 4 5 THEN X t 5 > N ) <- 0 . 0 1 0 4 1 7 5 
I F X [ 7 , N J > l O a . O THEN X [ 7 , N ] • 1 0 7 , 9 9 5 

WRITE ( L l N E S f F L 6 > N , T I > X [ l j . N ] > X [ 2 > N ] j X r 3 > N ] » X [ 5 * N : i # X [ 7 # M ] » 
XC 5* N J , X t 1 0 > N ] ) 
IF N > 598 THEN GO TO FT NIS 

IF X[l0#N] > 0,0078 THEN GU TO FINIS 

GU TO CALL 

END. 

EQ i DX[7 J «• CRAxIA 

(AXC5i-0.00521 

- (CR0-(AX{51 
CCAXC5] -0,005 

CCCAXC7) + PA) 
/CP3+ PA ))*( 

DX[8I •• AX[9I 
DX[9] «- -(2.Ox 

DX[103 *• AXtll 
DX[ U 3 <• -(82/ 

GU TO RUN 

EQ3j DX[7] f CRAxIA 

*C((Ra*2)-<(AX 

0.00782)/(R0xC 
(C(C1*(P3 + PA 
CI ,0/*A))x£(1. 

0X[8] f AX[9J 
DX[9I <- -C2.0x 

OXf 1 0 J «• AX[11 

DX[ 11 J <- -(B2/ 

RUN: FUR I f 1 STEP 

KCl.L J «• OTxDX 

END 

2490 
2500 
2510 
2520 
2530 
2540 
2550 
25fiO 

2570 

2580 

2590 

2600 

2610 

2620 

2 6 30 

2640 

2650 

2660 

2670 

2680 

2690 

2700 

2710 

2720 

2730 

2740 

2750 

2760 

2770 

2780 

2790 

2800 

2810 

2820 

2830 

ra 0 , 000 Dl 0 . 0 0 0 2 11 

INITIAL CONDITIONS 

0.0000 

6.0000 

6.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 
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APPENDIX D 

SAMPLE NOZZLE FLOW CALCULATION 

Repeating the standard equation for compressible flow 

through a square-edged orifice (l6), 

Q = (Cd)(Y)(A 0)/-^- (̂ .17) 

where: 

Q = flow 

Cd = coefficient of discharge 

Y = expansion f a c t o r 

A = orifice area 

AP = pressure drop across orifice 

p = density 

To determine a typical flow through an open sensing nozzle, 

values were taken as follows: 

Cd = O.67 

AP = 5psi = 720 psf 

fi 
A = 2.18 x 10 sq ft o 

p = 0.0955 Ib/cu ft 



Y = 0.9^* 

Substituting into equation (4.17), 

Q = (0.6T)(0.9^)(2.l8 x 10" ) 
/r"(2)(720)(32^T o ) 

7 0.0955 

= 0.057^ cu ft/min 

Converting to atmospheric pressure, 

Q = (o.o^) ^ = 0.077 scfm 

Under the same conditions as calculated above, flow was measured at 

0.078 scfm. 

In order to meet the conditions of the project definition as 

given in Chapter I, 320 such nozzles would be needed, resulting in a 

total sensing air consumption of approximately 25 scfm. 

*See Reference (l6) 
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