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ABSTRACT

This thesis involved the development of a low pressure pneumatic feedback

position control system for reducing the gap between the printing head of an

Inkjet printer and the paper. Because of variation of paper thickness (i.e.

envelopes) and deformations of structural members the print head is positioned

further from the paper than desired (approximately 0.8 mm). Evaluation of this

feedback position control system was accomplished in two ways: a computer

analytical model was developed, and the airflow equations were solved

numerically: and a prototype model of the control system was designed,

constructed and tested. The results of the computer simulation showed the

feedback position control system to significantly reduce the gap between the

printing head and the paper. Steady-state analysis also revealed the best

combination of the geometrical parameters of the prototype model.

The measurements conducted on the prototype model led to the conclusion that

the computer adequately described the feedback position control system.

Suggestions and recommendations were given for improvements in the existing

design.
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CHAPTER 1

INTRODUCTION

Proposed Design Solution and Prototype Model

Improved printing quality for an Inkjet printer can be achieved if the printing head

is positioned closer to the paper and the gap between the printing head and

paper is held constant. Because the paper thickness varies as quality,

manufacturer and type (i.e. envelopes) changes and because of the deflection

and inaccurateness of sustaining structural members during printing, the printing

head is positioned further from the paper than desired (approximately 0.8 mm).

The challenge was to design a system that can provide dynamic control of the

gap for a minimum cost eventually using components that an Inkjet printer

already includes. The feedback position control system that is proposed uses the

extremely low pressure air of approximately 0.1 inches of H2O supplied by a

standard cooling fan.

Air is directed through a flexible tube to a pneumatic transducer. The pneumatic

transducer is used to measure the gap during the printing process. As shown by

Figure 1 the entire feedback position control device is attached to the printing

head. As the measuring nozzle and pneumatic transducer are moved closer to
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Figure 1 Design Solution of the Feedback Position Control System

the paper, flow opening becomes smaller and the pressure acting on the

diaphragm surface increases. A detailed drawing and description of the

pneumatic transducer is shown by Figure 4, on page 4.

When the pressure increases the very flexible diaphragm will apply a force to the

cantilever beam, which closes the limit switch. An electrical device can then be

used to change the paper - printing head gap to the desired value. The axial

position of the diaphragm can be detected and/or measured by several different

means including the following: contact points (as presented above), capacitance

means, optical (electro-optical), etc.
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The proposed design solution of the feedback position control system was tested

using a prototype model as shown by Figure 2. An eccentric wheel powered by

a variable speed gear motor was used to simulate the time varying gap. The

eccentric sleeve will permit the variation of the gap in a very wide range by

adjusting the eccentricity of both wheel and si.eeve. The pressure transducer is

equipped with an inductive probe that moves simultaneously with the measuring

nozzle. The voltage generated by the inductive probe is a measurement of the

gap change and is read by an AID computer card at given sampling frequency.
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^Switch
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Figure 2 Feedback Position Control System Prototype Model



The feedback system is designed to regulate the gap between the eccentric disk

and measuring nozzle. When the gap is not at the desired value, the back

pressure of the pneumatic transducer will deflect the diaphragm. The diaphragm

axial deflection will force a brass cantilever beam to move and close the limit

switch. The contacts of the limit switch are connected to the parallel port of a PC.

The PC through a program written in BASIC controls the stepping motor rotation

in a manner to hold the gap constant. The complete functioning principle can be

seen in the block diagram presented in Figure 3. The inductive probe is used to

measure the magnitude of the gap. Tests will be conducted for a wide range of

conditions.

Fan pressure

Wheel rotation

Sumatlon
Integration Gain

GAP Flow 1712
1

m2

measurement s

Pneumatic Transducer

P2RT

Gain

p2

Switch

Beam & Diaphragm

clockwise rotation

counter-clockwise rotation

+0)
Motor

integration Gain

1 0

s

lead\y
2n

Screw

Figure 3 Feedback Position Control System Block Diagram



Pneumatic Transducer

The gap measurement is performed with a pneumatic transducer. Figure 4

shows a schematic of the pneumatic transducer used to measure the gap

between the printing head and the paper. A standard cooling fan supplies low

pressure (< 0.1 inch H2O) to the device. The fan and the tube from fan are

capable of supplying sufficient mass flow rate of air to keep pressure pi

approximately constant. The pressure in chamber 2 is p2 and varies depending

on mass flow rate of air into and out of the chamber. The mass flow rate Into

chamber 2 depends on pi, p2 and di and the mass flow rate out depends on pi,

d2 and the magnitude of gap. For fixed values of di and d2 and a constant supply

pressure (pi), the pressure p2 can be shown to be a function of the gap. A

detailed description of the pneumatic transducer and analysis is contained in

Chapter 2.

chamber 2

chamber 1

. ^\\\\\\K^
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Figure 4 Pneumatic T ransducer Principle



Outline of Objectives

The topic of this thesis was the analysis, design and testing of a feedback

position control system using the extremely low pressure of a small fan. The

objective of this feedback position control system is to help improve the printing

quality of the Inkjet printers by reducing the actual gap of approximately 0.8 mm

between the printing head and paper. The biggest challenge of this project was

to cope with the very low pressure supplied by a small cooling fan.

The task was to derive the equations which govern the functioning of the

feedback position control system, to simulate its performance by the numerical

solution of the equation of motion and to compare that to the experimental tests

and results given by the designed prototype model. Thus, the thesis was

intended to describe the theory of operation, demonstrate the effectiveness in

reducing the gap between the printing head and paper, and suggest

improvements in the system.

Method of Attack

A computer program was used to simulate the motion of the feedback position

control system, namely computational fluid mechanic analysis was performed.

The equation of the airflow was nonlinear and necessitated the use of a

numerical solver. A fourth-order, Runge-Kutta-Fehlberg was used for the
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numerical integration. The pertinent geometrical proportions and material

properties were included in the programming. Thus, a computer model for the

system was established, engaging in numerical simulation of fluid dynamics,

using the computer while changing at will various parameters of interest built into

the program.

Next, the model was used to assess the effectiveness of the feedback position

control system in reducing the gap between the printing head and the paper. This

was determined by comparing the results from the output of the program for

different values of wheel amplitude and rotation frequency. In addition a

prototype model was designed so that the actual performance in reducing the

gap could be measured.

Finally, improvements to the original prototype model design were suggested.

Also the computer model was used to demonstrate the improved sensitivity and

performance of the feedback position control system obtained by minimizing the

volume of the chamber 2. Further improvements and study were formulated as

warranted by the results of the computer simulation and the prototype model

testing.



CHAPTER 2

ANALYTICAL ANALYSIS OF THE FEEDBACK POSITION

CONTROL SYSTEM

Steady-State Analysis of Pneumatic Transducer

The first part of the analysis is to describe the performance of the pneumatic

transducer. The device is shown by Figure 4,on page 5. As noted in Chapter 1 a

standard cooling fan supplies low-pressure air (on the order of 0.1 inches H2O).

Since the flow rate of air through the pressure transducer is small, the fan and

delivery system can provide a constant pressure (pi) to the pneumatic

transducer. The flow through the pneumatic transducer will depend upon the

pressure in chamber 2 (P2) and the area of outflow that is controlled by the

distance (gap) between the measuring nozzle and the paper.

The flow area of the measuring nozzle depends upon the smaller of the area of

the nozzle or the area of flow between the paper and nozzle. The flow area of the

measuring nozzle is:

di
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The flow area between the measuring nozzle and paper is:

n-d2-gap

By equaiing the two flow areas, the maximum value of the gap can be shown to

be the following:

_ ̂ 2
S^Pmax ~ ̂

When the gap is greater than da / 4, the flow area of the nozzle will limit the flow.

For gap values smaller than da / 4, the flow area is controlled by the gap.

For a given value of measuring nozzle diameter da, it is necessary to find the

value of regulating nozzle diameter di that will provide the best performance of

the pneumatic transducer. For subsonic, adiabatic compressible flow without

iosses, the mass steady-state flow into chamber 2 is given by the following

expression:

-

Ha
a+I

/  \ /  N

2-g-a P2 P2 a

{a-\)-R-T KP\) Ul J
fni2 =Ai -pi

The derivation of the mass flow equations is shown in Appendix A.

The mass steady-state flow out of chamber 2 is the following:

m20 =n-d2-gap-p2

-

2/a
a+1

/  \ C  \
2-g-a PO PO a

{a-\)-R-T VPi) [plj

(1)

(2)



For steady-state conditions, the mass flow rates shown above are equal:

m\2 -miQ (3)

For a value of d2 = 4 mm, equation (3) was solved using the Newton's method

presented in Appendix B and a MatLab program presented in Appendix D. Figure

5 shows the results obtained at the steady-state analysis.

As can be seen, a value of di = 3 mm gives the greatest slope at the mid point of

the gap (0.5 mm) with the measuring pressure (p2) variation approximately linear

within the gap range. Consequently, this is the value of di that was used. The

feedback position control system prototype model was designed using the nozzle

diameters established above, the drawings being presented in Appendix C.

0.12

O.IJ

o
CVJ

X
0.08

eg
Q.

(/)
(0
0

Q.

O)

0.04

0

0.02

d2 = 4mm

d1=2mm

d1=2.5mm

1  d1=3mm

vj L

0—e
□  E
A A ai=;j.tjmm

tmm

i  '

i  "

0  0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Gap [mm]
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Transient Analysis

The transient analysis was performed on the model to determine the time

response for different gap ranges and wheel rotation frequencies. We now

consider the unsteady flow when the gas is subject to a time-varying difference of

mass flows between the entrance and the exit of the chamber.

The mass flow rate expressions derived at the steady-state analysis and shown

in Appendix A were used, but they are not equal for the transient analysis. Their

difference is the time-varying difference of mass flows as shown by equation (4):

^^2 ' IA\
mi2-m20= -=m2 (4)

dt

The further development of equation (4) is shown in Appendix E. This equation is

nonlinear so that necessitates the use of a numerical solver. A fourth-order

Runge-Kutta-Fehlberg method was used for the numerical integration. The initial

mass m2(0) used for this numerical integration can be deducted from the perfect

gas law:

A MatLab program (see Appendix F) was written to solve equation (4) and also

simulate the feedback position control system.

The object of the control system is to minimize the variation in the gap as the

paper thickness changes. The mass airflow in and out of chamber 2 (Equation

11



(4)) is a function of the gap. Equation (4) is integrated with respect to time to

calculate the mass in chamber 2. Using the perfect gas low, the pressure in

chamber 2 is calculated. This pressure then acts on the cantilever beam via the

diaphragm, which controis the motor that regulates the gap.

A sinusoidal variation of paper thickness having the single amplitudes of 0.2, 0.4

and 0.6 was simulated. The eccentric wheel in the prototype model provides the

sinusoidal variation. The parameters of the system are given in Appendix G.

Figure 6 shows the gap variation obtained using the chamber volume of the

prototype model. Figure 7 shows the results obtained by reducing this volume by

one-half.

As can be seen from both figures the gap reduction obtained is directly

proportional to the wheel amplitude and frequency of rotation. Also we can

conclude that there is no gap reduction change for lower chamber volumes. For

higher volumes of the chamber the results will be different showing a significant

change in gap reduction. We have to note that for the wheel single amplitude of

0.2 mm the gap reduction is the same for all frequencies.

The higher the pressure change the higher the sensitivity of the pneumatic

transducer and implicitly the higher the gap reduction. Even thought the system

is nonlinear, the gap variation overtime resembles a sine curve.

12
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Using this sine curve and the sine curve generated by the wheel motion it was

possible to calculate the phase angle between the eccentric wheel motion (paper

variation) and the gap using the same MatLab program. The results are

presented in Figure 8.

The phase angle is defined to be:

®wheel " ®gap

Looking at the plot it was concluded that the phase angle significantly increases

at higher rotation frequencies and amplitudes.
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For low rotation frequencies and amplitudes the phase angle is very small

showing an almost in-phase motion of both wheel and pneumatic transducer.
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CHAPTER 3

PROTOTYPE MODEL TESTING

Prototype Model Detailed Description

For testing purposes a prototype model of the feedback position control system

was designed and constructed. The assembly and detailed drawings can be

consulted in Appendix C. A top view of the model is presented in Figure 9.

mmMc MOToa

«■<#»
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Figure 9 Prototype Model Top View
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The time-varying gap was obtained by using an adjustable eccentric wheel

powered by a variable speed DC gear motor. The wheel is made from aluminum

and has an outside diameter of 5.9 in. An eccentric sleeve placed inside the

wheel will permit the variation of the gap over a very wide range by adjusting the

eccentricity of both wheel and sleeve. The variable rotation speed of the gear

motor is obtained by varying its input voltage.

The side view of the pneumatic transducer is shown in Figure 10. This pneumatic

transducer consists of an aluminum block sustained and guided by two steel

shafts. The back and forth linear movement of the pneumatic transducer is

obtained using a 5/16 - 24 UNF screw and a brass nut mounted inside the

TIMMC illT

GIOQ¥l ommc MUK^

¥
cui»mG »urT

m

tmc

Figure 10 Pneumatic Transducer Side View
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aluminum block. The design is made to permit only linear movement and the

precision and smoothness is obtained using plastic bearings along with the

guiding shafts. The axial free play of the fine-thread screw is reduced by using

two springs that provide an axial force on the screw. A top view of the pneumatic

transducer showing also the tensioning springs is presented in Figure 11. The

free axial movement (play) after tensioning was measured to be approximately ±

0.001 inches. This corresponded to be approximately ± 8 degrees of screw

rotation.

ASUUNGNOZZU
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SPIING
PAN muT

GUDINC SHAFT

Figure 11 Pneumatic Transducer Top View
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A proximity inductive probe is attached to the pneumatic transducer as can be

seen in both figures. Since the inkjet head will be attached to the pneumatic

transducer, the inductive probe will measure the variation in paper / inkjet

distance. The output from the proximity inductive probe is read and stored by an

A/D card of a laptop computer. The aluminum wheel is provided with a groove on

the inductive probe side. When the inductive probe aligns with the groove the

voltage generated by the inductive probe increases significantly signaling that

particular position of the wheel. The voltage peaks were used to observe and

measure the phase angle that occurs between the wheel and head movements.

The groove is at the highest radius of the wheel but because the amplitude is

obtained adjusting both wheel and sleeve, the peak will not occur at the highest

radius. The phase angle was measured by comparing the two sinusoids

generated: wheel and pneumatic transducer.

The back pressure of the pneumatic transducer deflects the diaphragm. The

diaphragm and limit switch assembly is shown in Figure 12. The diaphragm is

made from liquid latex using a special aluminum mold. The liquid latex is coated

on the mold surface twice at approximately 3 hours difference between the layers

and with a total drying time of 24 hours. The diaphragm cavity is made from an

aluminum cylinder with the inside diameter of 1 inch and length 0.5 in. The

cantilever beam is made from brass and its thickness is 0.004 in. It has a circular

shape at contact area with the diaphragm and rectangular shape outside the

contact area. Detail specifications are given in Appendix G. The limit switch is

19
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Figure 12 Diaphragm and Switch Assembly

made from two brass screws mounted on a plastic block, each having at the end

a silver contact for a better electrical conduction with the cantilever beam. The

brass screws of the limit switch are connected to the parallel port of a PC.

A stepping motor is used to move the pressure transducer via a 5/16 - 24 UNF

thread screw and to obtain the gap reduction. The stepping motor and the screw

are connected each other using a 1:1 ratio timing belt and pulleys. The PC

through a program written in BASIC (see Appendix H) controls the stepping

motor rotation angle and direction accordingly to the gap distance. The stepping

20



motor rotational motion is executed in half steps (400 steps/rotation) as

commanded by the BASIC program. The resolution of the movement of the

pressure transducer is 0.0027 mm (-0.001 inches).

Prototype Model Testing

The aluminum wheel was adjusted to obtain single amplitudes of 0.2 mm, 0.4

mm and 0.6 mm. The amplitude was measured using a feeler gauge. For each

wheel amplitude the gear motor speed was measured and adjusted to obtained

rotation frequencies of 0.1 Hz, 0.3 Hz, 0.7 Hz, 1.0 Hz and 1.5 Hz. For each single

combination - wheel amplitude and rotation frequency - measurements were

made using the computer A/D card. The voltages generated at each

measurement were converted into gap distance lengths. Figure 13 shows a

typical gap variation for 0.2 mm single amplitude and 0.1 Hz rotation frequency.

The complete results of the measurements are presented in Appendix I.

The gap variations for all the corresponding amplitudes and rotation frequencies

were gathered on a single graph presented in Figure 14. Figure 14 clearly shows

that the feedback position control system constructed is capable of significantly

reducing the gap variation, especially for lower values of wheel amplitude and

rotation frequency. For example, the reduction factor for the mid amplitude value

of 0.4 mm and a rotation frequency of 1.0 Hz is approximately %. This means

(due to paper and structural variations) by a factor of 4.
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The phase angles were measured and the results obtained are presented in

Figure 15. As we can clearly see from this figure, the results obtained for the

phase angles are very different from those obtained at the analytical analysis,

specifically the phase angles are higher especially at higher rotation frequencies

when the pneumatic transducer cannot keep the pace with the aluminum wheel.

A comparison between the analytical and experimental results of the gap

variation can be seen in Figure 16, Figure 17 and Figure 18.

Phase Angle = Owheei - Ogap
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Figure 15 Experimental Phase Angle Variation
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

The results of both computer simulation and prototype model testing suggest that

the feedback position control system provides significant reduction in gap

variation. A typical reduction factor obtained for average paper thickness

variation was %.

It has to be noted that at higher frequencies and amplitudes the efficiency in gap

reduction decreases and the phase angle increases. The performance at high

frequency can be improved by decreasing the equivalent volume of the chamber

2 (hose, chamber 2 and diaphragm cavity).

The feedback position control system concept presented by this thesis can be

implemented at the Inkjet printers to obtain a higher printing quality by reducing

the gap between the printing head and paper. The printing head will be attached

to the pneumatic transducer such that printing head movement and pneumatic

transducer movement will be the same. The diaphragm can be placed on the

printing head, this way minimizing the chamber volume.
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To use this feedback position control system in reducing the gap between the

printing head and paper at an inkjet printer further study would be needed. The

diaphragm shape should be optimized using a finite elements analysis software

package and the chamber volume should be minimized. It is suggested that the

stepping motor have micro stepping capabilities.

Another idea would be to use a rubber bellow instead of the diaphragm. It would

be probably more expensive to manufacture but the axial deflection could be

significantly higher than at the diaphragm, at the same pressure.

The diaphragm should be designed to permit significant axial movement with

essentially zero resistance. In order to obtain linear and repeatable movement

with little hysteresis, the resistance to axial movement should be provided by a

linear spring (such as the brass cantilever spring) and not by the diaphragm.

Because of the forces involved, the rate of the spring will be extremely small
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DERIVATION OF MASS FLOW EQUATIONS

The Figure A1 repeats the schematic of the pneumatic transducer and shows the

notations used in this derivation.

chamber 2
chomber 1

Z

I  P2Xpi =const

ml 2 I m20^^

Plonor surface
(Paper)

Regulating nozzle (A1)^ Measuring nozzle (A2)

GAP

Figure A1 Schematic of Pneumatic Transducer

Several assumptions were made concerning the derivation of the mass flow

equations. The flow through the pneumatic transducer is subsonic, adiabatic and

compressible. We neglect the losses that occur in the system, namely a sum of

the major losses due to frictional effects in the fully developed flow in constant

area pipes and the minor losses due to entrances, fittings and cross area

changes.
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Using the assumptions listed previously the air velocity at the exit of the

measuring nozzle is determined by the expression:

2-g 2-g h (A1)

To compute the integral we have to take into account the adiabatic equation and

find the specific volume Vs:

P-K''=PrK°

K° =a"° -Kl

Using equation (A2) the integral will be written successively as following:

(A2)

r
•p2 ^p1

a

-Hap Ha jr 0( ■dp = p^ Vsi --p
^  a -1

,  a-l

pi

p2

f'Jp2 a -1

a-l a-l

a  a
P\ -P2

a

a-l

\la „
■ Pi -Pi

a-l

a
j1

a-l

1- P2

Pi)

a

And finally the integral becomes:

CPl (X
•dp= --pi-Vsi

Jp2 a-l

a-l

1- P2

\Piy

a
(A3)

Substituting the equation (A3) into equation (A1), and knowing the initial air

velocity Vi s 0, we obtain the air velocity through regulating nozzle:
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V2
2-g-a

a -1
Pi n

a-l
f  \'

El. (A4)

The mathematical expression of the mass flow rate through the regulating nozzle

is:

*  4 -v?
(A5)

*  • Vo
m\2 =——-

Vs2

Also, using the adiabatic equation we obtain the expression for the specific

volume:

Pl-Vsl" =P2-V^2

Vs2 = Vsl

r  \l/a
p\

kP2j
(A6)

The perfect gas law and is:

Pl'Vsi = R-T
(A7)

Substituting (A4), (A6), (A7) in (A5) and doing the algebra we obtain the mass

flow through the regulating nozzle:

m\2 =Ai - Pi

-

Ha
a+1

r  \ /  \

2-g-a P2 P2 a

{a-\)-R-T Ul J [PlJ
(AS)

The flow area A2 between the measuring nozzle and the paper is:

A2=n -dj-gap (A9)
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Using the similitude of the mass flow expressions and the expression (A9) we

can write the equation of the mass flow rate (A10) through the measuring nozzle;

mio = n - d^- gap n
2-g-a

{a-\)-R-T

f  \lla

Zl

P2.

^  \

Po

\PlJ

a+1

(A10)
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NEWTON'S METHOD TO SOLVE THE STEADY-STATE

EQUATION

Using the mass flow expressions derived in Appendix A and the fact that at

steady state the mass flow through the nozzles is the same:

mn =A-Pi

mio = A^-p2

-

2/a
a+1

r  ̂ y  \
2-g-a Pi Pi a

{a-l)-R-T Ia J Ia J

y  N2/a y  \
2-g-a Po Po

(a-l)-R-T [P2j IaJ

Ct+l

mi2 = m20

(B1)

(B2)

(B3)

we can derive the following equation:

A n P2.A-Px,
2ga

{

r

Pi
/■ \
Pi

a+\

a-\)RT vAy vAy

2ga
(a-l)RT

f  \l/a
A

vAy

/  A
Po

vAy

a+I

(B4)

Squaring the expression (B4) and simplifying the identities we obtain

successively:

\2/a
a+1

PO

kP2j

a2 „2A -Pi

r  \
PO

\P2 j

2 _2a _ 4 ■ p\
a2 „2A. ■ Pi

f  \
Pi

\P\J

2  1
A -Pi

a+1
y  A
Pi

A 'Pi \P\J

y  ̂
Pi

Pi

1/a
a+1

y  A
Pi

\Ply

j2 „1A ' Pi'
y  \i/ci

PO

V^2y

a+1

PO

Pi

a
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PO
\2/a

P2

PI

P\ )

21a
a+1

a+1

/  ̂2/a
P2

\Pl)

PQ

P2

P2

\P\

P2

P\

aI \P2
P\ P2

\Pl

2/a a2 / ^2 /
^1 PI

P2

P2

\Plj

g+l

a

f  , \ C£+l (a+1
/  \2la f \-\^ia) / \ r \

P E PZO.

ypi

2

\Pl^

(■ \
PQ.

\Piy

2/a
P2

Pi

l
Pi

-(2/a)

2

{PlJ

a+1
/  \ 2 2/a .2 (  \ 2 /  N

Pi P2 A- Pi P2 " =0
U2J Ul J 4 VP2) Ui J

a+1
f  ̂ f \
£1
Pl

21.
Pi

a+1

A.
A

f  \
P2

Pi

(2-2a)/a ^2
*4

1-a

P2

\P\2
= 0

PQ

Pi

2/a
P2

Pi

-(2/a) a+1
/  N /

PQ

Pi

P2

Pi

a+1 a+1
-2 /■ \ 2/a ,2 (  \ -2 /  \

P2 P2 P2 P2 a

Ul J l/'l J 4 L^l J Ul J
= 0

Finally:

4
^  ̂2/a^ ^-(2/a) ^ ^
2 2 2 2 21

\P\2

2
Pi

■4 1
Pi

1
Pi

1
Pi

1—(2-2a)/a / \
2 «+ At 1
Pi

 =0

with A2 = 7r-d2-gap.

To solve for the quotient p2 / pi from equation (B5) we use the Newton's method.

This method is based on a linear approximation of the function using a tangent to

the curve. Figure A1 gives a graphical description of the method. Starting from a

single initial estimate, Xo , that is not too far from a root, we move along the

tangent to Its intersection with the x-axis, and take that as the next

approximation.
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T e
f(xO)

xO

xO-xl

Figure B1 Newton's method schematic

This is continued until either the successive close or the value of the function is

sufficiently near zero. The calculation scheme follows immediately from the right

triangle shown in Figure B1, which has the angle of Inclination of the tangent line

to the curve at x = Xo as one of its acute angles:

tan0 = /(xq) = /(^o)
Xq-X,

X, = Xq -
/(.Xq)

/K)

We continue the calculation scheme by computing:

.M.
fix,)
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If we consider the expression (B5) and our function being f(p2/pi), to use the

Newton's method we have to calculate the first derivative of this function which

will be:

/,
. p\

The solution of equation (B6), following Newton's method, was obtained using a

Matlab program, which can be seen in Appendix D. The MatLab program

performs 21 iterations and uses a tolerance of 0.0000000000001 when

comparing the values resulted from iterations.
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4r

**************************************************************************

MATLAB PROGRAM TO SOLVE THE STEADY-STATE EQUATION

^  *************************************************************************

%  * SORIN HOMESCU

%  * MATLAB CODE TO SOLVE THE STEADY-STATE ANALYSIS

%  * UTK

%

clear all

steps = 0;

%atmospheric pressure [mmH20]

pO = (101325*101.9745)/1000;

%fan pressure (absolute pressure) [mmH20]

pi = 0.1*25.4+ pO:

%inltial estimate of the unknown quotient p2/p1

p21 =1:

%diameters of the regulating nozzle [mm]

dl = [2 : 2.5 ; 3 : 3.5 ; 4];

%diameter of the measuring nozzle [mm]

d2 = 4:

%tolerance imposed in computing the quotient p2/p1

tol = 0.0000000000001;

k = 0;

i = 0;

%Netwon's method to solve the nonlinear equation in p2/p1

for i = 1 : iength ( dl );

for z = 0 : 0.1 : 1;

k = k+ 1;

while ( abs (f (p21 ,z,d1 (i),d2)) >= tol)

p21 = p21 - (f(p21 ,z,d1 (i).d2) / df(p21 ,z,d1 (i),d2));

steps = steps + 1;
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disp([p21 f(p21,z.d1(i),d2)]):

end;

%quotient p2/p1

p2overp1( k ) = p21;

%pressure p2 [mmH20] (absolute pressure)

p2 = p2overp1 * pi;

%pressure p2 [mmH20] (gauge pressure)

p2gauge = p2 - pO;

%pressure p2 [inchH20] (gauge pressure)

p2gaugelnch = p2gauge / 25.4;

end

k=0:

z = [0 : 0.1 : 1];

if i == 1

p!ot(z,p2gaugeinch,'ko-')

elseif 1 == 2

plot(z,p2gaugeinch,'kd-')

elseif i == 3

plot(z,p2gaugeinch,'ks-')

elseif i == 4

plot(z,p2gaugeinch,'k'^-')

else i == 5

plot(z,p2gaugeinch,'k*-')

end

title('d2=4mm')

xlabel('Gap [mm]')

ylabel('Measuring pressure p2 [in.H20]')

Iegend('d1 =2mm','d1 =2.5mm','d1 =3mm';d1 =3.5mm','d1 =4mm')

grid

hold on
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end

*********************************************************************

%  * SORIN HOMESCU

%  * MATLAB FUNCTION WHICH CONTAIN THE EQUATION

%  * TO BE SOLVED WITH THE NEWTON'S METHOD

%  * UTK

**********************************************************************

function y = f ( p21 , z , d1 , d2 )

%atmospheriG pressure [mmH20]

pO = (101325*101.9745)/1000;

%fan pressure (absolute pressure) [nnnnH20]

pi = 0.1*25.4+ pO;

%adiabatic constant for air

alpha = 1.41;

%flow area of the regulating nozzle [m2]

A1 = (pi*(d1'^2))/4;

%flow area of the measuring nozzle [m2]

A2 = pi*d2*z;

%equation which has to be solved with the Newton's method

y = (A2'^2)*((p0/p1) '^ ( 2 / alpha )) * ((p21) (-2/alpha))...

- (A2'^2)*((p0/p1 )'^((alpha+1 )/alpha))*(p21'^(-(alpha+1 )/alpha))...

- (Al'^2) * (p21 ((2-2*alpha) /alpha ))...

+ (A1 2) * ( p21 ((1-alpha) / alpha));
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(y ************************************************************************************

%  * SORIN HOMESCU

%  * MATLAB FUNCTION WHICH CONTAIN THE FIRST DERIVATIVE *

%  *0F THE EQUATION TO BE SOLVED WITH THE NEWTON'S METHOD *

%  * UTK

*************************************************************************************

function y = df ( p21 , z , d1 , d2)

%atmospheriG pressure [mmH20]

pO = (101325*101.9745)/1000;

%fan pressure (absolute pressure) [mH20]

pi =0.1*25.4 + pO;

%adiabatiG constant for air

alpha = 1.41;

%flow area of the regulating nozzle [m2]

A1 = (pi*(d1'^2))/4:

%flow area of the measuring nozzle [m2]

A2 = pi*d2*z;

%first derivative of the equation which has

%to be solved with the Newton's method

y = (A2'^2) * ((pO/p1) (2/alpha)) * (-2/alpha) * ((p21) ((-2-alpha)/alpha))...

+ (A2'^2)*((p0/p1) ((alpha+1)/alpha)) * ((alpha+1)/alpha) * (p21'^(-

(2*alpha+1 )/alpha))...

- (Al'^2)* ((2-2*alpha)/alpha) * (p21'^( (2-3*alpha)/alpha ))...

+ (A1'^2) * ((1-alpha)/alpha) * ( p21'^ ((1-2*alpha)/alpha));
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TRANSIENT ANALYSIS DERIVATION

The mass flow rates expressions derived at the steady-state analysis and shown

in Appendix A were used for the transient analysis:

mi2 = Ai n Pi n

-

2 a-1 ]
r  ̂ /  N

2-g-a P2 a P2 a

{a -1)-R-T I P\ [ Pi J
(E1)

mio - n n d^ - gap n p.
/  \

Po

2
/  \

Po

a -1

2-g-a a a

{a -V)-R-T [pl) Vp^j
(E2)

The transient equation shown in Chapter 2 is:

dm^
niu-mzo = - = m2

dt (E3)

From equations (E1), (E2) and (E3) we can derive the expression:

W2

/  \2la /  >
a+1 "

2-g-a Pz Pz
a

{a-\)-R-T <P\ j [Pj
-  n gap n

/  N2/a /  >
a+l

2-g-a Po Po

(a-I)-R-T ^P2y ■.PZy
(E4)

The measuring pressure p2 will be calculated by using the perfect gas law:

P2 =
m^-R-T

(E5)

and equation (E4) will become:

mi = A^p,
2/a

a+l"

2-g-a m^RT
(a-V)-R-T I P^^z J [ pyz J

,  m^RT-gap-—^— 2-g-a
(a-\)-R-T

f  Tr f r, \P PoVi
ym^RT

o^l
ym^RTj

(E6)
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COMPUTER PROGRAMS TO SOLVE THE TRANSIENT ANALYSIS

10' save"runkut3"

20 PP = 1: 'set pp = 1 to print

30 PI =4*ATN(1)

40 REM This program uses a 4th order Runge-Kutta integration method to solve

50 ' systems of first-order ordinary differential equations F. H. Speckhart

60 ' April 6, 2001 Program to simulate the response of the Lexmark Inkjet

70 DIM K(4, 80). Y(80), Z(80), YD(80)

80 'FOR I = 1 10 80: Y(l) = 0: NEXT I

90 ' Enter constants, parameters, and one time calculations

100 ' Unit are in feet and lb/ft'^2

110 ' 1 ft of H20 = 62.4 lb/ft'^2, 1 inch of H20 = 62.4/12 lb/ft'^2

120 YBEAMHIGH= 1.48/(12*25.4): YBEAMLOW = 1.42/(12*25.4)

130P1H20=.1 :' input pressure in H20

140 PO = 14.7*144: ' pressure in Ib/ff^O

150 PI = P1H20 * 62.4/12 + PO: ' pi in lb/ft'^2

160 RPS = 3:' speed of screw in rev/sec

170 TAU = 10:' PERIOD OF CYCYLING RATE

180 DEFF = .2/(25.4*12): ' half deflection of paper variation in feet

190 LEAD = 1/(24* 12):' lead of screw in feet

200 D1 = 3/(25.4*12): D2 = 4/(25.4*12): A1 = PI*D1^2/4: A2 = PI*D2

210 E= 1.59E+07: W= .5: T=.004: El = E*T'^3*W/12:L1=1.25: L2= 1: ALPHA =

1.4

220 Kl= L1'^3/(3*EI) + L1*L1*L2/(2*EI):' Lb/ft

230 K= 12/KI

240 AREA = Pl/(4*144):' area of diaphragm in

250 VOL =(.5*PI/4 + PI*8*(3/16)'^2/4)/1728:' volume in ft^3

260 R = 53.35: TEMP = 530 : G = 32.15
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270 FACTOR = 2*G*ALPHA/((ALPHA-1)*R*TEMP): F1 = 2/ALPHA; F2

(ALPHA+1)/ALPHA

280 GAPMIN =999: YBEAMMIN = 99999!: P2M!N = 99999!

290 REM **********************************************************************

300 REM Enter initial conditions if different than zero

310 Y(1 )= PO*VOL/(R*TEMP)

320 REM T9 = maximum time

330 T9 = 3

340 REM IB is equal to the print interval

350 IB = .04

360 REM D1 = Increment of integration step size

370 D1 = .00001

3B0 REM N = number of first order equations

390 N =2

400 REM *********************************************************************

410TB = TB/D1

420 FOR ! = 1 TO BO

430 Z(l) = Y(l)

440 NEXT I

450 T7 = 9.000001 E+09

460 T = 0

470 GOTO 700

4B0 FOR J = 1 TO 4

490 ON J GOTO 630, 500, 550, 590

500 T = T + D1 * .5

510FORI = 1TON

520 Y(i) = K(1, l)*D1 *.5 + Z(l)

530 NEXT I

540 GOTO 630

550 FOR I = 1 TO N
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560 Y(l) = K(2, I) * D1 * .5 + Z(I)

570 NEXT I

580 GOTO 630

590 T = T + .5 * D1

600 FOR I = 1 TO N

610Y(I) = K(3, l)*D1 +Z(I)

620 NEXT I

630 GOSUB 920

640 FOR JK = 1 TO N

650 K(J, JK) = YD(JK): NEXT JK

660 NEXT J

670 FOR I = 1 TO N

680 Z(l) = Z(l) + D1 * (K(1, 1) + K(4, I) + 2 * (K(3, I) + K(2, I))) / 6

690 NEXT I

700 FOR I = 1 TO N

710Y(I) = Z(I)

720 NEXT I

730 T7 = T7 + 1

740 IF T7 <= T8 - .0002 THEN 850

750 T7 = 0

760 REM **********************************************************************

770 PRINT USING"t=#.### P2=#.### gap=##.### ybeam=##.### Mtr=##.###

Y=##.### Yin=##.### ":T,(P2-P0)*12/62.4,

GAP*12*25.4,YBEAM*12*25.4,OMEGAMOTOR,Y*12*25.4,YI N*12*25.4

780'PRINT USING "t=##.### Mass=#.####### m12=#.#######

m20=#.####### P2=###.#### in H20";T,Y(1),MD12, MD20, (P2-P0)*12/62.4

790 'PRINT USING "Gap=.#### mm ybeam=#.#### mm y=#.#### mm

Mmotor=##.####":GAP*12*25.4, YBEAM*12*25.4,Y(2)*12*25.4,OMEGAMOTOR

800 IF PP < .5 THEN 840
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810 LPRINT USING"t=#.### P2=#.### gap=##.### ybeam=##.###

Mtr=##.### Y=##.### Yin=##.### ":T,(P2-P0)*12/62.4,

GAP*12*25.4,YBEAM*12*25.4,OMEGAMOTOR,Y*12*25.4,YIN*12*25.4

820'LPRINT USING "t=##.### Mass=#.####### m12=#.#######

m20=#.####### P2=###.#### in H20":T,Y(1 ),MD12, MD20, (P2-P0)*12/62.4

830 'LPRINT USING "Gap=.#### mm ybeam=#.#### mm y=#.#### mm

Mmotor=##.####":GAP*12*25.4, YBEAM*12*25.4,Y(2)*12*25.4,OMEGAMOTOR

840 REM **********************************************************************

850 IF T <= T9 THEN 480

860 PRINT USING "Gap max = ##.### Gap min = ##.### mm Ybmax=##.####

Ybmin=#.####

mm":GAPMAX*12*25.4,GAPMIN*12*25.4,YBEAMMAX*12*25.4,YBEAMMIN*12*

25.4

870 PRINT USING "P2max = #.#### in H20 P2min = #.#### in H20 Gap

hlgh=#.## Gap Iow=#.###":(P2MAX-P0ri2/62.4,(P2MIN-

P0)*12/62.4, YBEAMHIGH*12*25.4,YBEAML0W*12*25.4

880 IF PP< .5THEN 910

890 LPRINT USING "Gap max = ##.### Gap min = ##.### mm

Ybmax=##.#### Ybmin=#.####

mm":GAPMAX*12*25.4,GAPMIN*12*25.4,YBEAMMAX*12*25.4,YBEAMMIN*12*

25.4

900 LPRINT USING "P2max = #.#### in H20 P2min = #.#### in H20 Gap

high=#.## Gap Iow=#.###":(P2MAX-P0)*12/62.4,(P2MIN-

PO)*12/62.4,YBEAMHIGH*12*25.4,YBEAMLOW*12*25.4

910 END

920 REM Start of a subroutine containing N first order differential equations

930 YIN = .5/(25.4*12) + DEFF*SIN(T*2*PI/TAU)

940 GAP = YIN-Y

950 IF GAP > GAPMAX THEN GAPMAX = GAP

960IFT<.1 THEN 980
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970 IF GAP < GAPMIN THEN GAPMIN = GAP

980 P2 = Y(1)*R*TEMPA/0L

990 IF P2 > P2MAX THEN P2MAX = P2

1000 FORCE = AREA*(P2-P0): ' force acting on diaphragm

1010 YBEAM = FORCE/K: ' deflection in feet

1020 IF YBEAM > YBEAMMAX THEN YBEAMMAX = YBEAM

1030 iFT< .1 THEN 1060

1040 IF YBEAM < YBEAMMiN THEN YBEAMMiN = YBEAM

1050 IF P2 < P2MiN THEN P2MiN = P2

1060 MD12 = A1*P1*SQR(FACT0R*((P2/P1)'^F1 - (P2/P1)'^F2)): 'm dot in

1070 GAPP = GAP

1080 IF GAP > D2/4 THEN GAPP = D2/4

1090 MD20 = A2*P2*GAPP*SQR(FACTOR*((PO/P2)'^F1 - (P0/P2)'^F2)): 'm dot

out

1100 MD = MD12-MD20

1110YD(1) = MD

1120 OMEGAMOTOR =0

1130 IF YBEAM > YBEAMHiGH THEN OMEGAMOTOR =-RPS

1140 IF YBEAM < YBEAMLOW THEN OMEGAMOTOR =RPS

1150 YD(2) = OMEGAMOTOR*LEAD: ' linear speed of screw in ft/sec

1160 Y = Y(2)

1170 RETURN

(^****************************************************************************************

%* SORiN HOMESOU

%*MATLAB CODE TO SOLVE THE TRANSIENT ANALYSIS - PHASE ANGLE*

%* UTK

(^*****************************************************************************************

clear all

%step size for the numerical integration
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h = 0.00001;

%the period of the wheel sinusoidal rotation [sec.]

tau = [10/1;10/3;10/7;10/10;10/15];

%diameter of the regulating nozzle [ft.]

d1 =3/(12*25.4);

%diameter of the measuring nozzle [ft.]

d2 = 4/(12*25.4);

%atmospheric pressure [psi]

pO = 14.7*144;

%regulating pressure [psf] (absolute pressure)

pi =(0.1*62.4)/(12) + pO;

%gas constant (air) [ft.*lb./lbm.*R]

R = 53.35;

%ambient temperature [R]

T = 530;

%length of the diaphragm chamber [in.]

length = 0.5;

%diameter of the diaphragm chamber [in.]

dia = 1;

%cantilever beam thickness [in.]

thick = 0.004;

%cantilever beam width [in.]

b = 0.325;

%Module of elasticity for brass [psi]

E = 15.9*10'^e;

%cantilever beam length(s) [in.]

LI = 1.25;

L2 = 1.0;

%diaphragm aria

Adiaph = (pi*dia'^2)/4;
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%hose length [in.]

hi = 8;

%hos0 inside diameter [in.]

hd = 3/16;

%voIume of the diaphragm chamber [ft.'^S]

V2 = ((dia'^2)*iength*pi)/(4*1728) +((hd'^2)*hi*pi)/(4*1728);

%initiai mass (atmospheric pressure)

m2(1) = (pO*V2)/(R*T);

%initiai measuring pressure p2

p2(1) = (R*T*m2(1))A/2;

p2gauge(1) = p2(1)-p0 ;

%initiai cantilever beam deflection

xb(1) = ((2*(p2gauge(1)/144)*Adiaph*(L1'^2)*(2*L1+3*L2)) / (E*b*h'^3) )*25.4;

%maximum and minimum wheel gap values [mm.]

zmax = [ 1.3 ; 1.0 ; 0.7 ];

zmin = [ 0.1 ; 0.2 ; 0.3 ];

%algorithm for the RANGE-KUTTA-FEHLBERG method

phase = zeros(max(size(zmax)),max(size(tau)));

for kk = 1 : max(size(zmax));

for II = 1 : max(size(tau));

%maximum and minimum wheel gap values [ft.]

zmaxft=zmax(kk)/(12*25.4);

zminft=zmin(kk)/(12*25.4);

zbar=(zmaxft+zminft)/2;

zrange=(zmaxft-zminft)/2;

%time range

t = [0 : 0.005 : tau(ll)];

%other initial values

z = 0;

for i = 1 : max(size(t))-1;
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z(i) = (zbar + zrange*sin(((2*pi)/tau(II)) * t(i))); %[ft.]

k1 = h * functie1(t(i), nn2(i),p2(i),z(i));

k2 = h * functie1(t(i) + h/4 , m2(i) + k1/4,p2(i),z(i)):

k3 = h * functie1(t(i) + (3*h)/8 , m2(i) + (3*k1)/32 + (9*k2)/32,p2(i),z(i));

k4 = h * functie1(t(i) + (12*h)/13 , m2(i) + (1932*k1)/2197 - (7200*k2)/2197 +

(7296*k3)/2197,p2(i),z(i)):

k5 = h * functie1(t(i) + h ,m2(i) + (439*k1)/216 - 8*k2 + (3680*k3)/513 -

(845*k4)/4104,p2(i),z(i)):

k6 = h * functie1(t(i) + h/2 , m2(i) - (8*k1)/27 + 2*k2 - (3544*k3)/2565 +

(1859*k4)/4104 - (11*k5)/40,p2(i).z(i));

m2(i+1) = m2(i) + ((16*k1)/135 + (6656*k3)/12825 + (28561 *k4)/56430 -

(9*k5)/50 + (2*k6)/55);

error(i+1) = k1/360 - (128*k3)/4275 - (2197*k4)/75240 + k5/50 + (2*k6)/55:

p2(i+1) = (R*T*m2(i+1))A/2:

p2gauge(i+1) = p2(i+1) - pO;

xb(i+1) = ((2*(p2gauge(i+1)/144)*Adiaph*(L1'^2)*(2*L1+3*L2)) / (E*b*thick'^3)

)*25.4:

end

[minimum,index]=min(z):

www = size (t):

onestepangle = 360 / (www(2) -1 ):

[maximum,indexl ]=max(xb):

phase(kk,ll) = (indexl - index) * onestepangle;

%phase = (indexl - index ) * onestepangle;

end

end

for jj = 1 : max(size(tau));

freq(jj) = 1 / tau Gj) ;

end

piot(freq,phase(1,:),'*-',freq,phase(2,:),'o-',freq,phase(3,:),'x-')
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title('PIot of the theoretical results of phase angle')

xlabel('Wheel rotation frequency [Hz]')

ylabel('Phase angle [Deg.]')

Iegend('0.2 mm','0.4'.'0.6')

grid

(^***********************************************************************************

%* SORIN HOMESCU

%* MATLAB FUNCTION WHICH CONTAINS THE EQUATION OF MASS *

%*FLOW TO BE INTEGRATED WITH THE RUNGE-KUTTA-FEHLBERG *

%* METHOD

%* UTK

************************************************************************************

function y = functie (t, m2 ,p2 , gap);

%length of the diaphragm chamber [ft.]

length = 0.5;

%diameter of the diaphragm chamber [ft.]

dia = 1;

%hose length [in.]

hi = 8;

%hose inside diameter [in.]

hd = 3/16;

%volume of the diaphragm chamber [ft.'^S]

V2 = ((dia'^2)*length*pi)/(4*1728) +((hd'^2)*hl*pi)/(4*1728);

%diameter of regulating nozzle [ft.]

d1 =3/(12*25.4);

%diameter of measuring nozzle [ft.]

d2 = 4/(12*25.4);

%flow area of regulating nozzle [ft.'^2]

A1 = (pi*(d1'^2))/4;

%flow area of measuring nozzle [ft.'^2]
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A2 = pi*d2*gap;

%gas constant(air) [ft.*lb./lbm.*R]

R = 53.35;

%ambient temperature [R]

T = 530;

%adiabatic constant (for air)

alpha = 1.4;

%gravitational acceleration [ft./sec.'^2]

g = 32.15;

%atmospheric pressure [psf]

pO = 14.7*144;

%regulating pressure [psi] (absolute pressure)

pi = (0.1*62.4)7(12)+ pO;

%equation of the flow difference

C = (((2 * g * alpha ) / (( alpha -1 ) * R * T )) )'^(1/2);

y = C * (A1*p1*sqrt( (p2/p1 )''(2/alpha) - (p2/p1)''((alpha+1)/alpha))

A2*p2*sqrt( (p0/p2)'^(2/alpha) - (p0/p2)'^((alpha+1)/alpha)));
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SYSTEM PARAMETERS

Measuring nozzle diameter: 4 mm

Regulating nozzle diameter: 3 mm

Diaphragm cavity inside diameter: 1  inch

Diaphragm cavity length: 0.5 inch

Cantilever beam material: brass

Cantilever beam thickness: 0.004 inches

Diaphragm hose length: 8 inches

Diaphragm hose inside diameter: 3/16 inches

Cantilever beam geometry:

00.85

0.35

t

— 1.25 ^ 1.0 —

Stepping motor speed:

Fan pressure (regulating chamber):

Active distance between silver contacts

(cantilever beam thickness subtracted):

671 rad./sec.

0.1 in.H20

0.13 mm
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BASIC PROGRAM USED TO RUN THE STEPPING MOTOR

10 'PROGRAM TO RUN THE STEP MOTOR FROM THE LEXMARK PROJECT

20 'SORIN HOMESCU AUGUST 11, 2000

30 OUTPORT = &H378: 'SETS THE OUTPUT PORT

40 IMPORT = &H379:

60 OUT OUTPORT, &H1

70 iN% = INP(INPORT)

80 IF IN% > 150 THEN 100

90 IF IN% < 100 THEN 160

95 GOTO 60

100 OUT OUTPORT, &H1

120 F0RJ = 1 TO 650: NEXT J

130 OUT OUTPORT, &H0

150 GOTO 60

160 OUT OUTPORT, &H3

180 FOR J = 1 TO 650: NEXT J

190 OUT OUTPORT, &H2

210 GOTO 60

'SETS THE INPUT PORT

'HALF STEP/FOR STEP USE HI
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COMPLETE RESULTS OF PROTOTYPE MODEL TESTING

The straight lines from the plots represent the limits of the wheel sinusoidal
variation (see Figure 11).
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Figure 12 Results for single wheel amplitude 0.2 mm and frequency 0.3 Hz
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Figure 13 Results for single wheel amplitude 0.2 mm and frequency 0.7 Hz
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Figure 14 Results for single wheel amplitude 0.2 mm and frequency 1.0 Hz
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Figure 16 Results for single wheel amplitude 0.4 mm and frequency 0.1 Hz
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Figure 17 Results for single wheel amplitude 0.4 mm and frequency 0.3 Hz
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Figure 18 Results for single wheel amplitude 0.4 mm and frequency 0.7 Hz
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Figure 19 Results for single wheel amplitude 0.4 mm and frequency 1.0 Hz
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Figure 110 Results for single wheel amplitude 0.4 mm and frequency 1.5 Hz
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Figure 111 Results for single wheel amplitude 0.6 mm and frequency 0.1 Hz
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Figure 112 Results for single wheel amplitude 0.6 mm and frequency 0.3 Hz
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Figure 113 Results for single wheel amplitude 0.6mm and frequency 0.7 Hz
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Figure 114 Results for single wheel amplitude 0.6 miin and frequency 1.0 Hz
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