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ABSTRACT 

I N S T I T U T O DE P e S Q U ' - ' S E ^'S R 3 É ^ I C S E N U C L E A R E S 

I. ^ E. rJ. 

The work reported here shows the development of an analytical 

model for one type of pressure transducer that is used in nuclear 

power plants. It is a Foxboro E13DM force balance transducer with 

applications for flow, level and low pressure measurements. 

The model is based in studying the propagation of mechanical 

vibrations through the mechanical linkages of the transducer. The 

electronic circuit of the transducer is responsible for the feedback 

force that balances the system, and it was considered in the model. 

The frequency response as predicted by the model was compared 

with three sets of experimental data. The results showed good 

agreement in the region of analysis. 

The non-linear behavior of the transducer is explained, and 

the conditions for linear response are discussed. 

Two 'in-situ' tests were developed for the transducer. One 

can bé performed remotely, during normal operation of the plant. The 

other requires access to the transducer. The tests allow one to 

obtain the step response of the transducer. 

Neither of the tests require access to the pressure line. 
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CHAPTER 1 

INTRODUCTION 

1.1 General Considerations 

The optimum values of all variables of a nuclear power plant, 

and the limits that they can reach during transient conditions are 

determined during the design phase of the plant. In order to monitor 

the variables and to assure that they do not exceed the safety 

limits, process instrumentation is installed in the plant. Process 

instrumentation includes the devices that are used to convert the 

measured process variable into an electrical signal, which is more 

suitable for manipulation. These devices are called transducers*, 

and can be veiwed as physical interfaces between the variable being 

measured and the information that we receive. 

The fact that the response of the transducers is not 

instantaneous means that the information received from the transducer 

does not necessarilly represent the actual state of the variable 

associated with it. The time interval between the instant in which 

the process variable reaches a given value, and the instant in which 

the transducer indicates that the value was reached is defined as the 

response time of the transducer. In nuclear power plants the 

response time is particularly important for transducers that are part 

of the protective system. 

* In the existing literature these devices are also called a 
sensor or a transmitter. 

r-iC • s E r i U C l E A R K 3 
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Because of the adverse environment in which some transducers 

are located, their response time may deteriorate during the lifetime 

of the plant and endanger a safety action during transient conditions. 

To avoid this the Nuclear Regulatory Commission, in its Regulatory 

Guide 1.118 (1), recommends that, "Safety system response time 

measurements shall be made periodically to verify the overall response 

time (assumed in the safety analysis of the plant) of all portions of 

the system from and including the sensor to operation of the 

actuator." It also states that, "Where the entire set of equipment 

from sensor to activated equipment cannot be tested at once, 

verification of system response time may be accomplished by measuring 

the response times of discrete portions of the system and showing 

that the sum of the response times of all portions is equal to or 

less than the overall system requirement." 

According to the second statement the required response time 

measurement can be divided in two parts: one comprising the portion 

of the system from the process to the sensor output, and the other 

corprising the portion of the system from the sensor output to the 

operation of the actuator. 

1.2 Presentation of the Problem 

The electrical output of the tranducer is easily simulated, 

but practical ways of measuring the response time of the transducer 

require new technical developments. Considerable interest exists in 

developing practical methods for response time measurements of 

transducers, especially methods that allow the measurements during 

normal operation of the plant, with the transducer 'in-situ'. 



The process instrumentation of a nuclear power plant is 

mainly designed to monitor state variables such as flow, level, 

pressure and temperature (2). Since the measurement of flow and 

level is usually done with differential pressure transducers, the 

process instrumentation consists basically of temperature and 

pressure transducers. 

In addition to monitoring state variables, temperature and 

pressure transducers are important tools for surveillance and 

diagnostic measurements (3,4,5,6). Because the vibration of 

mechanical components create pressure fluctuations, particular 

importance is given to pressure transducers. It has been shown that 

low-level signals (noise) from pressure transducers contain important 

information for reactor vibration monitoring systems (7,8,9,10). 

Low-level signals can also be used to monitor the response time of 

transducers (11). In order to interpret the information contained 

in low-level signals it is desirable to develop mathematical models 

for the system and for the transducer that is being used to collect 

the information. A mathematical model is important because it gives 

guidelines to interpret the measured information. 

1.3 Review of the Work Performed 

The work reported here shows the development of an analytical 

model for one type of pressure transducer that is used in nuclear 

power plants. It is a Foxboro E13DM force balance transducer with 

applications for flow, level and low pressure measurements. With 

minor modifications the analytical model developed here can be 
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extended to the other models of Foxboro transducers. 

In addition two 'in-situ' tests were developed, and are 

presented here. The first one is remote, and can be performed during 

normal operation of the plant. It provides the response of the 

transducer to a increasing step in pressure, and can be used to 

monitor the dynamic response of the transducer. The second test 

requires access to the transducer. It allows one to obtain the 

necessary information to predict the response of the transducer to an 

increasing and/or decreasing step in pressure. Neither of the tests 

require access to the pressure sensing line. 

1.4 Prior Related Work 

Pressure transducers can be divided into two classes, motion 

balance and force balance. For both classes, a differential pressure 

across the two sides of the sensing element causes a displacement. 

The sensing element is the part of the transducer that is in contact 

with the pressure line. In motion balance transducers, the -

electronic system generates an electric signal that is proportional 

to the displacement of the sensing element. In force balance 

transducers the electronic system generates a force that balances the 

differential pressure, and cancels the displacement. 

Dynamic models have been developed previously for motion 

balance pressure transducers. In general the sensing element is 

assumed as a lumped mass with an effective area. The area multiplied 

by the differential pressure results in a force that causes the mass 

to be accelerated. For normal conditions of operation the 

displacement is proportional to the differential pressure, a 
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I ij£i£l + c ï̂iEi- + KxCt) . AP(t) (1-1) 

where x is the position of the element, I is its inertia, C is the 

damping coefficient, A is the effective area and P is the 

differential pressure. 

The model described by Equation 1-1 is given in reference 12, 

and used by Jones (13), Cain (14) and Hunt (15) in studying the 

dynamic behavior of pressure transducers. No work was found in which 

the propagation of the mechanical vibrations through the linkages of 

the transducer were taken into account. Abdullah and Finkelstein 

(16) used the lumped model described by Equation 1-1 to study the 

dynamic behavior of different sensing elements. They also explain 

how to model individual components of an electric and/or magnetic 

circuit. 

situation similar to a spring under the action of a force. This 

justifies the inclusion of a term proportional to the displacement in 

the dynamic equation for the element. The 'spring' constant is a 

function of the elastic properties of the sensing element. Usually 

the sensing element is filled with some viscous fluid. The function 

of the fluid is to damp the motion of the element, making it less 

sensitive to mechanical vibrations. The damping motion requires that 

a term proportional to the velocity be included in the dynamic 

equation of the element. 

The simplest dynamic model for the sensing element of a 

motion balance transducer is: 
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In force balance transducers the balancing force is a 

feedback action generated by the electronic part of the transducer. 

Therefore, the dynamic response of the transducer is strongly 

dependent of the electronic circuit. No work was found in which the • 

electronic part of a pressure transducer was analyzed as a system. 

Regarding 'in-situ' tests of pressure transducers, low-level 

measurements have been suggested as a method to monitor the response 

time (17). Wu and Ouyang have used low level signals to estimate 

the time constant of one pressure transducer. In a first report 

(18), an ARHA model was found adequate to characterize the transducer, 

and the time constant was estimated as 28.6 msec. In a second report 

(19), a correction was made, and the time constant was estimated as 

1.8 msec. The transducer used in the analysis was a Rosemount model 

1152GP (a explanation of Rosemount transducers is given in Appendix 

A ) . The Rosemount Company specifies that the time constant for the 

transducer in reference is "continuously adjustable between .2 and 

1.67 sec." 

Foster et al. (20) have developed one method for 'in-situ' 

measurements of the response time of pressure transducers. The 

method requires that a ramp input be applied to the sensing line, and 

in nuclear plants it can be performed only during shutdown periods* 

P No work was found in which a large signal is used for remote tests of 

pressure transducers. 



CHAPTER 2 

DESCRIPTION OF FOXBORO PRESSURE TRANSDUCERS 

2.1 Introduction 

Pressure transducers can be divided into two classes, motion 

balance and force balance. Both types provide pressure readings by a 

two step process. In the first step they transform a differential 

pressure existing across the transducer into a displacement. In the 

second step they convert the displacement into an electrical signal. 

The characteristic of force balance transducers is that they 

use the electrical signal to create a force that balances the 

pressure, cancelling the displacement. In motion balance transducers, 

the displacement remains while the transducer is under the action of 

the differential pressure. 

The Foxboro pressure transducers used in the nuclear industry 

are of the force balance type. Table 2-1 gives a list of the 

different models and their applications. 

To explain the operation of the transducer we divide it into 

two major systems: mechanical and electronic. The function of the 

mechanical system is to transform the differential pressure into a 

displacement of a ferrite detector that activates the electrical 

system. The function of the electrical system is to generate a DC 

current output signal. 

2.2 Mechanical System 

The mechanical system may be divided in five subsystems: 

sensing element, C-flexure, force bar, vector mechanism and lever 



Table 2-1. Foxboro pressure transducers 

model application sensing element 

EllAH absolute pressure bellows 

EllAL absolute diaphragm 

E H A M absolute diaphragm 

EllDM differential bellows 

E U G H gauge Bourdon tube 

E IIGM gauge bellows 

E13DH differential diaphragm 

E13DL differential diaphragm 

E13EM differential diaphragm 
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system (these names are the same as used by The Foxboro Company in 

its technical specifications). 

Figure 2-1 is a schematic diagram for the transducer model 

E13DM. It is a differential pressure transducer, with applications 

for flow, level and low pressure measurements. It will be used to 

explain how the pressure signal is transmitted through the mechanical 

linkages to activate the electrical system. 

The major difference between model E13DM and the other 

Foxboro models is the sensing element. The sensing element for model 

E13DM is the diaphragm (D) shown in Figure 2-1. Details of the 

diaphragm are given in section 3.2.1. Other sensing elements are 

shown in Figure 2-2.— The sensing element is subject to a high 

pressure on one side (H), and a low pressure on the other side (L). 

The product of the difference in pressure and the effective area of 

the diaphragm results in a force that is transmitted through a small 

bar to a flexural system called the C-flexure. 

The function of the C-flexure, shown in detail in Figure 

2-3, is to transmit the force to the force bar. The combination of 

the sensing element plus the C-flexure form a system called the 

capsule. 

A diaphragm (A) attached to the structure of the transducer 

as shown in Figure 2-1 works as a fulcrum point about which the 

force bar rotates to transmit the force to the vector mechanism. 

The rotation is clockwise for increasing pressure. 

The length of the upper part of the force bar is greater than 

the length of the lower part. It therefore acts as a reduction 
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Figure 2-1. Foxboro pressure transducer model E13W 
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to diaphragm (0) 

Figure 2-3. Flexural system 
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system in the sense that the force that is transmitted is only a 

fraction of the force that acts on the lower end. The value of the 

fraction is given by the ratio of the lower length divided by the 

upper length. 

The vector mechanism, shown in detail in Figure 2-4, may be 

divided into three sections: upper-outer defined by the section 

comprising points T, R, V, V' and T'; upper-inner defined by section 

ZZ', and lower defined by section SZ. Points T and T' are fixed 

points attached to the structure of the transducer. Point R is a 

point that is selected at the time of installation of the transducer, 

and is responsible for the span of operation. Point R is adjusted by 

turning a screw that moves a mechanical system that slides on the 

section VT, shown in Figure 2-4a, of the mechanism. Once the 

transducer has been calibrated point R remains the same until a new 

calibration is performed. Since points T, R and T' are fixed, the 

upper-outer section of the vector mechanism remains rigid during 

operation of the transducer. 

The upper-outer section of the mechanism is connected to the 

upper-inner section by a plate welded on top of both sections. This 

plate is very thin, and the reason for its thinness is to allow 

it to bend, creating a hinging point for the upper-inner section. 

As shown in Figure 2-4b there are three forces acting on the 

mechanism: a horizontal force F^ applied at point S, a vertical 

force F^ applied at point Z, and a force F̂. which is transmitted to 

the structure of the transducer through the upper-outer section. 

During steady state operation the resultant of the three forces is 
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a) 

Figure 2-4. Vector mechanisn 
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zero, the mechanism remains in equilibrium, and the forces and ^ 

are related by: = F^tanS. For small values of 6, tang may be 

approximated by 6, and the relation between F^ and F̂ ^ becomes linear. 

Furthermore, since 8 determines the variation of F^ for a given 

variation of F^, and since its value is adjustable, then it is used 

as a span adjuster for the transducer. 

An increase in pressure rotates the force bar in the 

clockwise direction causing an increase on the horizontal force F̂ .̂ 

This increasing force unbalances the system and causes the lower 

section to move to the right. Due to the constraint imposed by the 

upper-outer section, the upper-inner section is forced to undergo a 

counterclockwise rotation. This causes an increase on the vertical 

force F^ that acts on point Z, which is the force that the mechanism 

transmits to the lever system. 

The connection between the vector mechanism and the lever 

system is made by a thin plate. The plate is thin enough to avoid 

changes in the vertical force that is transmitted (its bending is 

negligible). 

The lever system is a structure that rotates when under the 

action of a torque. The ferrite disk and the support of the feedback 

coil are part of the system. Also included is a counterweight that 

balances the weight of the lever system to allow the installation of 

the transducer in the horizontal position. As can be seen in Figure 

2-1, point P is the pivoting point for the lever system. During 

steady state operation the lever system is under the action of 

several forces, in such way that the resultant moment is zero. The 
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P 

forces acting on the lever system are: a force diie to a spring 

attached at the end of the system which is used for zero adjustment 

of the transducer, a magnetic force that is generated by a current 

that passes through a coil placed in a magnetic field (feedback coil 

in Figure 2-1), and the force that is transmitted from the vector 

mechanism. 

In addition, there is a moment that is generated when the 

system leaves its equilibrium position. This moment is due to the 

physical arrangement of the pivot point P, that is formed by thin 

plates in a cruciform configuration, as shown in Figure 2-5. 

When the force transmitted from the vector mechanism 

increases, the resultant moment acting on the lever system is no 

3 longer zero, and the system undergoes a counterclockwise rotation 

about point P. As the lever system undergoes the counterclockwise 

rotation, the ferrite disk approaches the detector, decreasing the 

P air gap that separates them. Since the detector and the ferrite disk 

compose a differential transformer (as explained in section 2.3), the 

displacement of the ferrite disk is an action that actuates the 

P electrical system of the transducer. The action of the electrical 

system is to increase the current that flows through the feedback 

coil. The increase in current causes the magnetic force to increase. 

P The moment due to the magnetic force is negative and causes the 

ferrite disk to return to its equilibrium position. 

As seen in Figure 2-1, the motion of the lever system is 

restricted in both ways. It is restricted in the counterclockwise 

direction by a stop located underneath the force motor, and in the 
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2.3 Electrical System 

Foxboro pressure-transducers are available with two different 

electrical systems, one to generate a DC current signal between 4 and 

20 mA, and the other to generate a DC current signal between 10 and 

50 mA. Both systems are used in nuclear power plants. Since the 

transducer available for experimental work has an output current 

signal between 10 and 50 mA, this is the system analyzed here 

Figure 2-6 shows a diagram of the system that operates between 10 and 

^ 50 mA. It is divided into seven subsystems: power supply, receiver 

load, detector, oscillator, rectifier, amplifier and force motor. 

For purpose of illustrating the circuit designed to operate between 4 

clockwise direction by the physical presence of the" structure of the 

transducer. This means that the displacement of the ferrite disk, 

and consequently the air gap between the disk and the detector are 

bounded. Furthermore considering the air gap that exists when the 

ferrite disk is at the equilibrium position as reference, the 

difference between the reference gap and the minimum gap allowed is 

not necessarelly the same as the difference between the reference and 

the maximum gap allowed. 

A change in the air gap triggers the electrical system in 

such a way that a decrease in the gap size increases the output 

signal of the transducer. Consequently the minimum gap is associated 

with the highest positive gradient of the output signal, and, 

conversely, the maximum gap is associated with the highest negative 

gradient. (This observation will be important in the discussion of 

the remote test procedure for the transducer. See chapter 6). 
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and 20 mA is shown in Figure 2-7. 

The power supply works as a current generator, in the sense 

that its function is to generate the current that the system 

requires. 

The receiver load is a resistance which is used to transform 

the current that circulates through the system into a voltage signal. 

The total resistance of the load must be about 600 ohms, and can be 

composed of one or more resistor elements. 

The detector consists of two ferrite cores, one ferrite disk 

and two coils arranged as shown in Figure 2-8. The two ferrite cores 

and the ferrite disk, combined with the existing air gaps, form two 

magnetic circuits that together form a differential transformer. A 

change in pressure causes a displacement of the ferrite disk. 

Therefore the air gap and the inductive coupling of the upper circuit 

are variable. The air gap and the inductive coupling of the lower 

circuit are constant. 

The primary coil of the transformer is the coil between 

points A and B in Figure 2-6, and the secondary coil is the one 

between points C and D. The secondary coil is wrapped on the ferrite 

cores in such a way that the portion on the upper core has a polarity 

opposite to the polarity existing in the lower core. With this 

configuration, equal effective air gaps in both magnetic circuits 

result in zero net current induced on the secondary coil. Any change 

in the upper air gap generates an error signal that is used to induce 

current in the secondary coil. The induced current determines the 

amplitude of the AC voltage in the oscillator system. 
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The oscillator is composed of an ançlifier, a feedback system 

and a selector system which is responsible for the frequency of 

oscillation. The amplifier is the transistor Ql. The feedback 

3 system is the differential transformer that composes the detector. 

The selector system is the capacitor C2 and the primary coil of the 

detector, that together form a circuit LC. The AC current induced 

P in the secondary coil enters the base of the transistor, is ançlified 

and fed back through the differential transformer. The AC current 

creates an AC voltage at the collector of the transistor Ql. The AC 

voltage is the input for the rectifier system. The frequency of 

oscillation, according to Foxboro, is not critical, and is 

approximately 4 Khz. 

^ The rectifier is composed of a transformer, two diodes and 

one capacitor. The transformer and the two diodes form a full wave 

rectifier, with the capacitor acting as a filter to smooth the 

output. The output of the rectifier system is fed into a DC 

amplifier, which results in the 10 to 50 mA DC signal that is the 

output of the transducer. 

The DC amplifier is basically a Darlington amplifier (21), 

composed of transistors Q2 and Q3. The diode-resistance network, at 

the base of Q2, provides, according to Foxboro, an equal response 

time upscale and downscale. 

The force motor is the feedback coil shown in Figure 2-1. It 

consists of two coils connected in series with the output of the DC 

amplifier. The coils have different lengths, and are placed in a 

magnetic field in such way that the DC current passing through the 
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coils generates a magnetic force. This is the force that balances the 

system and returns ferrite disk to its original position. 

The length of each coil, and the force that it generates, can 

be assumed proportional to its resistance. One coil has a resistance 

of 131 ohms, and the other 42 ohms. 

As shown in the Table present on Figure 2-6, the coils can be 

P arranged in 3 different ways, according to the range of operation of 

the transducer. For the operation identified as 'high' the 2 coils 

are connected to give a force equivalent to the force of a coil with 

P resistance 173 ohms. For the operation identified as 'medium' the 

equivalent resistance is 89 ohms. For operation 'low' the resultant 

force is equivalent to the force of one coil with resistance 42 ohms. 

P .(This information will be important for discussing the remote testing 

of the transducer. See chapter 6). 

The transducer used for experimental work had the following 

junq)er positions: 1-2, 3-4, 5-6 and 7-10 (see Figure 2-6). These 

positions correspond to a force motor with an effective coil of 173 

ohms. 
3 
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CHAPTER 3 

3 

DEVELOPMENT OF THE MATHEMATICAL MODEL 

3.1 Introduction 

The development of a mathematical model is an essential part 

of the dynamic analysis of a system. In low-level measurements the 

model gives guidelines for a proper interpretation of the results. In 

large signal analysis it allows a prediction of the response of the 

system to any anticipated input. 

The mathematical model developed in this chapter is based on 

the assunçtion that the transducer is a linear system. As will be 

explained in chapter 5, the response of the transducer to a large 

signal perturbation is different from the response to a small 

perturbation, but a linear model and an adequate division of the 

transducer into subsystems will allow prediction of the response for 

both ssalL an4 .large signals. 

To know the dynamic behavior of a linear system, it is 

sufficient to obtain its transfer function. The transfer function of 

the transducer can be assumed to be a combination of the transfer 

functions of several subsystems, each one with its own dynamic 

characteristics. Figure 3-1 shows the adopted division of the 

transducer and the input and output signals for each one of the 

subsystems. 

In order to determine the transfer function for each 

mechanical subsystem, an analysis is performed to determine its 

vibrational behavior when under the action of a system of forces. 
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3 

The basic equations used for the analysis are derived in detail in 

Appendix B. 

In this chapter the variable 6u(x,y,z) represents the 

displaced position of a point that was originally at position (x,y,z). 

The origin of the adopted coordinate system is shown in Figure 3-1. 

The symbol 6 is used to indicate that the analysis is performed 

considering variations from equilibrium positions. In order to obtain 

the final equations in a comprehensible form, the coordinates of the 

points used in the development of the model are as follows. If the 

point will be present in the final equations then it is given a 

sequential number, for exanqjle (x2>y2>22)' However, if the point is 

used only for development of the final equations, then it is given a 

letter, for example (x ,y ,z ). If at a given equation (Su is not a 
& d d 

function of one of the coordinates, then that coordinate will be 

omitted. Also, the following nomenclature is adopted in this chapter: 

A - cross sectional area 

E = elasticity modulus 
p = density 

L = length 

I = inertia moment of area or inertia moment of mass 

(whichever applies to the equation) 

c = constant used to simplify the presentation of the 

equations 

d, a(i,j),b(i,j) = simplified representation for known 

parameters and coefficients that are 

functions of the Laplace variable s. 
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3 

B.(s) = unknown coefficients or functions of s that need to be 

determined 

Due to the complex geometry of some parts of the mechanical 

system, some assumptions are made. In this chapter the assunq}tions 

are mentioned, but not discussed. The effects of the assumptions made 

are discussed in Chapter 4. 

Unless otherwise specified, all the examples and relations 

derived in this chapter will be based on an assumed increase in the 

pressure at the high pressure chamber of the transducer (identified by 

H on Figure 3-1). 

Due to the conq>lexity of the electronic part of the transducer, 

it is not analyzed theoretically. Rather, an experimental analysis is 

presented to provide an enq)irical model. 

3.2 Mathematical Study of the Mechanical Subsystems 

3,2.1 Sensing element 

The sensing element for the model E13DM is a diaphragm system. 

As shown in Figure 3-2, it is composed of two external corrugated 

diaphragms welded at the boundary to a backup plate. The backup plate 

is very thick and can be assumed as rigid and static. The two 

diaphragms are connected in the center by a spool. In order to 

protect the diaphragms from overranging, the backup plate is machined 

to have a surface that adjusts to the diaphragm corrugations. During 

normal operation there is a small distance separating the diaphragms 

and the backup plate. The internal space of the element is filled 

with a viscous silicone fluid which is transferred from one side of 
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where Su^ is the displaced position of the element in the x direction. 

3 

the backup plate to the other through the space between the spool and 

the plate. The viscosity of the fluid and the dimensions of the space 

available for transference of fluid are chosen to result in a proper 

danq>ing of the response. According to the information received from 

The Foxboro Company (see ^pendix C) the spool has a diameter equal to 

13.6 mm. An annular ring .7 mm wide separates the spool from the 

backup plate. The internal space filled with the viscous fluid has a 

volume between 5 and 6 cm^. In the standard diaphragm the kinematic 
-4 2 

viscosity of the fluid is 5*10 m /sec. The diaphragm is optionally 
-4 2 

available with a fluid with viscosity equal to 22*10 m /sec. 

For reasons that will be explained in section 4.4 the effect 

of the natural frequencies of the corrugated diaphragm can be 

neglected. With this assuiiq>tion, the sensing element may be assumed 

to be a rigid system with a set of springs and dash pots (for damping 

of the motion) connecting it to the backup plate. This model is 

illustrated in Figure 3-3. For this model we define the following 

effective coefficients: K is the value of the overall spring 
SG 

constant, C^^ is the value of the overall danqjing coefficient, I^^ is 
the value of the total inertia of the system, and A is the effective 

se 

area of the diaphragm. The dynamic equation describing the motion of 

J the central portion of the element is: 

d^6u (t) d«u,(t) 
I - - + C - — + K 6u,(t) » -A 6P(t) + 6F,(t) (3-1) 
se 2 se ,̂  se 1 se 1 

P dt dt 
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6P is the variation in the differential pressure and SF^ is the 

variation in the reaction force being applied by the feedback system 

of the transducer. The subindex 1 identifies the sensing element as 

the first element of the mechanical system. 

It has been shown that when a pressure is applied to a 

corrugated diaphragm the displacement of the central portion of the 

diaphragm is linearly proportional to the applied pressure if the 

ratio (displacement/diameter of diaphragm) is lower than .02 (22). 

This behavior is analogous to the behavior of a spring, in which the 

displacement is proportional to the force and is the reason for the 

term K £u, in equation 3-1. se 1 ^ 
In order to obtain an enq)irical value for K an experiment 

S6 

was performed in which pressure was applied on one side of the 

diaphragm to measure the displacement of its central portion. The 

result of the experiment is shown in Figure 3-4. Since the design of 

the transducer is such that the displacement of the central part of 

the diaphragm never exceeds .05 mm (The reason for this will be 

explained in section 5.2), we can use the linear portion of the result 

shown in Figure 3-4 to determine the value of K . A least squares 

fit of a straight line for the points with displacement lower than .5 
7 

mm resulted in a value of K equal to 2.33*10 *A N/m, when A is 
se se se 

expressed in m^. 
The value of A was obtained from an experiment where a force se 

was applied at a point on one side of the diaphragm and a pressure was 

applied on the other side. The pressure was adjusted until the 

central point of the element returned to the position occupied before 



33 

P 

Pressure (kPa) 

22. 

20. 

18. 

16. 1 

14. . . 

12. . . 

10. . . 

8. 

6. 

4. 

2. 

0. 

/ 

-» J 1 1 \ f—Bi-
0.0 0.1 0.2 0.3 0.4 0.5 0.6 displacement 

(nn) 

D 
Figure 3 - 4 . Determination of the spring constant for the 

sensing element 



3 

3 

3 

3 

D 

34 

the application of any force. The result of the experiment is shown 
-3 2 

in Figure 3-5, and resulted in a value of 2.5*10 m for A . With 
4 

this value for A the value for K is 5.66*10 N/m. se se 

The daii?>ing coefficient in the model described by Equation 3-1 

is due to the viscous fluid that fills the internal space of the ele

ment, and slows down its motion. Besides dandling the motion of the 

element the viscous fluid also contributes to the effective inertia of 

the element. When the element is accelerated a new velocity profile 

is developed within the space available for transfer of fluid. In 

order to develop this new profile, a force is necessary to overcome 

Che shear forces existing between the fluid and the wall of the hole 

where the fluid flows. The other contribution for the inertia of the 

element is the mass of the spool that is accelerated during a tran

sient. 

Laplace transforming Equation 3-1, the equation describing the 

motion of the element, gives: 

6uj,(s) = b(l,l)6P(s) + b(1.2)6Fj(s) (3-2) 

where b(l.l) = "A^^/Cr^s^ * C^^s * K^^) 

and b(l,2) = l/(I„^s^ + C_s + K ) 
se se se 

Since a theoretical determination of the dan5)ing coefficient 

is inq>ractical, an experiment was performed to determine its value, 

and the value of I^^. The experiment consisted of displacing the 

diaphragm from its equilibrium position with subsequent release. It 

was performed with the diaphragm removed from the transducer and 
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3 
where is a constant and s^ and s^ are the roots of 

I s^ + C s + K = 0 . se se se 

A least squares fit of Equation 3-3 to the result shown in 
S 4 ^ Figure 3-6 resulted in C equal to 3.78*10 Nsec/m and I^^ equal to se se 

5.68*10^Nsec^/m. 

3 
The initial sudden decrease present in Figure 3-6 was 

attributed to the elastic properties of the plexiglas ring used to 

hold the diaphragm. The effect decreased considerably when less 

pressure was applied to the system. 
3 

installed in a system made of plexiglas that simulated the two 

pressure chambers of the transducer. The section simulating the low 

pressure chamber was open to the atmosphere. The system was 

pressurized with helium to create the displacement, and suddenly 

depressurized. The result of the experiment is shown in Figure 3-6. 

We note that according to Figure 3-6 the motion of the sensing 

element is very slow when compared with the motion of a single 

corrugated plate. The reason for the slow response is that there is a 

viscous fluid that fills the internal space of the element. The 

purpose of the viscous fluid is to danq) the motion of the element, but 

it also increases the inertia of the system. 

The perturbation applied to the element is a negative step. 

For this negative step in pressure and no reaction force ((SFj=0), 

Equation 3-2 gives: 
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The experimental work was performed with the diaphragm removed 

from the transducer, and repeated with another diaphragm recently 

bought from The Foxboro Company. The new diaphragm was of the same 

type as the one installed in the transducer. The result obtained with 

the new diaphragm was very similar to the result obtained with the 

original one. 

3.2.2 Flexural system (C-flexure) 

The flexural system is conçosed of 6 beams arranged in a 

symmetrical geometry. For purposes of analysis the flexural system is 

divided into elements, with each beam as an element. The division is 

shown in Figure 3-7, where the encircled number is used to identify 

each element. Since the number 1 was used to identify the sensing 

element (diaphragm), the first element of the flexural system is 

defined as element number 2. Figure 3-7 also shows the coordinates of 

the extremes of each element. According to the adopted coordinate 

system (see Figure 3-1), the flexural system is located on the plane 

of constant Y, equal to y^. Figure 3-8 shows the forces that act on 

each element. The parameters for the flexural system are given on 

Table 3-1. 

Element number 2 is the beam that connects the flexural system 

J to the spool of the sensing element. It is very small, and during 

transients it can undergo longitudinal vibrations. 

Using Equation B-12 from appendix B the motion of a cross 

'j section plane originally at x, in Laplace domain, is given by: 
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Figure 3-7. Division of flexural system into elements 
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Table 3-1. Parameters for flexural system 

General: Material 316 Stainless Steel 

Elasticity ltodulus*(E) 1.93*10^^ N/m^ 

Den8ity*(p) . 8.*10^ Kg/m"' 

Thickness . . . . . . . . . . . . . . .36 nm 

Element number 2 

Length (L^) 2.3 ma 

Cross sectional area (A2} 22.8 nm^ 

Element number 3 

Length (L^) 30.2 na 

Cross sectional area (A^) 7.4 b b i ^ 
4 

Inertia moment of area (I^) 2.7 nn 

Element number 4 

Length (L^) - 17.5 i d d 
2 

Cross sectional area (A^) 1.7 am 

Element number 5 

Length (L^) 11.4 mm 
2 

Cross sectional area (A^) . . . . . . 1.8 no 
4 

^ Inertia moment of area (I^) . . . . . 3.6 on 

^ ^ ^ ^ Modulus (G) . 7.5*10^° N/m^ 
Geometric Factor**(K) 5/6 

Element number 6 

Length (L^) 

Cross sectional area (A^) 1.8 

P * from ref. 23 
** from ref. 24 

6.3 mm 
2 
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c„ {6F-(x_,s)cosh[(x-x„>^] - 6F-(x,,s)cosh[(x-x->7-] 
2 ' ^ 2 3 z c; ^ ^ J C2 6u-(x>s) •2 — ' .A^E^ 

sinh ( ) 
""l (3-4) 

/ ' 2 
where c- = / — 

2 P2 

the forces 5F2(x2,s) and 6F2(x2,s) are as shown in Figure 3-8a, and 

3 the subindex 2 is to indicate that the parameters are for element 

number 2. 

For the points of interest (x2,y2>Z2^ (x^.y^.z^) Equation 

p 3-4 may be simplified as follows: 

6u2(x2 .8 ) = a(2.2)6F2(x2,s) + a(2,3)6F2(x3,s) (3-5) 

b 6u2(x3,s) = b(2.2)5F2(x2,s) + b(2,3)6F2(x3,s) (3-6) 

where 

8 L 2 
2, C j cosh (-̂ —) 

a(.2,2) » -b(2.3) = (3-7) 
sA-E-sinh (—~) 2 2 C 2 

and 

a(2,3) = -b(2,2) = - - - (3-8) 
2 

sA„E„sinh ( ) 
2 2 C 2 

Element number 3 is symmetric with respect to the plane z=0, 

and the forces acting on it are assumed to be applied as shown in 

0 
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/jsc3 z -/jsc3 z yjsc3 z "j^jsc3 z 
ôn^(z,8) = Bj(s)e + B2(s)e + ^^(3)e + B^(s)e 

3 (3-9) 

where c 

/ P 3 A 3 

3 E 3 I 3 

and j = 1 ^ - 1 . 

For point z=0 Equation B-32 from Appendix B and the symmetry 

condition are used to obtain: 

3^Ôu.,(z,s) 

' ' ^ ' 3 — 3 — 
3 z 

-6F3(0.s) (3-10) 

z-0 

where the negative sign is used because the force is being applied in 

¡2) the direction opposite to 5u. 

For point z=z^ the technique of images is used. A symmetric 

element is assumed to be connected to element number 3 and a force 

P equal to two times the original is assumed. Then the application of 

Equation B-32 gives: 

P 

Figure 3-8b. During transients it can undergo transversal vibrations. 

Since the cross sectional dimensions are smaller than the 

length of the element, the Eu 1er-Bernoulli formulation (25) is 

applicable. Equation B-31 from Appendix B is the general solution for 

the vibration of the beam in the region where there is no force being 

S applied: 
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(3-11) 

Using the condition of continuity for 6u3(z,s) Equations 3-10 

and 3-11 become two of the four boundary conditions needed to solve 

Equation 3-9. Due to the restraint imposed by element number 4 that 

is connected to element number 3, we can assume a relative clamped 

edge situation, in the sense that element number 3 is clamped by the 

element number 4. This gives the third boundary condition. The 

fourth boundary condition is obtained by assuming symmetry and con

tinuity of the first derivative of 6u3(z,s) about point z = 0. The 

two last conditions are mathematically expressed as: 

D 

3 

and 

96u3(z,s) 
3z 

36u3(z,s) 
3z 

(3-12) 

(3-13) 

Using Equations 3-10 through 3-13 as boundary conditions for 

Equation 3-9 we obtain: 

3 
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ôu^Cz.s) ={ [6F2(z^,s)sinV2ZSLnhV3Z ^ sinv3(z-z^)siiihV2(z-z^) ]* 

•[sinv^z^ coshv^z^ - cosv^z^ sinhv^z^] + 

[6F2(z^,s)cosV2ZcoshV3Z 2 cosv2(z-z^)coshV2Cz-z^)]* 

•[sinVjZ^ coshv^z^ + cosv^z^ sinhv^z^] 

E^I^Cv'sc^) /2 [sin v^z^ + sinh v^z^] 
(3-14) 

V 3 
sc 

where 

As it was done for element number 2 the equation above is 

developed for the points of interest (x^.y^.z^) and (x^^,y^,z^) in a 

simplified way: 

ÔU3(z3,s) = a(3,3)6F3(z3,s) + a(3,4)6F3(2^.s) (3-15) 

6u3(z^,s) = b(3.3)6F3(z3,s) + b(3.4)6F3(z^,s) (3-16) 

where a(3,3), a(3,4), b(3,3) and b(3,4) are functions of s obtained 

from Equation 3-14. 

As can be seen in Figures 3-8a and 3-8c, the situation for 

element number 4 is the same as for element number 2. It undergoes 

longitudinal vibrations. By analogy with element number 2 the motion 

of element number 4 is given by: 
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3 

6u,(x>s) 
6F, (Xç,s)cosh[(x-x,>-^] - OF, (x, ,s) cosh[ (x-x,)-^]} 4 5 4 4 4 ^ 

*4'''*°' sA.E, sL, 4 4 • u/' *̂  U smhC ) 

°* (3-17) 

where c, = r — 
4 "4 

For the points of interest, (x^,y^,z^) and (x^,y^,Zj), we 

have : 

6u^(x^^.s) = a(4,4)6F^(x^,s) + a(4,5)6F^(x5.s) (3-18) 

^ Ôu^(x5,s) « b(4.4)6F^(x^,s) + b(4,5)<5F^(x5,s) (3-19) 

where 
sL^ 

C 4 cosh {-—) 
^ a(4.4) = -b(4,5) = (3-20) 

sA^E^ sinh (-^) 

and 

^ a(4.5) = -b(4,4) — -r^ (3-21) 
sA^E^sinh (-~) 

Element number 5 undergoes transversal vibrations. Due to the 

fact that the cross sectional dimensions of the element are conçarable 

to the length, the Eu 1er-Bernoulli formulation is not suitable. 

3 Instead, Timoshenko's formulation is appropriate (26). The dynamic 

equations for this formulation are explained in Appendix B, and 

repeated here: 

3 • 
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3 

3 
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« 2 . . . . 96u^(z.s) „ 
3_JM£il^ K G A 5 ^ [KGA3+Js^]6;Kz ,8) - 0 (3-22) 

3 z 

3^6u,(z,s) 36 tP(z ,8) 
P 5 A 5 S 5u5(z,s) - K G A 5 ^ + K G A 5 " 6F^(z.s) (3-23) 

3 z 3 z 

The parameters K, G, J and the variable i|) are defined in 

Appendix B. 

We assume that the forces applied on element number 5 are as 

shown in Figure 3-8d. For the region between points z^ and z^, where 

there is no force being applied. Equations 3-22 and 3-23 are solved 

using the following procedure: 

1- differentiate Equation 3-23 with respect to z, and obtain 

»2-,, . 36u^(z,s) 3^6u-(z,s) 3 3 _ i i ( z ^ ^3 ^ ^ ^ ^ ^ i ^ ^ 5 5 

3z 3z 3z 

2 

2- substitute 'S\(i(z,s) obtained in step 1 into Equation 3-22 

3 to obtain: 
3^6uc(z,s) KGA, PeS^ 36uc(z,s) KGA^ + Js^ 

+ --hr-] k i—^ ]5*(z,s) = 0 (3-24) 

3z3 V s hh 
3- differentiate Equation 3-24 with respect to z and 

substit 

^ obtain: 

substitute ^ ^ ' ^ i ' ^ ^ ^ from Equation 3-23 into the result to 
a Z 
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-I-t^4lrJ-T2 ' 6u3(z.s) = 0 
5 5 3z J J (3-25) 

The general solution of Equation 3-25 is: 

3 6u5(z>s) = 3^(8)6*^1^ + B2(s)e~'^l^ + B3(s)e*^2^ + B^(s)e (3-26) 

where 

3 

3 

2 2 

KG E 5 I 3 KG 
, ^ 3 V 1^ 

=5^5 ^5^5 ^ 

for n = 1,2 

3 

3 

To determine the constants B̂ ^ (i=l,2,3,4),we need four 

boundary conditions. The first one is obtained by analysing point 

z'z^. For point z=Zj, we use the same technique used in element 

number 3. Assume a symmetric beam connected to element number 5 at 

point Zj and a force with twice the value of SF^(z^,3). With this 

configuration we integrate Equation 3-25 in the interval Az about z^ 

and take the limit as Az goes to zero, to obtain: 

3 

Urn , 36u (z,s) 
{-KGA, [ ^- 6i|»(z,s)]} 

Zj+Az 

Zj-Az 

-25F5(z5,s) (3-27) 

Assuming conditions of symmetry and continuity for functions 

P 



49 

3 

SUgCz.s) and 6ij)(z,s) at point z=z^, and using 6i|)(z,s) from Equation 

3-24 the following boundary condition is obtained for 6uj(z,s) at 

z=z 5 ' 

3 
3 6u 

2 
5uc(z,s) ^2 p,s 36uc(z,s) 
— + ( - ¿ 1 - + — — ) - -

3 ^•E^I, KG ^ 3z 
3z 5 5 z=z. 

(KA-G+Js ) 

E.I.A.KG ^ ^ 5 ^ ' 5 > ^ ^ 
' 5 " 5 " 5 

(3-28) 

Similarly for point z=Zg we obtain: 

^-u,(z.s) J ^ ^ 

—3 ^1 
3z^ . 5 ^ 5 

3 2 2 
3 6uc(z,s) Js pcS 3 5 u c(z , 5 ) 

^ 3 z ^ h h ^ z=z, 

(KAjG+Js ) 

E.I.A.KG 

(3-29) 

3 

3 

Equation 3-29 is the second boundary condition that must be 

satisfied by 5u3(z,s). To obtain the two other boundary conditions we 

assume a relative clamped end situation (as it was done with element 

number 3). This condition is mathematically expressed as: 

36u3(z>s) 

3z 

3 6u3(z,8) 

3z 

= 0 

z * z. 

(3-30) 

(3-31) 

z = z. 

Using the four boundary conditions described by Equations 3-28 

through 3-31 the solution for 6ug(z,s) is: 

D 
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3 

3 

3 

d^d^ d^co8h[d2(z-Zg)] d2C08h[dj^(z-Zg)] 

dj^co8h[d2(z-Z3)] d2COsh[dj^(z-Z2)] 
" ^""iHTTd^L^) sinh (d^Lj) ^«^s^Zg.s) } 

(3-32) 

For the points of interest (x^.y^.z^) and (x^.y^.Zg) we have: 

5xx^iz^,3) = a(5,5)6F5(z5.s) + a(5,6)6F3(zg,s) (3-33) 

6u^(z^,s) = b(5,5)6F5(z5,s) + b(5,6)6F5(zg,s) (3-34) 

where the coefficients are obtained by comparison with Equation 3-32 

when solved for the respective points. 

Element number 6 must now be modelled for the flexural system. 

Except for the orientation of the forces element number 6 is similar 

to elements 2 and 4, and by analogy we have: 

{ôF.(x,,s)co8h[(x-x,) — ] - 6F,(X,,s)cosh[(x-Tt_) — ] } c, ' 0 7 b e , 0 0 7 c , ' 
^ t f \ ^ & 0 0 

sinh (^) 
(3-35) 

where c, 
6 p 6 

For the points of interest (x^.y^.z^) and (x^.y^.z^) we have: 
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3 

6u^(xg.s) = a(6,6)6Fg(xg,s) + a(6,7)6Fg(x7,s) (3-36) 

6ug(x^.8) = b(6,6)5Fg(xg,s) + b(6,7)6Fg(x^,s) (3-37) 

where 

Cg cosh {——) 

P a(6,6) = -b(6,7) = If (3-38) 
6 8A,E,sinh ( ) 6 6 cg 

P and 

a(6.7) = -b(6.6) = (3-39) 
sA,E, sinh ( ) 

6 6 cg 

• 3.2.3 Force bar 

The force bar is the beam system that transfers the force from 

the flexural system to a vector mechanism. It is supported at 

point y=0 by diaphragm (A), as shown in Figure 3-9, that works as a 

fulcrum point. The parameters for the force bar are given on Table 3-2. 

The force bar is subject to three forces that act 

2^ perpendicularly to the beam, and under transients it undergoes 

transversal vibrations. According to Equation B-31 from appendix B 

the general solution for the vibration of the bar is: 

J 



52 

3 

vector mechanism 

from 
flexural system 

Figure 3-9. Forces acting on the force bar 

3 



3 

Table 3-2. Parameters for force bar 

P 

Material Stainless Steel 

P Elasticity Modulus*(E). . 1.93*10^^ N/m^ 

Den8ity*(p) 8.*10 Kg/m 

Length y^y^ 72.2 mm 

Length y^yg 119.8 mm 
2 

Cross Sectional area (A^) 164.5 mm 
, 4 

Inertia Moment of area (I^) 2.2*10^ mm 

P 

P 

P 

P 

* from ref. 23 

P i l H S T l T U T O D E P E S O U S A S E W _ 
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/jsc.^ y Vjsc^ y ^jsc^ y -j/jsc7 y 
6u^(y.s) = B^(s)e + B2(s)e + ^^(s)e + B^(s)e 

for y, < y < y. (3-40) 

and 

3 
/ J S C y Vjsc^ y j/jsc^ y -j/jsc, y 

<5u^(y,s) = 8 5 ( 3 ) 6 + Bg(s)e + B^(s)e + Bg(s)e 

for < y < ^8 (3-41) 

3 
where / " A and j = /-l. 

For the end points of the beam, that are under the action of 

forces, we use the condition of continuity for 6u^(y,s) and make use 

of Equation B-32 from Appendix B to obtain the following boundary 

conditions: 

3-'5u^(y,s) 
= -6F^(y7.s) (3-42) 

3 
-=7^7 

3^6u^(y,s) 
-6F^(yg,s) (3-43) 

y y g 

The remaining boundary conditions, necessary to obtain the 

functions B^(s) (i=l,2,...,8), are obtained by assuming: 

1- there is no bending moment being applied at the extremes of 

the bar. 

3 
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3 
2- zero displacement at y^y^. 

3- continuity of moment at yy^* 

4- continuity of slope at y=y . 

These conditions are mathematically expressed as: 

55 

3 
3 6u^(y>s) 

3 / 
y^y; 

(3-44) 

3 
3''6u^(y,s) 

3y^ 
y-yg 

(3-45) 

3 lim 6u,(y,s) 
Ay>0 ' y^-Ay 

(3-46) 

3 
Aim 6u,(y,s) 
Ay*-0 y^+Ay 

(3-47) 

3 

3 5uy(y,s) 
Aim 
Ay+0 3y' 

3''5u^(y,s) 
' Aim 5 
Ay*-0 3y 

y^-Ay 

(3-48) 

3 Aim 
Ay+0 

36u^(y,s) 
3y 

y^+Ay 

Aim 
Ay>0 

36u^(y,s) 
3y 

y^-Ay 

(3-49) 

3 With these conditions, the final results for Equations 3-40 and 

3-41 are: 
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6u^(y,8) (coshpsinp + cospsinhp)* 

*[sinh<|»cosqco8 (q-(t>) + sin(|»co8hqco8h(q-<t)] 

(cosh p cos p)(sinhqcosqsinh4)cos(|)-<-coshqsiaq8in(|)co8h((>) 

3 - (coshpsinhp - sinpcosp ) [sinh(|)coshqcos(q-(^)-sin(ficosqco8h(q-(|))]} 

3 

and 

6u^(y,s) 
6^^(77,8) 

for y7<y<yg 

(coshqsinq + cosqsinhq)* 

(3-50) 

*[sinh^co8pcos(p-(})) + sin(|)co8hpcosh(p-<ti) ] 

5F7(y8,8) 2 2 . 
(cosh q cos q)(sinhpcospsinh(tico8(|) -1- coshp8inpsin(j>cosh(^) 

3 
- (coshqsinhq - sinqcosq) [sinh(t)coshpcos(p-(|)) - sin(|)cospco8h(p-(|))] 

for yg<y<y8 (3-51) 

where 
e^s 2 2 

r = 2E^I^(-y-) [(sinpcosp-sini?)co8l5))(co8 q + cosh q) 
2 2 

+ (sinhqcoshq - cosqsinq)(cosh p + cos p)] 

0 / C 7 8 
/ — y7: 2 ^8 and . / 1 1 1 

For the points of interest (x^,y^>z^) and (xg.yg.Zg) we 

obtain: 

3 
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Su^Cy^.s) = a(7.7)6F^(y7,s) + a(7,8)6F^(yg,s) (3-52) 

3 6u^(y8,s) = b(7.7)6F7(y7.s) + b(7,8)5F^(yg,s) (3-53) 

where a(7»7) and a(7,8) are functions of s obtained from Equation 

P 3-50, and b(7,7) and b(7,8) are obtained from Equation 3-51. 

3.2.4 Vector mechanism 

Figure 3-10 shows a distorted schematic of the vector 

mechanism. It shows only the lower and inner-upper parts (the 

definition of these parts is given in section 2.2), which are the 

parts that determine the dynamic behavior of the mechanism. 

In Figure 3-10, points (xg,yg) and (xĵ .ŷ )̂ are connected by a 

thin plate with the purpose of allowing bending to occur. The same is 

^ valid for points U^,y^) and (Xg>yg); and points (xj,y^), and (xjj.Yjj)' 

The other elements of the mechanism can be assumed to be rigid parts. 

The parameters for the vector.mechanism are given on Table 3-3. 

^ From a dynamic point of view, the part that needs to be 

analyzed is the element limited by points (xg.yg), Cx^,y^) and 

(xg,yg). This element will be referred to as transferring element. 

^ The forces acting on the transferring element are Fg(xg,t), 

Fg(yg,t), Fg(xj,y^,t), F^(t) and F^(t). Fg(xg,t) is the force 

transmitted from the force-bar to the vector mechanism, Fg(yg,t) is 

3 the reaction to the force that the mechanism transfers to the next 

subsystem, and Fo(x,,y,,t) is the force that is transmitted to the o d d 
upper part of the mechanism. 



u 

i^B'h^ ( x . , y . ) 
(Xg.Vg) 

Fg(yg.t) 

Figure 3-10. Vector Mechanism 

00 
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3 
Table 3-3. Parameters for vector mechanism 59 

3 

3 

3 

3 

P 

0 

3 

General : Material Ni-Span C 

Elasticity Modulus*(E). . . 2.07*10^^ N/m^ 

Density* 8.3*10^ Kg/m^ 

Section I Thickness .13mm 

Length 4.8 mm 
2 

Cross sectional area. . . . 1.6 mm 
-3 4 

Inertia moment of area. . . 2.1*10 mm 
Section I Thickness 1.6mm 

Length 43.2 mm 
2 

Cross sectional area. . . . 20. mm 
4 

Inertia moment of area. . . 4.1 mm 

Section III Thickness .13 mm 

Length 4.8 mm 
2 

Cross sectional area. . . . 1.6 mm 
- • J 4 

Inertia moment of area. . . 2.1*10"-^ mm 

Section IV Thickness - .26 mm 

Length 2.8 mm 
2 

Cross sectional area. . . . 3.2 mm 

Inertia moment of area. . . 1.7*10 ^ ™ 
Section V Thickness 1.6mm 

Length 76.0 mm 
2 

Cross sectional area. . . . 22.0 mm 
4 

Inertia moment of area. . . 5.0 mm 

3 f H S T I T U T O O E P E S Q U ' S A S E N E R G É T I C A S E N U C L E A R E S 

I. P . E . N . 
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3 

3 

Table 3 - 3 . (Continued) 

3 Distances P„P 44 .0 mm 

8 g 

PgPg 35.0 mm 

Angles Y g ( 0 ) 025 rad 

P 184 

ej^(O) 0 . 

e^(o) 0 . 

P e ( 0 ) 045 

g 

Y ¿ ( 0 ) 140 

e g ( 0 ) 055 

^ Y Q ( 0 ) JL - .035 

9 2 

Calculated Parameters 

Ci - 1 . 0 7 

^ C 2 1.37 

C 3 - .Oil m 

" C 4 . . . . . . . . . . . . . . . - .013 m 

^ C 5 - .044 m 

D Q 44 N " - ^ 

D^ 8.45 (Nm)"^ 

^ Dj. 013 m^ 

D 3 - .068 m/N K 2 .59 Nm/rad 
a 

2.04 Nm/rad 

* from ref. 23 
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3 

0 . 

0 

b-d - V h '̂-''̂  M = F, w 

where = torsional constant of the spring 

= angle of torsion 

F^ = force applied at end of element and required to obtain 

the angle of torsion 8̂ .̂ 

w^ = length of element. 

The nature of F is the same, except that it is applied to the 

transferring element, and the pivoting point is now (xg.yg)> as shown 

in Figure 3-llb. 

With this explanation we can view F̂^ as a force being applied 

by the transferring element on the supporting element, and F as a 

force applied by the supporting element on the transferring element. 

3 

To understand the nature of F and F, , we divide the mechanism 
a b* 

into two elements: a transferring element, already defined, and a 

supporting one, composed by the upper part of the mechanism. Both 

elements are shown in Figure 3-11. Figure 3-11 shows two new axis, w 

and ]i. These axis indicate the direction of the supporting and 

transferring elements, respectively, during steady state condition. 
To deflect the supporting element from its equilibrium 

position, a force is applied at point (x^«y^)> as shown in Figure 
^ 3-lla. We recall that point ^x^,y^) is a fixed point, and the sec

tions (x-,y£)(x, ,y, ) and (x-.y.Xx ,y ) are thin plates that undergo 
r r n n d d e e 

bending action. The displacements involved are very small (fractions 

of millimeters), therefore the supporting element can be assumed to 

be a torsional spring, with the bending moment expressed as: 



3 

3 
a) supporting element 
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3 

3 

1 
IV ' 

I 

1 

^^"^"^^ -— u( 
(xg.yg) 

b) transferring element 

Figure 3-11. Division of vector mechanism 

,3 
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P 

Ur^iv) = B, + B^w + B,w^ + B.,ŵ  for w^ < w < w^ ( 3 - 5 7 ) II 4 3 0 / r e 

Ujjj(w) = Bg + Bgw + BJQW^ + B^jw^ for w^ < w < w^ ( 3 - 5 8 ) 

^ The subindexes I, II and III are used to identify the sections 

shown in Figure 3-lla. 

To obtain the constants present in equations 3 - 5 6 through 3 - 5 8 

we have the following boundary conditions: 

1- clamped end at w = 0. 

^ 2- continuity of displacement at w = w^ and w^. 

3 - continuity of slope at w = w^ and w^. 

4 - continuity of bending moment at w = w^ and w^. 

is a function of the structural properties and geometry of 

the supporting element. Once we have obtained we use Equation 3 - 5 4 

to obtain as a function of 6 ^ . In order to determine we assume 

that it is constant for both situations: static and dynamic. For 

steady state conditions Equation B-27 from Appendix B may be written 

as: 

EI ^^4^ = F(w) ( 3 - 5 5 ) 
3w^ 

At any point different from w^ F(w) is equal to 0 and the 

solution of Equation 3 - 5 5 is: 

3 Uj(w) = Bp + BjW + B^w^ + B^w^ for 0 < w < Wj ( 3 - 5 6 ) 

O 



5- continuity of shear at w " and 

3 

6- relative clamped end at w = w^. 

These conditions are mathematically expressed as; 

3 
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Uj(w=0) = 0 (3-59) 

3 
3uj.(w) 

3w (3-60) 

3 
Uj(w^) = u^j(w^) (3-61) 

(3-62) 

3 9uj(w) 
9w w = 

3ujj.(w) 
3w w = w. 

(3-63) 

3 3uj.j(w) 
3w w = w 

3w w = w 
(3-64) 

3 3^Uj(w) 

w = w. 
^II^II 

3 ujj(w) 

3w w = w. 
(3-65) 

3 
^II^II 

3 ujj(w) 

w = w ^Illhll 3w2 w = w 
(3-66) 

3 3\j(w) 

w = w. ^Il'll 
3 Ujj(w) 

~ ^ 7 ~ W = W-
(3-67) 



^II^II w = w ^III^III 
w = w 
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(3-68) 

3 

3 
9w 

w = w, 
(3-69) 

To obtain the last boundary condition needed we use the 

technique of images to integrate Equation 3-55 about point w,. Assume 
d 

a symmetric element and a force with twice the value of F, to obtain: 
b 

3 
"^III^III 3w3 

(3-70) 
w = w. 

3 

3 

With conditions described by Equations 3-59 through 3-70 we 

obtain the constants B̂ ^ (i=»0,1,2,... 11) that substituted in Equations 

3-56 through 3-58 give the following displacements for the points w^, 

w and w,: e d 

^b "f °0 
"^'f^ ' 12(EjIj) ^3 ^"f (3-71) 

3 

u(w^) ^b ''e 3D, F.w 

•of I I IIII' 

3 

3 

u(w^) 
F w b d 3D, 
D g r U o. 1 D _ (3-73) 

( N S 
1. p . E . N . 
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P 

P 

P 

where 

f 2 2. , 2 2. 2 (w^ - w ) (w^ - w^ ; w^ 

(w^ - w^) (w^ - Wj) w^ 

- 4w,2 - 6w^w^ . (6w^ - 3wp ^ 

+ T — ^^d - DT^ ^*d - *e^ ^III'III " "1 

Since the displacement u(w^) is very small (see Figure 3-lla), 

we can assume that: 

u(w ) -
9^= (3-74) 
h w^ 

and Equation 3-54 can be rewritten as: 

P u ( w j 

_̂  Using Equations 3-71 and 3-75 we obtain (Equations 3-72 and 

3-73 will be used later): 

P 
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(3-76) 
W j - w w - w. w_ d e . e f . f 

' ' ^ W ' d ^ c E . : , ! . , ! ) * t e t i - t * Text* III III' "II II' ' I I' 
b 2 2 2 2 2 3 3Wj - 3w - 2w^w, + 2w-w 3w - w- - 2w w, f d e f_d f e _ j e f e f f i 

J As is was done for F, , F can also be expressed in terms of a 
0 a 

torsional spring constant K . To obtain K we use the same procedure 
a a 

as the one followed to obtain K^. The situation for the transferring 

p element is shown in Figure 3-llb, and the boundary conditions are: 

1- clamped end at u » 0. 

2- continuity of displacement at u * ^j,* 

3 3- continuity of slope at y = 

4- continuity of bending moment at u = ]x^. 

5- continuity of shear at u = u^. 

6- shear equal to F at p = y,. 
a d 

The mathematical expressions for these boundary conditions are 

analogous to Equations 3-59 through 3-70, and the final result for the 

deflection of points and y^ of the transferring element is: 
^a^b^ 3y^ y^ 

= — 6 — ^ (Eiv^lV^ ' " ^ W ^ 
(3-77) 

The subindexes IV and V identify the sections shown in Figure 

3-llb. 
0 
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3 and 

3 

^d 

\ h Fg(yg,t) + Fg(x^,yj,t)sinY^(t) -
9 t 

K K, 
^[eg(p)-9g(t)]cosYg(t) --^9^(t)-9j^(p)]cosY^(t) (3-81) 
d d 

where M is the mass of the transferring element, x and y are the 
t B o 

coordinates of its center of mass and 9(p) are the angles under which 

there is no bending moment being applied to the elements. 
3 

We define the torsional angle for the transferring element as 

being 6g. Therefore, for the transferring element the bending moment 

can be expressed a s M = K 9 o = Fv., Using the fact that the displa-
a o a d 

cement u(Wj^) is very small we use for 9g the same approach as used for 

in Equation 3-74, to obtain: 

^ K ^ ^ (3-79) 

* ^8 - ^ ^ > / ^ , ^^d % , 

The dynamics of the vector mechanism are now considered. 

Since F and F, are forces that are applied perpendicularly to the a b 
^ transferring and supporting elements, respectively, the dynamic 

equations for the transferring element are: 

3^x (t) 

\ — V - " ^8^^8'^^ • ^8^^d'yd''=^*^°^^d^'^^ • 

^[eg(p)-9g(t)]sinY8(t) -:j^9jj(t)-9j^(p)]sinY^(t) (3-80) 
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3 

P 

3 

3 
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(point ^*g>yg) in Figure 3-10). 

With this choice we start by deriving a relation between the 

geometric quantities present on Equations 3-80 and 3-81 and the angle 

9 . To obtain an equation in terms of deviation- from equilibrium we 
g 

assume that all quantities can be regarded as made up of an 

equilibrium portion plus a transient portion. For example, all angles 

can be assumed as 

9(t) =9(0) + 69(t) (3-82) 

^ and since the values of 69(t) are very small, the following geometric 

relations are accepted: 

co8[9(0) + 69(t)] = cos9(0) - sin6(0)69(t) (3-83) 

sin[9(0) + 69(t)] = sin9(0) + cos9(0)59(t) (3-84) 

Using Equations 3-83, 3-84 and Figure 3-10 we obtain the 

following geometric expressions for the vector mechanism: 

?^P^ 8in[(J>^ - ej^(O)] 69j^(t) + PgP^ sin[^^ - - 8^(0)]* 

iSe^it) + 58^(t)] = 5xg(t) - PgP^ sinYg(0)6Yg(t) (3-85) 

In order to obtain the transfer function of the mechanism, we 

have to combine Equations 3-80 and 3-81 to obtain only one equation 

relating Fg(xg,t), Fg(yg,t) and another variable that is needed to 

describe the position of the element. This variable was selected as 

6g, the angle between the horizontal axis and the line that connects 

point (xg,yg) with the center of mass of the transferring element 



3 

3 
70 

P̂ ,P_ cos[(j)ĵ  - 9^^°^^ 6e^(t) + P^P^ cos[(l), - e^(0) - 6^(0)]* h e e d 'I h 

3 [SSj^Ct) + 6e^(t)] = -PgP^ cosY8(0)5Y8(t) (3-86) 

3 

3 

Where P̂ P̂ĵ  represents the distance between points (x^>yjj) and 

(x^.y^). 

As explained in section 2.2 the upper-outer section of the 

vector mechanism is held fixed, therefore, the angle is constant. 

Since the displacements involved are small we can approximate 9^ by 

u(w,) - u(w^) d e 
w. - w d e 

du(w) 
dw w=w 

The angle 9̂ ^ can also be approximated: 

u(w^) 

3 

Using expressions above for 9^ and 9^ and Equations 3-71 

through 3-73, 3-83 and 3-84 we can relate the variation in 6̂ ^ as a 

function of the variation in 9^: 

69,(t) = C,6e^(t) h i e (3-87) 

where 
u(w^) 

3 

u(w,) - u(w ) du(w) d e 
(w^ - w^) dw w = w 

0 
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du(w) _ V e .^0 ^ J . V f r _ l _ . _ J J _ ! 0 

and parameters and are defined in Equations 3-71 through 3-73. 

Since 68-(t), 68 (t) and 6YQ(t) are the same, we combine e g o 
Equations 3-86 and 3-87 to obtain the variation in 9^ as a function of 

the variation in 8 : 
g 

68 (t) = C .68 (t) (3-88) e ^ g 

where 
-^8^d ^8<°\ 

C, ^ Cj PjjPg cos[<}.j^-8jj(0)] + (Cj+1) P^P^ cos[<|)j^-8j^(0)-8^(0)] 

Once we have obtained 69 as a function of 68 , we use 
e g 

Equations 3-87 and 3-88 to express 68^ as a function of 68^. 

Before we relate the variation in x^ with the variation in 8^ 

we need to relate the variation in Xg with the variation in 8^. 

Combining-Equations 3-85, 3-87 and 3-88 we obtain: 

0 6x-(t) = C,68 (t) (3-89) 
o J g 

where 

S ' V d " " ^ 8 ^ ° ^ * ^iS V e '^""^h -

+ (Cj + 1) C^ PgP^ 8 i n [ < | . ^ - 8j^(0) - 9^(0)] 

Now we relate the variations in x and y with the variation 
3 g g 

in 9g. From a geometric analysis of Figure 3-10 combined with 

Equations 3-83, 3-84 and 3-89, we obtain: 
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fix (t) = C.58 (t) (3-90) 
g g 

and 

(Sy (t) = Cç5e (t) (3-91) 'g 5 g 

where 

and 

Cç = - P^P cosô (0) 5 8 g g 

With these relations we return our attention to Equations 3-80 

and 3-81. To obtain the desired equation relating Fg(xg,s), Fg(yg,s) 

and 9g(s) "6 start by substituting Equations 3-90 and 3-91 for the 

values of x and y in Equations 3-80 and 3-81. Then we perform the 
3 g "̂g ^ 

following steps: 

1- multiply Equation 3-80 by co8Y^(t) and subtract, from the 

result Equation 3-81 nultiplied by sinYj(t). 

2- use the perturbation formulation for all parameters present 

in the result of step 1 that are not constant. 

3- use geometric approximations given by Equations 3-83 and 

3-84 in result from step 2 to obtain: 

P 
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8^66 (t) 

3^2 

=-Fg(xg,0)sittYj(0)6T^(t) + co8Yj(0)6Fg(xg,t) - sin-Yj(0)5Fg(xg,t)ÔY^j(t) 

+Fg(yg,0)cosY^(0)6Y^(t) + sinY^(0)6Fg(yg,t) + cosYj(0)5Fg(y^,t)6Yj(t) 

K 
- 6Fg(x^.y^,t) + ^-^eg(p)-eg(0)]co8[Y^(0)-Yg(0)][6Y^(t)-6Yg(t)] d 
K K 

^ - ̂ in[Yj(0)-Yg(0)356g(t) --A:o8[Yj(0)-r8(0)]6eg(t)[6Y^(t)-6Yg(t)] 
d d 

(3-92) 

4- use the perturbation formulation in Equation 3-80. 

5- use the geometric approximations biven by Equations 3-83 

and 3-84 in the result of step 4 and multiply the result by 

cosY^(O). 

6- use the perturbation formulation in Equation 3-81. 

7- use the geometric approximation on the result of step 6 and 

multiply the result by sinY^(O). 

8- subtract the result of step 7 from the result of step 5 to 

obtain: 
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9 66 (t) 
& 

cosY^(0)5Fg(xg,t) + sinY^(0)6Fg(yg,t) - 6Fg(x^,y^,t) 

3 
Ka {0g(p)-eg(O)]cos[Yj(O)-Y8(O)]6Y8(t) 

K K 
•jj^in[Yj(0)-rg(0)]6eg(t) + -p:o8[Y^(0)-Yg(0)]5eg(t)5Y8(t) 
d d 

^[ej^(0)-ej^(p)]6Y^(t) -^Y/t)69j^(t) 
d d (3-93) 

P 

P 

P 

9- subtract Equation 3-93 from Equation 3-92. 

10- Substitute 66, using Equations 3-87 and 3-88 into the 
n 

result of step 9 and recall that 66g, and 6Yg are equal to 

68 . • 
g 

11- Apply steady state condition (the variation of any variable 

at time t=0 is zero). 

12- Laplace transform the result of step 11 to obtain: 

-M {C,siirrj(0) + C-cosY,(0)} s^68 (s) t 4 d 5 d ' g 

P - sinr^(O) 6Fg(xg,s) + co8Y^(0)6Fg(yg,s) 

P 

P 

K. K 
+ 1—C,C„ - - ^ c o s [Y r ( 0 ) - Y,(0)] I 68 (s) 

w ^ i Z U j o d g 
(3-94) 

Using Equations 3-89, 3-94, and a geometric relation between 

6y^(t) and 6eg(t) the following equations are obtained: 
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6 u g ( X g , s ) = 6 x g ( s ) = a ( 8 , 8 ) 6 F g ( x g , s ) + a ( 8 , 9 ) 6 F g ( y g , s ) (3-95) 

6u 3 ( 7 9 . s ) = "579(3) = b (8 ,8 )6Fg(xg,8) + b ( 8 . 9 ) 6 F g ( y ^ , s ) (3-96) 

where 

J C,8inY . ( 0 ) 
a ( 8 , 8 ) " r 

^6 

-C»co8Y , ( 0 ) 
3 a ( 8 . 9 ) - \ ^ 

^6 

b ( 8 , 8 ) = - [ P a P „ cose^(O) + PqP^ siaYQ(O)] 
s inY , (0) 

b ' ' ^ 8 g g ^ " ' ' 9 g — 9 ^ - ' ^ Cg 

CO8Y . (0 ) 
b ( 8 , 9 ) = [ P ^ P ^ co89^(0) + PqP„ 8inYQ (0) ] -

and " - . 

Cg = M ^ [ C ^ s i n Y ^ ( 0 ) + C 5 C O S Y j ( 0 ) ] s ^ * w ^1^2 " " j T ' ^ ^ ^ ^"^8^°^ " ^d^^^^ 
d d 

3 . 2 . 5 Connec t ion 

The c o n n e c t i o n element i s a t h in p l a t e tha t connects the 

v e c t o r mechanism to the l e v e r sys tem. I t conve r t s the fo rce 

t r ansmi t t ed from the v e c t o r nechanism i n t o a moment on the l e v e r 

sys tem. The s i t u a t i o n for the element i s shown i n F igu re 3-12, and by 

ana logy wi th element number 6 of the f l e x u r a l system we o b t a i n the 

f o l l o w i n g e q u a t i o n for i t s v i b r a t i o n a l mot ion : 
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{5F5(yg,s)cosh[(y-yjQ>^] - SF^Cy^Q,s)cosh[(y-y^)^]} 

sinh(—^) 
(3-97) 

/E 
where c . A 

For the point of interest, (x^.y^.z^) and (xjQ,yj^Q,z^Q) , we 

have: 

fiu9(y9.s) = a(9,9)6Fg(yg,s) + a(9.10)6Fg(yjQ.s) (3-98) 

5Ug(y^Q,s) - b(9,9)6Fg(yg.s) + b(9.10)6Fg(y^Q,s) (3-99) 

where 

3 - — . ... _ sL^--
Cg cosh (—^) 

a(9,9) = -b(9,I0) = (3-100) 

sA.EQsinh(-—) 
3 y Cg 

a(9.10) = -b(9.9) = — (3-101) 

3 sAoE_sinh(—-—) 
y y Cg 

The material of the connection element was assumed to be 

Ni-Span C (the same as the bending parts of the vector mechanism). 

The parameters for the connection are shown in Figure 3-12. 

o 
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^la ~,?2^ Is dt 
dt 

where 1̂ ^̂  is the inertia moment of mass for the system, i|)(t) is its 

counterclockwise rotation angle, C is a dancing coefficient,.M(t) is 
)b S 

the bending reaction of the mechanism that conqioses the pivoting point 

P, and T(t) is the resultant moment applied to the system. Figure 

3-13 show the geometry and dimensions for the system. 

Since the displacements involved are very small we can assume 

the pivoting point mechanism as a torsional spring, with the bending 

moment given by M = ^p^^ > where K^^ is the constant of the torsional 

spring. 

0 

3.2.6 - Lever system 

The lever system is the last element of the mechanical system. 

Figure 3-13 shows the geometry and dimensions for the system. It is 

composed of a structure that rotates when under the action of a 

moment. This moment is the result of the application of three forces 

and a bendig moment. As explained in section 2,2 the three forces are: 

the force transmitted from the vector mechanism through the 

connection; the force due to the spring used for zero adjustments; 

and a magnetic force that is responsible for the balancing of the 

forces acting on the system. The bending moment is generated when the 

system leaves its equilibrium position, and is due to the configuraion 

of the pivoting point P shown in Figure 3-14. 

Due to the dimensions of the system we can assume it to be a 

rigid body system whose dynamics are described by: 
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Figure 3-13. Lever system 
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^ 6^(t) ^ i i ^ (3-104) 
^ 4 -^'^U^O^ 

J=^ - = ^ = ^ ^ ^ ^ Mhprp JLtance between-points (^^^>7j^) and ( x ^ , y ) . 

For reasons that will be explained in̂  section 3.3-37 SeCt") is"a^^ 

positive if the ferrite disk approaches the detector (downward 

p) motion). 

Substituting Equation 3-104 into Equation 3-103 and Laplace 

transforming the result we obtain: 

3 

3 

P.,P., sin\|>,-(0) 
5,(3) = 5t(s) (3-105) 

To obtain the value of K we follow the same procedure as the 
pv 

one used in dealing with the thin plates of the vector mechanism: use 

3 

The dimensions of the pivoting mechanism are shown in Figure 

3-14. Its material is Ni-Span C. 

Using the perturbation formulation, we can rewrite Equation 

3-102 as: 

d % ( t ) ^ d6t(tl ^ 5 ^ (3.103) P As ^^2 As dt pv 

Since the lever system is assumed to be a rigid body system, 

to which the ferrite disk is attached, we can relate the displacement 

e(t) of the disk with the rotation it»(t). Using the approximation given 

by Equation 3-83 we obtain: 
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P 
to vector 
mechanism 

P Figure 3-14. Dimensions of pivoting point formation 
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D 

2- free end at x = x +L and at y=y -
L 

P P "̂ "̂  ' 2 

we obtain: 

3E I 
K (m) - — f - ^ (3-106) 

^m 

where E is the elasticity modulus and I is the inertia moment of area. 

Associating all three plates gives: 

K = K (1) + K (2) + K (3)- — - (3-107^ 
pv pv pv pv 

The obtained value for K is 1.14 Nm. 

The main source of damping for the lever system is the 

geometry of the force motor. As seen in Figure 2-1 (see page 10), the 

feedback coil combined with the magnet form a 'dash pot', with the 

internal space filled with air. Since the air gap separating the 

ferrite disk and the detector is very small, the motion of the disk 

also contributes to the damping of the motion. 

^ To determine the effective damping coefficient C^^, and the 

inertia moment of the system I. , an experiment was performed where 

the lever system was displaced from its equilibrium position and then 

static condition to determine how much each plate bends when under the 

action of a static force, then assume that the bending is the same for 

a dynamic force. For each plate jn we determine the contribution K^^Cm) 

of the plate to the total constant K^^. Using Equation B-28 from 

Appendix B and the following boundary conditions (see Figure 3-14): 

L 
D 1- claimed end at x = x and at y= y + J 

o p / 

O 
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P where A.̂  is a constant and s^ and S2 are the roots of: 

2 I„ s + C, s + K + 
la Is pv 

^ V ^^^11^13 <=°s*i3(0^^^ - 8ini|'i3(0)]^} = 0 (3-109) 

The term in Equation 3-109 that contains K represents the 
sp 

contribution to the moment due to the spring used for zero adjustment. 

Since a spring has a dan5)ing coefficient, it was found necessary to 

include it in the experiment performed to determine C^^. Using the 

^ information present in section 3.3.1 and on Figure 3-13 the value of 
f̂ :̂ ,, ^ is obtained as. .90 Nm. 

• " • - - - - - s p - . . _ : ̂  . : " 
If 5il>(t) has an underdamped motion, the roots of Equation 

^ 3-109 are con?)lex, and can be written as: 

s = -a +(-l)°jb - for n=1^2 n 

O where a 
2 1 . Is 

/K + K { [P,,P,,cos;P,_(0)]^ -[P,,P,-sint!j (0)] C 
Q b = / 11 13 13 (—^) 

and j = 

released. This perturbation is a step in the moment applied to the 

system. For a step perturbation in the moment Equation 3-103 gives 

the following solution for 5i|)(t): 

s-t 8,t 
s^e 2 - s^e 1 
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3 

The result of the experiment is shown in Figure 3-15. A least squares 

fit of Equation 3-110 to the data resulted in a=17.4 sec ^ and b=62.3 

8ec~l. Fromthese values we obtain: 

I„ = 4.9*10"* Nmsec^ As 
^ and. C • = 1.7*10~^ Nmsec^. 

3.3 Transfer Functions of the Subsystems 

The transfer functions shown in Figure 3-1 are now developed 

to coiqplete the modeT. fheTprocedure used to obtain the transfer 

functions is discussed in more details in section 4.3. 

Q The transfer function is by definition a complex quantity. 

One way of presenting a transfer function is to show its magnitude as 

a function of the complex variable s = a + jb, where a and b are real 

and j is /-T . A computer program was written to calculate the real 

and imaginary parts for the transfer functions shown in Figure 3-1 at 

discrete values of s. A list of the program is given in Appendix D. 

P Furthermore, if the motion is toward the equilibrium position, the 

final condition is Lim 6i|;(t) = 0. Using this condition 6\|>(t) can be 

written as: 

P 6i|;(t) = A 2 e"**̂ [ I" sin(bt) + cos(bt)] (3-110) 

where A2 is a constant. 

The experiment to determine C and I was performed using 
J6 S Af 3 

positive and negative steps for the moment. The positive step- was 

generated by moving the lever system toward the structure of the 

transducer and releasing it. The negative step was generated by 

moving the system toward the stopping point with subsequent release. 
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Figure 3-15. Response of the lever systen to 
a step perturbation 
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D 

D 

3 Since the frequency response is the transfer function 

calculated at points s==jw the same program was used to calculate the 

frequency response. 

In transfer function calculations the output of the program is 

a list containing the magnitude of the transfer function for several 

values of a_ and b_. The increment in the values of a_ is selected by 

^ the user. The same increment is used for b_. For frequency response 

calculations the output is selected by the user. It can be magnitude 

of phase. The oatput of the program is stored in a datafile for sub

sequent processing. An output of the datafile for frequency response 

calculations is shown at the end of Appendix D. 

A plotting subroutine developed at the Instrumentation and 

Controls Division of the Oak Ridge National Laboratory (27) was used 

to read the datafile and construct the plots shown in this section and 

in section 3.5. For results of transfer function the plots show the 

magnitude as a function of the real and imaginary parts of s. For 

results of frejiuen^gy^responag^ (section 3.5) the plots show magnitude 

and phase as function of frequency. 

3.3.1 Mechanical reaction 

The mechanical reaction considered here is the moment generated 

3 by the reaction of the spring used for zero adjustment. The transfer 

function for the mechanical reaction, G (s), relates the moment 
mr 

created by the spring and the displacement of the ferrite disk. The 

3 spring is stretched when the lever system undergoes counterclockwise 

rotation and compressed under clockwise rotation. The magnitude of 

the moment is given by the magnitude of the vector product between, 
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V ^ ^ ^ = -^sp ^^13^'^ - ^13^0^^ ^ 1 ^ 3 -°^h3^'^ ^'-'''^ 

The value of K , the constant of the spring, was obtained by sp 
extending the spring with several suspended masses, and measuring its 

elongation. The results for such experiment, from which K is deter-
sp 

mined as 115.6 N/m, are shown in Figure 3-16 (the manufacturer speci

fies Rsp as 122.6 N/m). 

Using the fact that the variation in same as the 

variation in ip^^ (see Figure 3-13 on page 79), we can relate the 

displacement of the ferrite disk with the displacement of the spring. 

•Using Equations 3-83, 3-104, 3-111, perturbation formulation and 

Laplace transform we obtain: 

6t Cs)- - {|Py,^v-i-COS^^^^^^^ 
G (s) = - r - ? T K " " 
— 6e(s; P ^ '^'^^ «P P ^ ^ s i n ^ l ^ ( O ) 

(3-112) 

Using the information present in Figure 3-13, the value for 

G is -23.6 Nm/m. mr 

3.3.2 Force motor 

The transfer function for the force motor, G. , relates the 
P 

moment generated by the DC current that flows through the transducer 

and the current. The current flows through a coil placed in a magne-
P 

the distance from the pivoting point to the point of application of 

the force, and the force applied by the spring. Since the force of the 

spring can be expressed as a constant times its displacement, the 

moment due to the mechanical reaction can be written as: 
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^ mined as 3.53*10 Nm/mA, is shown in Figure 3-17. 

3.3.3 Electronics 

Included on the electronic part of the transducer there are 

diodes, transistors and magnetic cores. As seen in the literature 

(21,28) a theoretical analysis of such components is very difficult. 

1. p. E. N. 

tic field, generating a magnetic force. Any change in the current 

causes the magnetic force to change, changing the moment that is 

applied to the lever system. The moment due to the force motor is 

given by: 

3 where K. is a constant that depends on the number of turns in the coil 
fm 

and the magnitude of the magnetic field in the region occupied by the 

coil and I, (t) is the DC current. The negative sign is used because dc 

P an increase in I^^ generates a negative moment (in the clockwise 

direction). The effect of the current in the magnetic field during 

transients is neglected. 

P Using the perturbation formulation and Laplace transforming 

Equation 3-113 we obtain: 

^ V«)=Tlf(IT'-^fm '̂-'''̂  
dc 

The value of K^^ was obtained by applying a moment to the 

lever system and measuring the current needed to balance the applied 

moment. The moment was applied by coiiq>ressing the spring used for zero 

adjustment. The result for the experiment, from which K^^ was deter-
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In view of this it was found more practical to perform an experimental 

analysis to determine an empirical transfer function for the electro

nic system (G ), G relates the variation in the output DC current 

with the variation in the position of the ferrite disk. 

A first estimate of G^^ was obtained when it was observed 

that a step in the position of the ferrite disk (in the downward 

~ — -direction) generated an increasing output signal that for a small time 

interval was a linear function of the time. With this result it was 

assumed that G^^ is inversely proportional to s: 

(s) C , 
G As) =-T^f-i — (3-115) 
eA 6e(s) s 

where C . is a positive constant. 
3 el 

Since the frequency response of a stable system is the 

transfer function calculated at points s = 0 + jw, an experiment was 

performed to determine the enpirical transfer function for the 

ere"ctro"nic'8ystém'bâSêd~on~itB-frequency response. The purpose of the. 

" 'expétiâ  whether-the assumption was right or not 

Q and to determine the value of C^^. 

The frequency response of a system can be obtained when the 

input and output signals are analyzed in the frequency domain. The 

^ conversion of the signal from the time domain to the frequency domain 

is usually performed with the Fast Fourier Transform algorithm (29), 

a standard feature of digital computers available for Fourier analysis, 

3 A experimental arrangement was devised to generate a pertur

bation on the position of the ferrite disk. The perturbation 

consisted of rotating an eccentric cylinder seated on the upper part 

3 
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3 

of the disk support. In order to avoid the feedback effect of the 

lever system, the support where the disk was mounted was disconnected 

from the remainder of the lever system. 

A proximitor probe was used to monitor the motion of the 

ferrite disk. It was a Bently Nevada model 3106-2800-190. It has a 

frequency range from DC up to 10 kHz, and its signal was assumed to be 

a correct indication of the position of the ferrite disk. 

Since the probe had to be mounted above the disk support and 

since the output signal of the probe is directly proportional to the 

air gap separating the probe and the disk support, the measurement of 

is positive if the motion of the disk is in the downward 
o t 

direction. Therefore, 6e(t) was adopted to be positive when the disk 

was below the equilibrium position. 

The eccentric cylinder was rotated with the frequency being 

continuously changed. A record of the output from the transducer and 

from the proximitor probe was made and Fourier anali2:ed using a 

Hewlett-Packard Fourier Analyzer model 5420A. The result of the ana

lysis is shown in Figures 3-18 through 3-20. 

Part a) of Figures 3^18 through 3-20 show the Auto Power 

Spectral Density (APSD) of the signal from the proximitor probe (input 

signal). The APSD gives the power density as a function of frequency. 

It is an indication of how each component contributes to the total 

power of the signal. 

Part b) of the Figures show the APSD of the DC output current 

from the electronic system of the transducer. 
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Figure 3-18. Frequency response of electronic system 
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The value of C . was obtained using the calibration curve of 

the proximitor and the magnitude of the frequency response. C was 
eXi 

determined as 1.04*10^mA/(secra). 

The frequency response is shown in parts c) and d) of the 

Figures. According to the technical specifications of the signal 

analyzer used, the frequency response is calculated using the ratio 

between the averaged Cross Power Spectral Density (CPSD) and the 

averaged APSD of the input signal (see references 29 and 30 for more 

information about the method). 

Due to the fact that electronic equipment can introduce noise 

in the signals, the coherence function is useful to determine how much 

of the output signal is due to the input signal. The coherence func

tion is shown in part e) of Figures 3-18 through 3-20. 

Figure 3-18 indicates that the magnitude of the frequency 

response is constant for frequencies up to about .036 Hz, after which 

it starts to decrease with a ratio of 20 decibels per decade of fre

quency. Also, the phase starts at zero and goes to a value close to 

-90 degrees. The result is typical of a first order system with a 

pole at p = -2Tr*.036 = -.225 sec \ therefore, a better representation 

for the transfer function G^^ is: 
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; ;=-Co'> ^ii^iA sini|;,,(0) 

''''' A s ^ ^ S s ^ V 
Here we note that G does not take in account the feedback 

A* 8 

effect generated by the force motor. It only relates the displacement 

of the ferrite disk with the moment applied to the system. 

A plot for Gj (s) is given in Figure 3-21. 
Xr S 

3.3.5 Closed loop transfer function for the lever system 

The closed loop transfer function for the lever system, 

identified by G , in Figure 3-1, includes several transfer functions ovls 

(lever system, the mechanical reaction, the electronics and the force 

motor). Combining the transfer functions for all these subsystems we 

obtain the overall transfer function G , . It relates the variation 
ovls 

in the output current I. with the variation in the moment x ^ that is *̂  dc pr 

transmitted to the system when there is a change in the differential 

pressure being applied to the transducer: 

61^ (s) G .(s)G, (s) 
%vls^^^ ' 6t (s) " 1. - G_(s)G. (s) - G, (s)G .(s)G. (s) '̂'"''̂ ^ pr mr £s im ex xs 

A plot for ^Qyj^g^s) is given in Figure 3-22. 

According to Equations 3-112, 3-114, 3-116 and 3-117, Equation 

3.3.4 Lever system 

The transfer function of the lever system, G^^, relates the 

displacement of the ferrite disk and the moment applied to the lever 

system. It is obtained from Equation 3-105 that gives: 





\o 

\o 
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100 

b is\^ ̂  -^i^zs'^hs^ ' ^ t P S s * V - V l l ^ 4 - ° n 4 ( ° ^ ^ 

^ -^mr^l^l4«i°h4^°^^ " ^fm^e£^11^4^^^'^14^°^> 

2) where p is the pole of the transfer function for the electronic system. 

Substituting the parameters present in Equation 3-119 by their 

respective values we obtain: 

D ^ ^ ^eA^ll'l4^^°n4^°^ ^^-^2°^ 
^^^^ 4.3*10'*s^ + 1.5*10~^s^ + 1.8s + 14. 

From Equation 3-120 we see that ^^^^^ has three poles. 

Furthermore, for small values of s the contribution of the first two 

terms in the denominator is negligible and a first approximation for 

the first pole of G . is s, = -14./1.8 = -7.83 sec"'^. The correct 
ovls 1 

poles of. G.^^^ are: 

-1 

-1 

3 = -13.33 - 61.47J sec"'̂  where j = / ~ . 

Sj » -8.3 sec 

O -13.33 + 61.47J sec 

O 3.3.6 Connection 

The transfer function of the connection, G , relates the 
cn 

variation in the moment that is applied on the lever system with the 

O variation in the force 6Fg(yg,s), transmitted from the vector mecha

nism. To obtain the equation that gives G^^, we start by combining 
Equations 3-115 and 3-118 to obtain: 

O 

3-118 can be written as: 
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«e(s) G (s) 
- ovls (3_12i) 

6Tp^(s) G^^(s) 

Since the lever system is assumed to be a rigid body system, 

we can relate 5e(s) vith Sy^^is) by: 

P P . sini|»,.(0) 

6e(8) = -̂ ^̂  «yio<8) 3-122) 

^1^10 «i»*lo(°> 
We can also relate fix^^Cs) with 6Fj^Q(yjQ,s): 

V ^ ' ^ " «i«*iô °̂ ^̂ iô yio'«̂  ^̂-̂"̂  
Substituting Equations 3-122 and 3-123 into Equation 3-121- and 

rearranging the result we obtain: 

^ ^ovl^^^^t^ll^lO 8ini}»,o(0)]^ 
STiO^s)' i ^ — (y 3) (3-124) 

^e£(«^f^ll^4"'^^14(°^J 

Since 6ug(yiQ,8) is the same as 6yjQ(s), and '5FiQ(yjo,s) is 

equal to S¥^(y^Q,8) (one is the reaction of the other), we combine 

Equations 3-99 and 3-124 to obtain: 

G 

5t (s) b(9.9) -B ? 8ini|»,_(0) 
6Fg(y9,s) ^ ^ ^ j j ^ sin^ (0)]2 

-ilJQ i° b(9,10) 
<=eA^«>f^l^4 " ' ^ ^ u ^ O ^ ] 

A plot for G^^ is given in Figure 3-23, 

G 



o o o 

•CM 

Magnitude 
(N.tn/N) 

Im(s) 

-100 0 100 

o Figure 3-23. Transfer function for connection 
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3 2 

p^s + P 2 S + P 1 S + P 0 and using the approximations for coefficients b(9,9) 

and b(9,10). Equation 3-125 becomes: 

, , , Wll"°*10^°^fP3« ^ 2 ^ *Pl^*P0] 
P [PlQPll3in;PlQ(0)]^(8+p)M^8^ + ( P 3 8 % 2 ^ ^ * P 1 ^ " ^ 0 ^ 

(3-126) 

Here we note that the poles of G , are now the zeros of G . 
ovls cn 

p Also, since the product [P^QP^jSinT];^^(0)is about 7*10 ^ the 

contribution of the first term in the denominator is very small, and 

the poles of G^^ are very close to the zeros. 

3 A more detailed analysis showed that the increment used in the 

calculations was STch liurger than the distance between the location of 

the first pole and the location of the first zero. This is the reason 

Q why they are not seen in Figure 3-23. 

3.3.7 Vector mechanism 

The transfer function of the vector mechanism, G^^, gives the 

fraction of force that is transmitted from the force bar to the con

nection element. To determine G we once again analyze points that 
vm 

have the same motion and forces that make a pair action-reaction. 

Since <Sug(yg,s) is the same as 6ug(yg,s) and 5Fg(yg,s) is the reaction 

to 6Fg(yg,s), we use Equations 3-96, 3-98 and 3-125 to obtain: 

O 

p To make a qualitative analysis of G^^ we have that for values 

of 3 lower than 100 (in magnitude), coefficients b(9,9) and b(9,10), 
2 

developed in section 3.2.5, can be approximated by 1/(M s ) and 
3 2 

^ -l/(M^s ) , respectively, where is the mass of the connection ele

ment. Expressing the denominator of equation 3-120 as 
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p. 

O 
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= IF^TT a (9 ! lo$ \ (s) 
^ a(9,9) + ^ b(8,9) 

3 ^1^10 «i»*10^°> 

A plot for Gvm is given in Figure 3-24. 

For values of s lower than 100 (in magnitude) coefficients 

^ a(9,9) and a(9,10) can be approximated by 1/(M s^) and -l/(M^s^), 
c c 

respectively, where is the mass of the connection element. Using 

this approach and equation 3-126 we rewrite Equation 3-127 as: 

G (3) » , 
^ [PlQPll8inT|»iQ(0)]2(8+p) 

3 - _ {[Pi(jPu8i#io(0)r(s+p)M^8 

.gS^jS^+Pl^+PO 

2 ^ b(8,9) 

3 2 
+ (p,8 4p,s +PiS+Pn)> , 

(3-128) 

•J Since coefficients b(8,8) and b(8,9) are constants divided by 

a same polynomial of order 2 (see Equation 3-96), we conclude that 

G is a ratio of two polynomials of order three each, vm 
Q Con5>aring Equations 3-126 and 3-128 we note that the poles of 

G are now the zeros of G . cn vm 

3.3.8 Force bar 

The transfer function for the force bar, G^j^, relates the 

variation in the force transmitted to the vector mechanism with the 

variation in the force transmitted from the flexural system. To 

obtain G-, we follow the same procedure as the one used in the deter-tb 
mination of G and G . Consider the equations that give the same vm cn 
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A plot for is given in Figure 3-25. 

The analysis of G.. is similar to the analysis of G . In the ' fb vm 
3 region shown in Figure 3-25, G ^ is a ratio of two polynomials of 

order three each, and the poles of G are now the zeros of G.. . 
* vm fb 

3.3.9 Flexural system (C-flexure) 

The transfer function of the flexural system relates the 

variation in the force that is transmitted to the force bar with the 

variation in the force transmitted from the sensing element. It is 

the combihatrbn of the transfer functions of each beam that ̂ k e up 

the ayatew^ Jn .order to determine the transfer function G^^^ fof each 

beam i_ we follow the same procedure as in previous cases. Consider 

the two equations that describe the motion of the same point, and make 

use of the transfer function that relates two of the forces present in 

the equations. Using Equations 3-37, 3-52 and 3-129 we obtain: 

SF(x,.s) 
cf5 6F(xg,8) a(7,7) + a(7,8)Gjj^ - b(6,7) "̂̂  '''"̂  

Using Equations 3-34, 3-36 and 3-130 we obtain: 

displacement; 6ug(xg,s) and 6u^(yg,s); and the pair of forces where 

one is the reaction of the other: 6F^(yg,s) and 6Fg(xg,s). Using 

Equations 3-53, 3-95 and 3-127 we obtain: 

- • U ( 8 . 8 ) * .(O)G^ - b<7 .8 ) l " - U 9 ) 
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Figure 3-25. Transfer function for force bar 
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6F(Zg,8) b(5.5) 
'cf4 dFCzg.s) a(6.6) + 3(6,7)0^^5 - b(5,6) 
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(3-131) 

Using Equations 3-19, 3-33 and 3-131 we obtain: 

P 

6F(x5,s) b(4>4) 
'cf3 " 6F(x^,s) a(5.5) + a(5,6)G^g^ - b(4,5) (3-132) 

P 

Using Equations 3-16, 3-18 and 3-132 we obtain: 

6F(z^,s) b(3,3) 
'cf2 6F(Z3,8) a(4.4) + 3(4.5)6^^3 - b(3,4) (3-133) 

P sing Equations 3-6, 3-15 and 3-133 we obtain: 

P 

6F(X3,8) b(2.2) 
'cfl " 6F(x2.8) a(3,3) + 3(3,4)0^^^ ' ^(2,3) (3-134) 

P 

'Combining Equations 3-130 through 3-134 we obtain 

5F(x^,8) 
°cf ° 6F(X2.8) " ^cfI^cf2^cf3°cf4^cf5 (3-135) 

O 

O 

o 

A plot for G^^ is given in Figure 3-26. 

The analysis of the several components of G^^ is similar to the 

analysis of G (see section 3.3.7). In the region of interest G is 
VTO w X X 

a ratio of two polynomials of order three each, and the poles of 

G , are the zeros of G , cfi-1 cfi 

I N S T I T U T O DE P E S O U ' S A S E N E R G É T IC ' S E N U C L E A R E S 

1. P. E . N . 
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Figure 3-26. Transfer function for flexural system S 
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3.3.10 Sensing element (diaphragm) 

The transfer function G of the diaphragm gives the relation 

between the differential pressure being applied to it and the force 

that is transmitted to the flexural system. It is obtained by com

bining Equations 3-2, 3-5 and 3-134. The result is: 

jVvii „ b(i,i) .... 
*̂ se -fiPTil a(2,2) + a(2,3) G^^^ - b(l,2) ^^'^^^^ 

The plot of G^^ is given in Figure 3-27. 

For values of s lower than 100, in magnitude, coefficients 

a(2,2) and a(2,3) can be written as: 

a(2,2) 5^ 

a(2,30 » ^ 3 V 
where is the mass of element number 2 described in section 3.2.2. 

- —^-——With-thtr-approach -the-̂ tranŝ fer function for"t4ifr diaphragm can 
be written as: 

G (3-137) 

From the previous analysis we have that G^fj can approxi

mated by a ratio of two polynomials of order three. If (i''0,l,2,3) 

are the coefficients of the polynomial in the numerator, and 

q^ (i=0,l,2,3) are the coefficients of the polynomial in the denomina-
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Figure 3-27. Transfer function for diaphragm 
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tor, G -,-1 can be expressed as: ctl 

( Z 3 - q3)8^ + iz^- ^2)3^ + (Zj- q^s + ( Z Q - q^) 
G -.-1 = 5 2 

^ <l^s + qjS + q^s + qg 

A more detailed analysis showed that the terms (zj-q^) and 

(zQ-q^) are negligible. Therefore, the transfer function G^^ can be 

3 written as 

s u ) , , 

se 
D ~^3^^-'^2^^^^^'3-^q3-qi^"^^^'2-^q2-q0^ 2) 

2 M 2 ( q 3 S ^ + qj^^ + * % ^ 

(3-139) 

G Since coefficients b(1,1) and b(l,2) are constants divided by 

a same polynomial of order two, the result of G is a polynomial of 
Sc 

order three divided by a polynomial^of order five. Figure 3-27 indica-

^ tes that G^^ has 3 zeros and 5 poles. 
We note here that if the coefficients of the denomnatbr ̂ -^^^ 

V(l,i) and b(r,^) were small, the contribution of the terms in s^ and 

ratio of two polynomials of order three each. 

s , to the denominator of G^^ would be negligible, and G^^ would be a 

3.4 Overall Transfer Function for the Transducer 

The overall transfer function, G ,,, for the transducer is 
overa1i 

the combination of the transfer functions of each subsystem: 

G , = G G ^G^^G G G - (3-140) overall se cf fb vm cn ovls 

A plot for G^ygj^ii is given in Figure 3-28. 
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3.5 Frequency Response 

Since the results present in Figures 3-21 through 3-28 do not 

show peaks in the region where Real(s) > 0, the transducer and each 

one of the subsystems are stable systems. Therefore, their frequency 

response curves are obtained simply by substituting jw for s in the 

calculations. The result of such calculations, the frequency response 

of each subsystem, is shown in Figures 3-29 through 3-36. 
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3 4.1 Introduction 

Once we have obtained the equations that describe the d3mainic 

behavior of the transducer, the next step is to validate the model 

3 described by such equations. Due to the fact that the response of 

the transducer to large perturbations is different from the response 

to small perturbations it is a non-linear system. However (as will 

3 be discussed in chapter 5 ) , for a step input of magnitude as large as 

15Z of the adjusted span and ramp inputs with ranç rates lower than 

30Z of the span per second its behavior is linear. Therefore a 

3 linear model is very useful. In this chapter we discuss the model 

developed in chapter 3, and compare the frequency response of the 

model with experimental results. 

4.2 Model Validation 

In order to validate the model developed in chapter 3 a 

con5>arison is made with three sets of experimental data that are 

available for the transducer being analyzed. The first two sets are 

the frequency responses obtained for two different transducers of the 

same model as the one used as the reference in this work. These 

results were provided by The Foxboro Company. The first set of data 

was taken with a transducer (serial number 2060606) calibrated to 

operate in the interval 0 to 100 inches of water. The second set was 

taken with a transducer (serial number 2032612) calibrated to operate 

between 0 and 150 inches of water. These sensors have a sensing 

CHAPTER 4 

MODEL VALIDATION 
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3 

'p element identified as 'medium range capsule' by The Foxboro Conpany. 

This is the same type of sensing element as the one in the reference 

transducer used in this study. In the Foxboro frequency response, 

3 the transducers were submitted to a pressure of 50% of the adjusted 

span, with a superimposed sinusoidal perturbation of 5%. The 

sinusoidal perturbation was generated using a current to air pressure 

3 converter, and a faster transducer was used as reference. A copy of 

the information given by The Foxboro Conpany is given in appendix C. 

The third set of data was taken in The University of 

3 Tennessee laboratory, and gives the frequency response of the 

transducer when correlated with the response of a faster transducer 

(a Validyne pressure transducer model DP15TL). The experimental 

3 equipment used to obtain the correlation is shown in Figure 4-1. 

With the 'pressure source valve' slightly open, the 'bleed valve' was 

used to control the amount of air in the accumulator, and 

G consequently the pressure. The pressure was continuously measured 

using both transducers. The signals from the transducers were 

recorded using a four channel Lockheed tape recorder in the direct 

'•'̂  mode for subsequent analysis. The analysis was performed using the 

Hewlett-Packard Fourier Analyzer model 5420A mentioned in section 

3.3.3. 

The experimental frequency responses were compared with the 

frequency response obtained using the model described in chapter 3. 

A Bode plot of all four cases is shown in Figure 4-2. There is good 

agreement between the information given by The Foxboro Company and 

the results obtained with the model. However, the data obtained at 
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4.3 Discussion of the Calculational Procedure 

The model developed in chapter 3 considers the transducer as 

a system composed of several mechanical elements. With the exception 

of the diaphragm and the lever system, all other elements are 

connected to two adjacent elements. The diaphragm and the lever 

system are connected to only one element each. For each element 

Q there is a dynamic equation that describes the motion of any point in 

the element as a function of the forces acting on the element. For 

Q 

^ the University of Tennessee laboratory agree with the other three 

only up to about 2 Hz, after which it starts to diverge. 

The reasons for the divergence of the third set of data are 

|3 attributed to two sources: the Validyne transducer that was used as 

reference, and the pressure lines. The result of the analysis 

performed with the data taken in The University of Tennessee 

J laboratory is shown in detail in Figure 4-3. It shows that there is 

a sudden decrease in the power spectral density of the signal from 

the Validyne transducer in the region close to 3 Hz. Since the 

3 signal from the Foxboro transducer does not show the same behavior, it 

is believed that the sudden decrease is a characteristic of the 

Validjrne transducer (or a characteristic of the place where it was 

installed). Therefore, it was concluded that the transfer function 

for the signal from the Validyne transducer in the frequency range of 

the analysis is not constant. The pressure lines are suspected as an 

G additional cause for the divergence of the result because they were 

long (about 3 meters), with many curves, and they were flexible. 
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or 

5u(T^,a) = b(4,4)6F^(r^,s) + b(4,5)6F^(r5,s) (4-1) 

6u(r^,8) = a(5,5)6F^(r^,s) + a(5,6)5F fr,,s) (4-2) 

where indicates the coordinates of point ix^,y^tZ^), 

Since point (x^,y^,z^) is unique, Equations 4-1 and 4-2 must be 

equal. Furthermore, considering that the force 6F^(r2,s) is the 

reaction to the force ST^ir^ts) ^ the absolute values of these two 

forces are the same. 

For the first and last elements of the mechanical system 

there is only one force present in the equation of motion. The first 

element is the diaphragm. It is subject to a differential pressure 

P existing accross the transducer and one force F^(r2»s) that is 

generated by the feedback reaction of the transducer. Equation 3-2 

describes the motion of the diaphragm: 

O 6u(r2,8) = b(l,l)<5P(s) + b(l ,2)6Fj(r2>s) (4-3) 

For the lever system (the last element). Equation 3-124 may 

be rewritten as: 

6u(r^Q,s) = a(10,10)6FjQ(rjQ.s) (4-4) 

O 

J each connecting point there are two different equations describing 

its motion. For exanple, consider elements number 4 and 5 show in 

Figure 3-7 (page 39). According to Equations 3-19 and 3-33, the 

2, motion of point ix^,y^,z^) can be described as: 
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b Combining Equations 4-1 through 4-4 and all other equations 

developed in chapter 3, the motion of the connecting points can be 

expressed as: 

3 u = A.f 

or 

u = B.f + g5P 

0 
where vectors u> f, g> and matrices and B are defined in the next 

page. 

Defining matrix C as A-4» vector J. can be determined 

as 

3 It was found that the coefficients of the matrices A and ^ 

are such that the direct inversion of matrix C has numerical problems 

(overflow). Since matrices A and B are composed of only two 

diagonals, it was found to be more practical to obtain the component 

6F(r ,s) as a function of the component 6F(r ,s). Due to the fact 
n n-1 

that only the first element of the vector g is non zero, the 

^ calculation is easily accomplished when we start with the last line 

of matrices ^ and B and move toward the first line. This was the 

procedure used in developing the transfer functions between forces 

described in section 3.3. 

The combination of the transfer functions between forces and 

Equation 3-118 provide the overall transfer function for the 

transducer, as given by Equation 3-140. 

The numerical values obtained with the model were used as 
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uí r j . a ) F ( r 2 . 8 ) b d . l ) 

F ( r 3 . 8 ) 0 

FCr^.s) 0 

u Í T j . a ) F ( r 5 . 8 ) 0 

- u(rg.a) F(r^,s) 0 

F ( r y . 8 ) 0 
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Table 4-1. Fitted poles for the model 

Sj = -52.1 sec"^ 

S2 = -18.2 - 104.7j sec"^ 

s^ = -18.2 + 104.7j sec~^ 

s. = -8.5 - 4.3j sec ^ '4 
Sg = -8.5 + 4.3j sec ^ 

O 
4.4 Sensitivity Analysis 

The sensitivity analysis was performed to determine which 

O parameters have more influence in the dynamic response of the 

transducer. The procedure used in the analysis was to determine the 

percent of variation in the frequency response per percent of 

variation in the parameter. To perform the calculations the 

following expression was used: 

O 

^ input data to a program developed at the Instrumentation and Controls 

Division of the Oak Ridge National Laboratory to fit a transfer 

function (31). The result of the fit was a transfer function with 

S five poles and no zeros. The difference between the numerical values 

obtained with the model developed in chapter 3 and the fitted 

frequency response are lower than 1% for frequencies up to 17 Hz. 

3 The fitted poles are given in Table 4-1. The result of the fit is 

shown in Figure 4-4, 
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where p represents the original value of the parameter 'par*. 

Before discussing the results of the sensitivity analysis it 

is necessary to explain the assunption made about the natural 

vibration of the diaphragm. According to reference (26) the first 

natural frequency of a circular plate with danced edge is given by: 

10.2 

where a ^ radius of diaphragm 

D = flexural rigidity 

h = thickness 

P = density 

From reference (32) the deflection of the central portion 

of a circular plate uniformly loaded is given by 

4 
6 -

Q 64D 

where q is the load per unit area (pressure). Using the information 

present in Figure 3-4 (see page 33), we obtain that the value of 
4 -8 3 a /64D is 4.3*10 N/m . Since the radius of the diaphragm is .038 m, 

we obtain an effective value of D equal to .77 Nm. Assuming that the 

diaphragm can be represented by one circular plate with an effective 

D of .77 Nm, the first natural frequency of the plate will be 1.0 

KHz. This is well above the frequency range of interest. Because of 

O 

P sensitivity to ^ G(jw,p + .lp) - G(jw>p) ^ 
parameter 'par' ~ 10 
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. ,0 . ^.<V^7>"°^d<°'^0^U-^°'>10<°' p (4-5) 

As shown in Table 4-2 with exception of the parameter ' I ' J ^ Q ^ O ) 

the parameters present in Equation 4-5 are the ones that strongly 

affect the response of the transducer in the region of low frequency. 

The value of ' I ' J ^ Q ^ O ) is very close to ir/2 . For values close to ir/2 

the function sin does not change significantly. This is why the 

frequency response is not strongly affected by i ^ ^ Q C O ) . 

We also note that for frequencies above 20 Hz a high 

sensitivity in magnitude does not mean that the parameter affects the 

results strongly. For these frequencies the magnitude of the 

frequency response is very small. 

( N S T I T U I O D E P E S Q U r -'^S E i v f R c E ' IC S E N U C L E A R E S 
I. P . £ . N. 

^ the assunqjtion made the sensitivity of the frequency response with 

respect to the area of the diaphragm is constant. 

The results of the sensitivity analysis can be classified 

3 according to three distinct regions of frequency. The first region 

is for frequencies up to 1 Hz, the second for frequencies between 1 

and 20 Hz, and the third for frequencies above 20Hz. Table 4-2 is a 

Z) summary of the most important parameters in the sensitivity analysis. 

It also shows the frequency range where they affect the results most 

strongly. The results are shown in Figures 4-5 through 4-23. 

O Additional results are given in Appendix E. 

During steady state, the relation between the output DC 

current I and the differential pressure P applied to the transducer 

O is; 
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3 

Paraneter 

1 
Sesion of inportance 

See Figure! Paraneter 1 
up to 1 Hz 

2 
1 to 20 Hz 

3 
above 20 Hz 

See Figure! 

Elasticity Modulus(E) Z 4-5 

DiaphraKB 

Inertiad ) z 4-« 

Danpins eoef.(C } Z 4-7 

Area (A ) Z z z 4-8 

Flexural syatea 

LeoKth (L.) z 4-9 

Force bar 

1 Lower length (y-J-^ X t z 4-10 1 

1 • 1 
1 Upper length (y»-y.i z z 

1 
4-11 1 

Inertia monentd.) z 4-12 1 

Vector nechaniam 
1 
Uttcth F-P X 4-13 1 

" 8 6 

Leneth P . P z 4-14 1 
Constant C. z 4-15 1 
Angle Y.(0) z z 4-16 1 

Lever system 

Torsional constant K z 4-17 1 
P * ~ 

Inertia I, z 4-18 
1 

z 4-19 i 

Distance P . ^ P . . z z 4-20 

Distance P , , p . , z z 4-21 

Electronics 

Cain C , z z 4-22 

Force notor K. z 4-23 

o 
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It may be concluded that an increase in C causes the small 

peak shown in Figure 3-36 to decrease, making the transducer a more 

stable system. Converselly, a decrease in C causes the peak to 
AS 

increase, making the transducer a less stable system. 

In addition to the analysis described we note that one 

characteristic of the Foxboro pressure transducer is that a small 

Q 

~) With reference to the division adopted for- the flexural 

system (see section 3.2.2), it was found that the most significative 

result was the sensitivity with respect to the length of the element 

p number 3. The sensitivity for this parameter is lower than 1% for the 

magnitude, and lower than .25% for the phase. The sensitivity with 

respect to the other parameters of the flexural system is about 10 

'3 times lower. 

In order to illustrate the usefulness of the sensitivity 

analysis we analyse the results shown in Figures 4-19 and 4-22. 

P Figure 4-19 shows the sensitivity of the frequency response of the 

transducer with respect to parameter C (see page 151). C is the 

damping coefficient for the lever system. As explained in section 

O 3.2.6 the value of Ĉ ^̂  is very small (.017 Nmsec ) . As a result of 

the small value of Ĉ ^̂  the motion of the lever system is underdamped, 

as seen in Figure 3-15 on page 85. Mathematically the underdamped 

3 motion is characterised by a pair of complex poles in the transfer 

function of the system (see Figure 3-21 on page 98). The influence 

of the-^omplex pole^ in the overall frequency,response of the 

G transducer is represented by a small peak present in Figure 3-36, in 

the region close to 18 Hz (see page 122). 
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(G^ C „P, ,P,, sinilj, (0)). This means that for low frequencies the rm ex 11 14 14 
overall transfer function for the lever system ^^^^^g^ 

approximated by ^/^f^> which is a constant. According to this 

analysis the change in Ĉ ^̂  affects mainly the frequency response of 

the transducer in the region of high frequencies (the region above 

the first break frequency of G^^^^ > ô " about 1 Hz). As seen in 

Figure 4-22 (see page 154) this analysis agrees with the result of 

the sensitivity analysis. 

S displacement of the sensing element implies a large displacement of 

the end portion of the lever system (the end portion of the lever 

system is defined as the region close to the position of the spring 

'3 used for zero adjustment). Therefore, it is concluded that a damping 

device installed at the end of the lever system is more efficient 

than the same device installed at the position of the sensing 

D element. 

Now we analyze the sensitivity of the frequency response of 

the transducer with respect to the parameter C^^ (see Figure 4-22 on 

3 page 154). C is a parameter that is proportional to the gain of 

the transfer function for the electronic system. Since the 

electronic system generates the feedback force, it is understood that 

0 one way of improving the response of the transducer is to increase 

the gain of the transfer function for the electronic system (which 

means to increase C^^). 

3 To analyse the influence of C in the low frequency region, 

we make use of Equation 3-119 (see page 100). It was found that for 

small values of s (in magnitude), the main contribution_^for the 

G denominator of Equation 3-119 is from the last term 
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4.5 Extension of the Model to Other Foxboro Transducers 

The model developed in chapter 3 showed that the dynamic 

behavior of the transducer used as the reference in this work depends 

mainly of three subsystems: lever system, electronics, and sensing 

element. The geometry of the lever system is the same for all models 

of Foxboro transducers. Therefore the effect of the lever system in 

the response of the transducer is expected to be the same for all 

models. The effect of the electronic circuit depends of the circuit 

used. As explained in chapter 2 there are two electronic circuits 

available for Foxboro pressure transducers. One to give an output DC 

current signal between 4 and 20 mA. The other to give an output DC 

current between 10 and 50 mA. The effect of the electronic circuit 

also depends of the calibration of the transducer. As explained in 

section 2.3 there is a jumper selection that is adjusted according to 

the span of operation. The sensing element depends of the model of 

the transducer and can be a diaphragm, a bellows or a Bourdon tube. 

Each sensing element can affect the response of the sensor in a 

different way. 

The sensitivity analysis developed in section 4.4 showed that 

the effect of the electronic system in the response of the transducer 

is mainly due to the force motor. The feedback coil is the main 

component of the force motor and, as explained in section 2.3, can be 

arranged in three different configurations. The effective resistance 

Q on the coil can be 173, 89 or 42 ohms, depending on the jumper 

configuration selected. As explained in section 3.3.2 the transfer 

function for the force motor is a constant (K. ). The value of K 
fm fm 

O 
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is given by a constant multiplied by the effective"resistance of the 

feedback coil. The model developed in chapter 3 predicts that when 

the effective resistance of the feedback coil decreases the response 

3 of the transducer becomes slower. Figure 4-24 shows the frequency 

response as predicted by the model for the three effective 

resistances of the feedback coil. This behavior, (slower response 

D for lower effective resistance in the feedback coil), was noticed in 

experimental work with transducers that operate between 4 and 20 mA 

(33). Since the gain of the transfer function is a function of K_ 
rm 

3 (see Equation 4-5), the magnitudes shown in Figure 4-24 are 

normalized to 1 for comparison. We note here that the results shown 

in Figure 4-24 do not take into account the change in the parameter 

0 Cgjĵ  present in equation 3-116. 

It is understood that the transfer function for the different 

configurations of the electronic system and the dynamic equations for 

3 the different sensing elements used in Foxboro transducers can be 

obtained empirically (as described in sections 3.2.1 and 3.2.10). 

Once these equations have been obtained the result can be easily 

G implemented in the model developed in chapter 3 to predict the 

frequency response of the transducer. 

Comparison between the results shown in Figure 4-2 and 

results obtained with other models of Foxboro transducers showed that 

the frequency response does not change very much. The main 

differences observed were: 

1- the break frequency changed between 1 and 3 Hz. 
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3 2- the shape of the frequency response, immediately after the 

break frequency, indicated a second order system (magnitude 

decreasing at 2 decades per decade of frequency and phase 

p going to -180 degrees), or a first order system (magnitude 

decreasing with 1 decade by decade and phase going to -90 

degrees), depending of the model (33). 
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STUDY OF NON-LINEARITIES 

3 

3 

3 

5.1 Introduction 

It has been observed that the response of the Foxboro 

transducer to large signal perturbations is different from the 

response to small signal perturbations. Therefore the transducer is 

a non-linear system. In this chapter we analyze the causes of the 

non-linear behavior, and the conditions under which it can be assumed 

to be a linear system. 

The transducer used in the experimental work had an output 

signal between 10 and 50 mA. Once the transducer has been calibrated 

^ there is a linear relation between the pressure being measured and 

the output signal of the transducer. Also, for any span adjustment, 

the maximum difference in the output signal of the transducer is 

40 mA, and it corresponds to 100% of the adjusted span. Therefore, 

once we have the calibration curve for the transducer, we can express 

the pressure reading as pressure, output current, or percent of the 

Q adjusted span. In this work the pressure readings are given in terms 

of the adjusted span. The adjusted span for the transducer used was 

37.2 kPa. 

3 

O 

O 

5.2 Non-linear Behavior 

There are two causes for the non-linear behavior of the 

transducer. One is mechanical, and the other electrical. First we 

analyze the mechanical cause. 

As explained in section 2.2, the function of the mechanical 

o 
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transducer to a large signal perturbation is limited. If the 

— stopping position is -reached-the response, of the trans4ueer_will be 

^ the same regardless of the magnitude of the perturbation. 

To illustrate the limit in the output of the transducer, an 

experiment was"per the transducer was submitted to 

five different ramp^inputs. The results of the experiment are shown 

in Figures 5-1 and 5-2. From these Figures we conclude that the 

transducer is able to follow only ramp inputs with ramp rates up to 

about 30% of the adjusted span per second. 

To explain the electronic cause for the non-linear behavior 

of the transducer, we use the diagram shown in Figure 2-6 (see 

page 19). As discussed in section 2.3 the detector consists of a 

differential transformer that, together with the oscillator, form a 

I N S T I T U T O D E P E S Q U f S E F P é r,c . s E N U C L E A R ES 
I. P. N. 

3 system is to transform the differential pressure existing across the 

diaphragm into a displacement of the ferrite disk. This displacement 

is generated by rotating the lever system, and works as an error 

P signal that triggers the electronic system of the transducer. The 

rotation of the lever system is restricted in both directions, in the 

clockwise direction by the structure of the transducer, and in the 

3 counterclockwise direction by a stopping point that is installed to 

protect the transducer from overranging. Since the rotation of the 

lever system is restricted, the motion of the ferrite disk is also 

G restricted. This means that the magnitude of the error signal that 

triggers the electronic system is also limited. Therefore, if we 

define large signal perturbations as any perturbation that causes the 

lever system to reach a stopping position, then the response of the 



3 

164 

0 

3 

3 

3 

O 

pressure 
(Z of span) 

75.-

07 1. 2. 

a) 

3. time (sec) 

pressure 
{% of span) 

75.• 

50. 

25.. 

0. 

input pressure^[—J^ 

0. 

^ p r e s s u r e ^ 

( • H o f ^ s p a n ) 

75.-1 
50., 1 

jg=i^|==| sensor output: 

1. 2. 
b) 

3. time (sec) 

O 

3 

25. 

0. 

(sec) 

Figure 5-1. Response of the transducer to ramp inputs with 
ramp rates equal to: a) 23, b) 29, c) 492 of the 
adjusted span per second 
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Figure 5-2. Response of the transducer to ramp inputs with 
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'P system that has an intrinsic feedback. The ferrite disk is part of 

the differential transformer and is mounted on a screw that connects 

it to a supporting plate. The rotation of the screw permits 

P increasing (or decreasing) the minimum air gap that can exist between 

the disk and the top core of the detector (see Figure 2-8 on page 22). 

The primary coil of the transformer is the coil between 

p points A and B in Figure 2-6 (see page 19), and the secondary coil is 

the one between points C and D. During steady state conditions the 

amplitudes of the AC voltages in the coils are constant, and represent 

P a saturated condition for the oscillator. The saturated condition 

and the amplitude of the AC voltages are functions of the position of 

the ferrite disk. When the air gap between the ferrite disk and the 

P detector decreases more current is induced in the secondary coil. 

Increasing the current in the secondary coil causes the amplitude of 

the AC voltage in the primary coil to increase (because of the 

G amplifying effect of the transistor Ql), and more current is induced 

in the secondary coil. The final state is achieved when the system 

reaches a new saturation condition. 

Because of the physical characteristics of the components 

used in the electronic circuit, there is a maximum value for the 

current that can be induced in the secondary coil. Therefore, there 

is an upper limit for the amplitude of the AC voltages. 

Experimental work performed with the electronic system showed 

that as the ferrite disk goes closer to the detector the higher is 

the amplitude of the AC voltages, and the higher is the gradient of 

the output DC current of the transducer. It also showed that the 
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I(t) = (1(0) + 20.)e -^^^ - 20. 

The response of the transducer for several negative 

steps is given in Figure 5-4. 

During the experimental work it was noticed that the 

adjustments made by The Foxboro Company are such that the allowed 

rotation of the lever system for a negative perturbation (for the 

lever system to hit the structure of the transducer) is about 10 

times the allowed rotation for a positive perturbation (to hit the 

o 

"3 maximum gradient for the DC current was obtained when the ferrite 

disk was allowed to reach the plastic coating that protects the top 

of the detector. 

p The experiment consisted of applying a step pressure to the 

transducer after rotating the screw of the ferrite disk as shown in 

Figure 5-3. The continuous line in Figure 5-3 is the step response 

P of one transducer whose ferrite disk was not moved from its original 

position. 

From the analysis of Figure 5-3 it was concluded that when 

O the transducer is submitted to a positive perturbation the non-linear 

behavior is due to the mechanical cause. 

For negative perturbations the amplitude of the AC voltages 

3 in the primary and secondary coils of the detector decreases, and its 

lower limit is zero. It was observed that once the AC voltages go to 

zero the output DC current of the transducer decreases according to 

G the following relation: 
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G stopping point). Therefore it was concluded that for negative 

perturbations the non-linear behavior of the transducer is due to the 

electronic part of the system. 

We note here that the mechanical system of Foxboro 

transducers is such that a small displacement in the diaphragm is 

amplified to create a large displacement at the end of the lever 

system. The maximum displacement at the end of the lever system 

(distance between the structure of the transducer and the stopping 

point) is about 3 mm. This corresponds to a displacement of about 

.1 mm at the position of the diaphragm. 

During the experiment to determine the empirical transfer 

function of the electronic system (as described in section 3.3.3), 

another non-linearity associated with the electronic system was 

found. An attempt was made to move the ferrite disk sinusoidally. 

The signal from the proximitor probe used to monitor the motion of 

the disk and the output signal of the system were recorded for 

subsequent analysis. The analysis was performed using the same 

Hewlett-Packard signal analyzer mentioned in section 3.3.3. The 

result of the analysis is shown in Figures 5-5 and 5-6. Figure 5-5 

reveals that the perturbation consisted mainly of two 

harmonics, while the output consisted of about 10 harmonics. A more 

detailed analysis showed that: 

1- When a sinusoidal perturbation is applied to the electronic 

system of the transducer, the output signal is composed of 

several components, harmonics of the input signal. The 

first and second harmonics have about 98.0 and 1.8% of the 
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5.3 Conditions for Linearity 

It is concluded in this chapter that there are two causes for 

Q the non-linear behavior of Foxboro pressure transducers. One is the 

limitation imposed by the mechanical system of the transducer. The 

other is the limitation imposed by the electronic system. The 

O 

--̂  total output power, respectively. 

2- If two sinusoidal perturbations, one with frequency f and 

the other with frequency 2f, are applied simultaneouslly 

^ to the electronic system, the power of the output 

component with frequency 2f has about 97% of 

contribution from the input perturbation with frequency 

~̂  2f, and 3% from the input perturbation with frequency f. 

As seen in section 4.4 the model developed in chapter 3 is 

not very sensitive to the parameters of the electronic system, 

and this non-linearity can be neglected when: 

1- the input perturbation has a power spectral density close 

to a constant. In this case the contribution of energy 

from the first harmonic to the second harmonic is constant 

for all frequencies. 

2- the input perturbairion has a power spectral density that 

- increases with the frequency. In this case the contribution 

from the first to the second harmonic decreases. 

It is important to mention that in this study the electronic 

system was submitted to perturbations that caused its output to 

oscillate with amplitudes of up to 15 mA. This value corresponds to 

37.5% of the span of operation of the transducer. 
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P m e c h a n i c a l l i m i t a t i o n i s e x p l a i n e d by t h e e x i s t e n c e of a s t o p t h a t 

i s i n s t a l l e d t o p r o t e c t t h e t r a n s d u c e r from o v e r r a n g i n g . I t i s 

r e s p o n s i b l e f o r t h e n o n - l i n e a r b e h a v i o r d u r i n g p o s i t i v e p e r t u r b a t i o n s . 

G The e l e c t r o n i c l i m i t a t i o n i s e x p l a i n e d by t h e s p e e d a t wh ich t h e 

e l e c t r o n i c s y s t e m can d i s c h a r g e . I t i s r e s p o n s i b l e fo r t h e n o n - l i n e a r 

b e h a v i o r d u r i n g n e g a t i v e p e r t u r b a t i o n s . 

G The e x p e r i m e n t a l work p e r f o r m e d w i t h a s t a n d a r d t r a n s d u c e r 

(by s t a n d a r d i t i s m e a n t t h a t t h e t r a n s d u c e r had t h e same a d j u s t m e n t 

a s when r e c e i v e d from t h e F o x b o r o Company) showed t h a t i t c an f o l l o w 

^ p o s i t i v e ramp i n p u t s w i t h ramp r a t e s of up 30% of t h e a d j u s t e d s pan 

p e r s e c o n d . We c a l l t h i s t h e c r i t i c a l ramp r a t e . As w i l l be 

e x p l a i n e d i n c h a p t e r 6> f o r ramp i n p u t s w i t h ramp r a t e lower t h a n the 

c r i t i c a l t h e t r a n s d u c e r showed a t ime d e l a y of a b o u t . 2 8 s e c . 

T h e r e f o r e , i t i s a r e a s o n a b l e a s s u m p t i o n t o c o n s i d e r t he t r a n s d u c e r 

a s a l i n e a r s y s t e m fo r s i t u a t i o n s when t h e p r e s s u r e p e r t u r b a t i o n 

i n t e g r a t e d i n a t ime i n t e r v a l of . 2 8 s e c r e s u l t s i n a v a l u e lower 

t h a n 3Q%*.28/2=4.2% of t h e a d j u s t e d s p a n . The c o r r e s p o n d i n g v a l u e 

fo r t h e m a g n i t u d e of a s t e p p e r t u r b a t i o n i s 15% of t h e a d j u s t e d s p a n . 

For n e g a t i v e p e r t u r b a t i o n s t h e r e s u l t o f t h e n e g a t i v e s t e p 

r e s p o n s e showed t h a t f o r n e g a t i v e i n p u t s t h e minimum g r a d i e n t on t h e 

o u t p u t of t h e t r a n s d u c e r i s -27% of t h e a d j u s t e d span p e r s e c o n d 

( t h i s v a l u e c o r r e s p o n d s t o t h e minimum v a l u e o f t h e d e r i v a t i v e o f 

e q u a t i o n 5 - 1 ) . Assuming t h e t i m e d e l a y o f . 2 8 sec we c o n c l u d e t h a t 

t h e t r a n s d u c e r can be assumed a l i n e a r s y s t e m i f t h e n e g a t i v e 

p e r t u r b a t i o n i n t e g r a t e d i n a t ime i n t e r v a l of .28 s e c r e s u l t s i n a 

v a l u e ( i n a b s o l u t e v a l u e ) lower t h a n 27%*.28/2=3.7% of t he a d j u s t e d 
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s p a n . The c o r r e s p o n d i n g v a l u e fo r t h e m a g n i t u d e of a s t e p 

p e r t u r b a t i o n i s 13.5% of t he a d j u s t e d s p a n . 

O (NSTITU 1 O DE PFSQU f-AS EN-̂ RÛÉTIC^S E NUCLEARES | 
I. P. Ë. N. 
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CHAPTER 6 

PROPOSED ' I N - S I T U ' TESTS FOR FOXBORO 

PRESSURE TRANSDUCERS 

6 . 1 I n t r o d u c t i o n 

The e x i s t i n g me thod f o r r e s p o n s e t ime m e a s u r e m e n t s of 

p r e s s u r e t r a n s d u c e r s t h a t i s a c c e p t e d by t h e N u c l e a r R e g u l a t o r y 

Commission (NRC) (3A) i s d e s c r i b e d i n r e f e r e n c e s 35 and 2 0 . I t i s a 

d i r e c t method of d e t e r m i n i n g r e s p o n s e t ime and c o n s i s t s of a p p l y i n g 

an u n t e r m i n a t e d ramp t o t h e t r a n s d u c e r . The t ime l a g b e t w e e n t h e 

i n s t a n t a t w h i c h t h e v a r i a b l e r e a c h e s a g i v e n v a l u e and t h e i n s t a n t a t 

wh ich t h e o u t p u t of t h e t r a n s d u c e r i s e q u i v a l e n t t o t h a t v a l u e i s 

m e a s u r e d . T h i s t ime l a g i s d e f i n e d a s ' t i m e d e l a y ' ( 2 0 ) . 

In o r d e r t o bound t h e r e s p o n s e t i m e of t h e t r a n s d u c e r , two 

u n t e r m i n a t e d ramps a r e recommended . The f i r s t one ( s l o w ) i s s e l e c t e d 

b a s e d on t h e s l o w e s t t r a n s i e n t f o r which a u t o m a t i c p r o t e c t i v e a c t i o n 

i s r e q u i r e d by d e s i g n . The s e c o n d one ( f a s t ) i s s e l e c t e d b a s e d on 

t h e f a s t e s t t r a n s i e n t f o r w h i c h a u t o m a t i c p r o t e c t i v e a c t i o n i s 

r e q u i r e d . 

The r e a s o n f o r u s i n g two ramps i s t h a t p r e v i o u s s t u d i e s 

( 1 4 , 2 0 ) have shown t h a t t h e t i m e d e l a y f o r some p r e s s u r e t r a n s d u c e r s 

i s a f u n c t i o n of t h e ramp r a t e . The u s e o f t h e two ramps i s a n 

a t t e m p t t o o b t a i n t h e m o s t c o n s e r v a t i v e v a l u e fo r t h e t ime d e l a y . 

The t ime i n t e r v a l be tween t e s t s i s n o t s p e c i f i e d by t h e NRC. 

I t o n l y s p e c i f i e s t h a t t h e p r o g r a m of t e s t s mus t be s u c h t h a t 

" s i g n i f i c a n t c h a n g e s i n f a i l u r e r a t e s can be d e t e c t e d b e f o r e m u l t i p l e 
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f a i l u r e s o c c u r " . One p r o b l e m w i t h p e r i o d i c t e s t i n g of t r a n s d u c e r s 

t h a t make p a r t of t h e p r o t e c t i v e s y s t e m i s t h a t some of t h e 

t r a n s d u c e r s a r e i n s i d e of t h e c o n t a i n m e n t and can be a c c e s s e d o n l y 

d u r i n g t h e shutdown p e r i o d s of t h e r e a c t o r . T h e r e f o r e t h e 

measu remen t of r e s p o n s e t i m e f o r t h e s e t r a n s d u c e r s u s i n g t h e c u r r e n t 

method can be p e r f o r m e d o n l y d u r i n g t h e shutdown of t h e r e a c t o r . The 

deve lopmen t of a r e m o t e t e s t i n g p r o c e d u r e would be v e r y h e l p f u l i n 

t e s t i n g p r e s s u r e t r a n s d u c e r s . 

I n t h i s c h a p t e r a method i s p r e s e n t e d f o r r e m o t e i n - s i t u ' 

t e s t i n g t h e Foxboro f o r c e b a l a n c e p r e s s u r e t r a n s d u c e r . The r e s u l t of 

t h e t e s t c a n be e a s i l y a s s o c i a t e d w i t h t h e r e s p o n s e o f t h e t r a n s d u c e r 

t o a s t e p i n p u t p e r t u r b a t i o n , a n d g i v e s a c o n s e r v a t i v e r e s u l t f o r t h e 

t ime d e l a y o f t h e t r a n s d u c e r w h e n i t i s s u b m i t t e d t o an i n c r e a s i n g 

ramp i n p u t . A second t e s t , w h i c h r e q u i r e s a c c e s s t o t he t r a n s d u c e r 

i s a l s o p r e s e n t e d fo r ' i n - s i t u ' t e s t i n g . T h i s s econd t e s t p r o v i d e s 

t h e t ime d e l a y of t h e t r a n s d u c e r fo r p o s i t i v e and n e g a t i v e s t e p 

p e r t u r b a t i o n s . 

N e i t h e r one o f t h e p r o p o s e d t e s t s r e q u i r e a c c e s s t o t h e 

p r e s s u r e s e n s i n g l i n e s . 

I n o r d e r t o h e l p u n d e r s t a n d t h e p r i n c i p l e of t h e t e s t s b e i n g 

p r o p o s e d f o r Foxboro p r e s s u r e t r a n s d u c e r s , a b r i e f r e v i e w of t h e i r 

o p e r a t i o n f o l l o w s : 

1 - The p r e s s u r e b e i n g a p p l i e d t o t h e t r a n s d u c e r i s c o n v e r t e d 

i n t o a f o r c e s i g n a l t h a t p r o p a g a t e s t h r o u g h t h e m e c h a n i c a l 

s y s t e m t o move t h e l e v e r s y s t e m ( s e e F i g u r e 2-1 on page 10) 

and t h e f e r r i t e d i s k . 

G 
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p 2 - The m o t i o n of t h e f e r r i t e d i s k t r i g g e r s an e l e c t r i c a l 

s i g n a l t h a t c a u s e s a DC c u r r e n t f l o w i n g t h r o u g h t h e 

e l e c t r o n i c s y s t e m t o c h a n g e . The d i s p l a c e m e n t of t h e 

f e r r i t e d i s k from i t s e q u i l i b r i u m p o s i t i o n i s an e r r o r 

s i g n a l . 

3 . The DC c u r r e n t , t h e o u t p u t of t he t r a n s d u c e r , f l ows 

t h r o u g h t h e f e e d b a c k c o i l g e n e r a t i n g a f e e d b a c k f o r c e t h a t 

c a u s e s t h e f e r r i t e d i s k a n d t h e m e c h a n i c a l s y s t e m t o 

r e t u r n t o t h e o r i g i n a l p o s i t i o n . 

S i n c e t h e DC c u r r e n t i s t h e o r i g i n of t h e f o r c e t h a t b a l a n c e s 

t h e s y s t e m , t h e n a n y p e r t u r b a t i o n i n t h e DC c u r r e n t w i l l u n b a l a n c e t h e 

s y s t e m , c r e a t i n g a t r a n s i e n t c o n d i t i o n f o r t h e t r a n s d u c e r . The 

f e e d b a c k c o i l i s a l s o r e s p o n s i b l e f o r t h e b a l a n c i n g of t h e s y s t e m . 

The ' i n - s i t u ' t e s t s a r e b a s e d on u s i n g t h e DC c u r r e n t and t h e f e e d b a c k 

c o i l t o d i s t u r b t h e s y s t e m . 

3 

6 . 2 Remote ' I n - s i t u ' T e s t 

, ^7.. r ^ "The r e m p t e ' i n - s i t u ' t e s t i s p o s s i b l e b e c a u s e of t h e 

O n o n - l i n e a r i t y i n t h e m e c h a n i c a l p a r t of t h e t r a n s d u c e r . T h i s 

n o n - l i n e a r i t y i s due t o t h e p r e s e n c e of a n o v e r r a n g i n g s t o p p i n g p o i n t 

on one s i d e and t h e s t r u c t u r e o f t h e t r a n s d u c e r on t h e o t h e r . These 

p h y s i c a l p a r t s r e s t r i c t t h e m o t i o n o f t h e l e v e r s y s t e m , and 

c o n s e q u e n t l y t h e m o t i o n o f t h e f e r r i t e d i s k i n b o t h d i r e c t i o n s , 

c l o c k w i s e and c o u n t e r c l o c k w i s e . S i n c e t h e d i s p l a c e m e n t of t h e 

3 f e r r i t e d i s k i s a n e r r o r s i g n a l , a l i m i t a t i o n i n t h e m o t i o n of t h e 

d i s k i m p l i e s a l i m i t a t i o n on t h e m a g n i t u d e of t h e e r r o r s i g n a l , w h i c h 

makes t h e s y s t e m n o n - l i n e a r . 

3 
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P E x p e r i m e n t a l work h a s shown t h a t a s t e p chiange i n p r e s s u r e of 

a b o u t 15% of t h e a d j u s t e d span c a u s e s t he l e v e r s y s t e m t o r e s t a t t he 

s t o p p i n g p o i n t u n t i l t h e f e e d b a c k moment i s s t r o n g enough t o r e t u r n 

P t h e s y s t e m t o t h e o r i g i n a l p o s i t i o n . Whi le t he l e v e r s y s t e m s t a y s a t 

t h e s t o p p i n g p o i n t t he m a g n i t u d e of t h e e r r o r s i g n a l i s t h e maximum. 

For any s t e p p e r t u r b a t i o n i n p r e s s u r e w i t h m a g n i t u d e h i g h e r t h a n 15% 

3 of t h e a d j u s t e d sp an t h e l e v e r sy t em goes t o t h e s t o p p o s i t i o n , and 

t h e r e s p o n s e o f t h e t r a n s d u c e r c a n be d i v i d e d i n t h r e e p a r t s . The 

f i r s t one c o r r e s p o n d i n g t o t h e t i m e i n t e r v a l d u r i n g w h i c h t h e l e v e r 

s y s t e m moves t oward t h e s t o p p i n g p o s i t i o n ; t h e s econd p a r t 

c o r r e s p o n d i n g t o t h e t i m e i n t e r v a l d u r i n g w h i c h t h e l e v e r s y s t e m 

r e m a i n s a t t h e s t o p p i n g p o s i t i o n , a n d t h e t h i r d p a r t o f t h e r e s p o n s e 

G c o r r e s p o n d i n g t o t he t ime i n t e r v a l d u r i n g which t h e l e v e r s y s t e m 

moves t o t h e o r i g i n a l p o s i t i o n , away from the s t o p p i n g p o i n t . 

To i l l u s t r a t e t h e p r e s e n c e of t h e t h r e e r e g i o n s , a t e s t was 

G • made i n w h i c h t h e t r a n s d u c e r was s u b m i t t e d t o a sudden change i n 

p r e s s u r e . The i n i t i a l and f i n a l p r e s s u r e were s e t e q u a l t o 0 and 69% 

of t h e a d j u s t e d s p a n , r e s p e c t i v e l y . The v a l u e 69% was c h o s e n t o 

o b t a i n t h e d a t a i n a s c a l e s u i t a b l e fo r c o m p a r i s o n s w i t h t h e r e s u l t s 

of t h e ' i n - s i t u ' t e s t s . The r e s u l t o f t h e e x p e r i m e n t i s shown i n 

F i g u r e 6 - 1 . I t a l s o shows t h e r e s p o n s e of t h e t r a n s d u c e r when t h e 

p r e s s u r e ( c o r r e s p o n d i n g t o 69% of t h e s p a n ) was s u d d e n l y r e m o v e d . 

To m o n i t o r t h e s u d d e n p e r t u r b a t i o n a f a s t s e n s o r ( a V a l i d y n e 

p r e s s u r e t r a n s d u c e r mode l DP15TL) was u t i l i z e d . As can be s e e n i n 

F i g u r e 6 - 1 , t h e d y n a m i c s o f t h e Foxboro t r a n s d u c e r i s s u c h t h a t , f o r 

p r a c t i c a l a p p l i c a t i o n s t h e sudden p e r t u r b a t i o n can be assumed a s a 

s t e p p e r t u r b a t i o n . 
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An a n a l y s i s of t h e r e s u l t showed t h a t t h e second p a r t of t h e 

s t e p r e s p o n s e g i v e s t h e b i g g e s t g r a d i e n t t h a t c a n be p r e s e n t i n t h e 

o u t p u t of t h e t r a n s d u c e r . We d e f i n e t h i s g r a d i e n t a s t h e c r i t i c a l 

ramp r a t e . The c o r r e s p o n d i n g ramp i s d e f i n e d a s t h e c r i t i c a l r a m p . 

I f t h e t r a n s d u c e r i s s u b m i t t e d t o a ramp i n p u t w i t h a ramp 

r a t e lower t h a n t h e c r i t i c a l , t h e n t h e s t o p p i n g p o i n t i s n o t r e a c h e d , 

and t h e t r a n s d u c e r b e h a v e s a s a l i n e a r s y s t e m . However , i f t h e 

a p p l i e d ramp r a t e i s l a r g e r t h a n t h e c r i t i c a l ramp r a t e , t h e n the 

s t o p p i n g p o i n t i s r e a c h e d , t h e t r a n s d u c e r becomes n o n - l i n e a r and i t 

w i l l show t h e c r i t i c a l ramp a s i t s o u t p u t . 

I f , f o r ramp i n p u t s w i t h ramp r a t e lower t h a n t h e c r i t i c a l , 

t h e t r a n s d u c e r can be assumed a s a f i r s t o r d e r s y s t e m t h e n fo r t h e s e 

i n p u t s the t ime d e l a y i s c o n s t a n t . However fo r ramp i n p u t s w i t h ramp 

r a t e h i g h e r t h a n t h e c r i t i c a l t h e t ime d e l a y i s e x p e c t e d t o i n c r e a s e , 

b e c a u s e t h e o u t p u t of t h e t r a n s d u c e r i s t h e c r i t i c a l ramp ( s e e 

F i g u r e s 5-1 and 5 -2 on p a g e s 164 and 1 6 5 , r e s p e c t i v e l y ) . The 

maximum t ime d e l a y i s o b t a i n e d when t h e t r a n s d u c e r i s s u b m i t t e d t o a 

s t e p p e r t u r b a t i o n ( a ramp w i t h ramp r a t e e q u a l t o i n f i n i t y ) . The 

t ime d e l a y f o r t h e s t e p i s t h e t i m e l a g b e t w e e n t h e a p p l i c a t i o n o f 

t h e s t e p a n d t h e t ime n e c e s s a r y fo r t h e c r i t i c a l ramp ( o u t p u t of t h e 

t r a n s d u c e r ) t o r e a c h t h e d e s i r e d v a l u e . 

I n o r d e r t o show t h a t t h i s c o n c l u s i o n i s c o r r e c t , a s e t of 

e x p e r i m e n t s was p e r f o r m e d i n wh ich t h e t r a n s d u c e r was s u b m i t t e d t o a 

s e r i e s of p o s i t i v e ramp i n p u t s , s t a r t i n g a t 0% of t h e a d j u s t e d s p a n . 

The t ime d e l a y m e a s u r e d was d e t e r m i n e d a s t h e t ime l a g be tween t h e 

i n s t a n t i n which t h e p r e s s u r e r e a c h e d 37 .5% of t h e s p a n , and the 

G 

G 
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G i n s t a n t i n w h i c h t h e o u t p u t of t h e t r a n s d u c e r r e a c h e d t h e v a l u e 

c o r r e s p o n d i n g t o 37 .5% of t h e s p a n . The v a l u e 37.5% c o r r e s p o n d s t o 

an o u t p u t c u r r e n t s i g n a l of 25niA and was c h o s e n for two r e a s o n s : t o 

a l l o w e a s y r e a d i n g on t h e s t r i p c h a r t r e c o r d e r u s e d and t o a l l o w t h e 

a p p l i c a t i o n of ramps w i t h h i g h g r a d i e n t w i t h o u t damaging t h e V a l i d y n e 

t r a n s d u c e r u s e d a s a r e f e r e n c e . The r e s u l t s of t he e x p e r i m e n t a r e 

b shown i n F i g u r e s 6-2 and 6 - 3 , whe re i t i s c l e a r t h a t t he s t e p 

r e s p o n s e g i v e s a c o n s e r v a t i v e v a l u e f o r t h e t i m e d e l a y . 

S i n c e t h e p r i n c i p a l c h a r a c t e r i s t i c of t h e s t e p p e r t u r b a t i o n 

i s t h a t i t c a u s e s t h e l e v e r s y s t e m t o r e a c h t h e s t o p p i n g p o i n t , t h e r e 

i s a r e m o t e way o f a c h i e v i n g t h e same c o n d i t i o n : r e m o v i n g t h e DC 

c u r r e n t t h a t f l ows t h r o u g h t h e t r a n s d u c e r . When we remove t h e DC 

c u r r e n t we a l s o remove t h e moment t h a t b a l a n c e s t h e s y s t e m , and t h e 

l e v e r s y s t e m moves t o t h e s t o p p i n g p o i n t . 

When t h e power i s t u r n e d b a c k o n , t h e l e v e r s y s t e m w i l l be a t 

t h e s t o p p i n g p o s i t i o n , and t h e m a g n i t u d e o f t h e e r r o r s i g n a l i s t h e 

maximum p o s s i b l e . S i n c e t h e e r r o r s i g n a l i s t h e maximum, t h e DC 

c u r r e n t i n c r e a s e s i n t h e same way a s i n r e s p o n s e t o the s t e p 

p e r t u r b a t i o n . 

We n o t e t h a t t h e f e e d b a c k m o t o r and t h e power s u p p l y a r e 

c o n n e c t e d i n s e r i e s ( s e e F i g u r e 2-6 on p a g e 1 9 ) . T h e r e f o r e , t h e 

s i m p l e s t way t o remove t h e c u r r e n t i s t o remove the power t h a t i s 

b e i n g s u p p l i e d t o t h e c i r c u i t . 

The r e m o t e ' i n - s i t u ' t e s t i s a s f o l l o w s : 

1 - W i t h t h e t r a n s d u c e r s u b j e c t t o a p r e s s u r e e q u a l t o o r 

h i g h e r t h a n 15% of i t s s p a n , remove the power b e i n g 

3 

3 
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s u p p l i e d t o i t (open the c i r c u i t ) 

2 - W a i t a b o u t 10 s e c o n d s fo r t h e c o m p l e t e d i s c h a r g e of t he 

e l e c t r o n i c c o m p o n e n t s . 

3 - T u r n on t h e power b e i n g s u p p l i e d t o t he t r a n s d u c e r and make 

a r e c o r d of t h e o u t p u t s i g n a l . 

To show t h e s i m i l a r i t i e s of t h e s t e p and r emote t e s t 

r e s p o n s e s , a n e x p e r i m e n t was p e r f o r m e d i n w h i c h t h e t r a n s d u c e r was 

s u b m i t t e d t o a sudden p e r t u r b a t i o n . A f t e r r e a c h i n g t h e new s t e a d y 

s t a t e s i t u a t i o n t h e r e m o t e t e s t was p e r f o r m e d . The r e s u l t of t h e 

t e s t i s shown i n F i g u r e 6 - 4 , where t h e s t e p r e s p o n s e i s s u p e r i m p o s e d 

f o r coi iq>ar ison. 

The i n i t i a l p a r t o f t h e r e m o t e t e s t t r a n s i e n t i s i n f l u e n c e d 

by t h e e l e c t r o n i c s o f t h e t r a n s d u c e r . When t h e power i s f i r s t 

a p p l i e d t o t h e e l e c t r o n i c c i r c u i t t h e a m p l i t u d e of o s c i l l a t i o n i n t he 

o s c i l l a t o r i s n u l l ( s e e F i g u r e 2-6 on p a g e 1 9 ) . Then a c u r r e n t of 

a b o u t 3 mA s t a r t s t o f low t h r o u g h t h e c i r c u i t . When the o s c i l l a t o r 

i s a c t i v a t e d t he c u r r e n t s t a r t s t o b u i l d u p , and a f t e r i t r e a c h e s t he 

maximum g r a d i e n t t h e t r a n s d u c e r r e s p o n d s e x a c t l y a s i t does when 

s u b m i t t e d t o a s t e p p e r t u r b a t i o n . 

3 

3 

3 

6 . 3 L o c a l ' I n - s i t u ' T e s t 

O As e x p l a i n e d i n s e c t i o n 3 . 3 . 2 , t h e f o r c e moto r p r o d u c e s a 

n e g a t i v e moment t h a t i s g i v e n by ^^f^^^j.} where I ^ ^ i s t h e v a l u e o f 

t h e DC c u r r e n t . i s a c o n s t a n t t h a t d e p e n d s on t h e number of 
tm 

3 t u r n s i n t h e f e e d b a c k c o i l and t h e m a g n i t u d e o f t h e m a g n e t i c f i e l d i n 

t h e r e g i o n o c c u p i e d by t h e c o i l . C o n s i d e r i n g t h a t t h e r e s i s t a n c e of 

3 



Q O U O . O X T "U" 

pressure 
(X of span) 

75. 

5 0 . + 

25. 

0. 

A 
O 

A 
O 

A 
O 

A 
O 

A 
6 

A 
O 

A 
O 

o response to the 's tep' Input 

A response to the remote tes t 

CO o o o 
A 

Â 
A 

A A A A A A A 

0. 2. 6. 1. 2. 3. 4. 5. 

figure 6-4. Response of the Foxboro transducer to the remote '1n-$ltu' t e s t 

7. time (sec) 00 



3 

3 

3 

3 

3 

3 

3 

G 

187 

t h e c o i l i s R, t h e c o n s t a n t K^^ can be w r i t t e n a s K ^ R , where K̂^ i s 

a n o t h e r c o n s t a n t . T h e r e f o r e , t h e m a g n i t u d e of t h e moment t h a t 

b a l a n c e s t h e sys t em can be r e w r i t t e n a s ^^ j^^ j^ ,* '^^^ l o c a l ' i n - s i t u ' 

t e s t i s b a s e d i n c h a n g i n g t h e c u r r e n t t h a t f l ows t h r o u g h t h e 

t r a n s d u c e r w h i l e m a i n t a i n i n g t h e moment r e q u i r e d t o b a l a n c e t h e 

s y s t e m . I f we change R from R t o R'> t o have t h e same moment t h e 

c u r r e n t w i l l change from I t o I ' , w i t h R I , = R ' l ' , . 
d c d c u c dc 

Assuming t h a t t h e e l e c t r o n i c c i r c u i t o f t h e t r a n s d u c e r i s 

a d j u s t e d f o r o p e r a t i o n a t t h e c o n d i t i o n i d e n t i f i e d by ' h i g h ' i n 

F i g u r e 2 -6 on p a g e 19 > t h e t o t a l r e s i s t a n c e o f t h e c o i l i s e q u a l t o 

173 ohms . I f d u r i n g a n e q u i l i b r i u m s i t u a t i o n we s h o r t c i r c u i t p o i n t s 

2 and 4 , t h e DC c u r r e n t w i l l f low o n l y t h r o u g h t h e c o i l w i t h 

r e s i s t a n c e 42 ohms. T h i s means t h a t a new e q u i l i b r i u m s t a t e w i l l be 

e s t a b l i s h e d w i t h t he v a l u e of I ' e q u a l t o 173 /42 t i m e s t h e o r i g i n a l 
dc 

v a l u e . S i n c e we removed p a r t o f t h e f eedback moment , t h e l e v e r s y s t e m 

w i l l move toward t h e s t o p p i n g p o i n t , and t h e p e r t u r b a t i o n can be 

a s s o c i a t e d , , w i t h tjie r e s p o n s e o f a ' p o s i t i v e s t e p i n p u t | | W h e n t h e c o n n e c t i o n be tween p o i n t s 2 and 4 i s o p e n , t h e c u r r e n t f lows a g a i n 

t h r o u g h a n e f f e c t i v e r e s t a n c e o f 173 ohms. S i n c e t h e d e c r e a s e of t h e 

c u r r e n t i s n o t i n s t a n t a n e o u s , t h e s i t u a t i o n i s s u c h t h a t t h e f e e d b a c k 

moment i s h i g h e r t h a n t h e one r e q u i r e d to b a l a n c e t h e s y s t e m . Then 

t h e l e v e r s y s t e m moves t o w a r d t h e s t r u c t u r e o f t h e t r a n s d u c e r , a 

s i t u a t i o n t h a t can be a s s o c i a t e d w i t h a | n e g a t i v e s t e p i n p r e s s u r e j . . 

The l o c a l ' i n - s i t u ' t e s t was p e r f o r m e d w i t h t h e t r a n s d u c e r 

a v a i l a b l e fo r m e a s u r e m e n t s u n d e r t h e f o l l o w i n g c o n d i t i o n s : 

(NSTITUIO Dt PFSOU'FAK.F.vi^PeeTIC--.S E NUCLEAREC | 
i, P. z. N. ( 
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1 - t h e t r a n s d u c e r was s e t t o o p e r a t e a t c o n d i t i o n ' h i g h ' 

( r e s i s t a n c e e q u a l t o 173 o h m s ) . 

2 - no p r e s s u r e was a p p l i e d t o t h e t r a n s d u c e r ( w h i c h 

^ r e p r e s e n t s a n o u t p u t c u r r e n t e q u a l t o 10 mA). 

3 - a t t i m e TO p o i n t s 2 and 4 where s h o r t - c i r c u i t e d . 

4 - At t ime Tl t h e c o n n e c t i o n be tween p o i n t s 2 and 4 was 

r e m o v e d . 

The r e s u l t s o b t a i n e d w i t h t h e l o c a l ' i n - s i t u ' t e s t a r e shown i n 

F i g u r e 6 - 5 . In o r d e r t o compare t h e r e s u l t s w i t h t h e s t e p r e s p o n s e , 

t h e l a t e r i s s u p e r i m p o s e d i n t h e same f i g u r e . p 

6 . 4 I n t e r p r e t a t i o n of t h e Remote T e s t 

The work d e v e l o p e d i n t h i s s e c t i o n i s b a s e d i n e x p e r i m e n t a l 

r e s u l t s o b t a i n e d w i t h two Foxboro t r a n s d u c e r s . Both a r e model E13DM 

and were c a l i b r a t e d t o t h e same span of p r e s s u r e . The c a l i b r a t i o n 

Q c u r v e s a r e g i v e n i n F i g u r e 6 - 6 . The f i r s t t r a n s d u c e r ( s e r i a l number 

3010955) w i l l be r e f e r r e d t o a s s e n s o r #1 and t h e s econd ( s e r i a l 

number 3032882) a s s e n s o r # 2 . S e n s o r # 2 i w a s t h e one u s e d i n t h e 

Q c o m p a r i s o n o f t h e r e s u l t s d e s c r i b e d i n s e c t i o n 4 . 2 . 

I n t h e f i r s t s t a g e of t h e work i t was n o t i c e d t h a t t h e 

r e s p o n s e o f s e n s o r #2 was much s l o w e r t h a n t h e r e s p o n s e of s e n s o r # 1 . 

O The r e s p o n s e of b o t h s e n s o r s t o t h e r e m o t e ' i n - s i t u ' t e s t i s shown i n 

F i g u r e 6 - 7 . A p h y s i c a l i n s p e c t i o n of s e n s o r #2 r e v e a l e d t h a t t he 

f e r r i t e d i s k had b r o k e n , and t h e d i s k had been r e p l a c e d . I t was 

O c o n c l u d e d t h a t d u r i n g t h e r e p l a c e m e n t t he d i s k was n o t p r o p e r l y 

p o s i t i o n e d . The p o s i t i o n of t h e d i s k was r e a d j u s t e d and a new 

c a l i b r a t i o n was p e r f o r m e d . The c a l i b r a t i o n c u r v e fo r t h e t r a n s d u c e r 

3 
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P r e m a i n e d t h e same, b u t i t s r e s p o n s e c h a n g e d . The new r e s p o n s e i s 

shown i n F i g u r e 6 - 8 . 

A f u r t h e r a d j u s t m e n t was made on t h e p o s i t i o n o f t h e d i s k . 

^ T h i s t ime i t was a d j u s t e d i n s u c h was t h a t i t c o u l d r e a c h t h e p l a s t i c 

c o a t i n g on t o p of t h e d e t e c t o r b e f o r e t h e l e v e r s y s t e m r e a c h e d t h e 

s t o p p i n g p o i n t . The r e s p o n s e t o t h e r e m o t e t e s t f o r t h e new 

G s i t u a t i o n i s shown i n F i g u r e 6 - 9 . F i g u r e 6 -9 shows t h a t t h e c r i t i c a l 

ramp r a t e i s h i g h e r t h a n b e f o r e . I t a l s o shows t h a t t h e b e h a v i o r 

of t h e r e s p o n s e c u r v e a f t e r i t s t a r t s t o d e p a r t from t h e c r i t i c a l 

^ ramp i s d i f f e r e n t from t h e p r e v i o u s c a s e s . The d i f f e r e n c e i s 

i s a t r i b u t e d t o two c a u s e s : 

1 - The p l a s t i c c o a t i n g was b e i n g c o m p r e s s e d and a c t e d a s 

a s p r i n g . 

2 - t h e r e i s a n a d h e s i v e e f f e c t t h a t t r i e s t o h o l d t h e 

f e r r i t e d i s k and t h e c o a t i n g s u r f a c e t o g e t h e r . 

I n o r d e r t o a s s o c i a t e t h e r e s p o n s e o f t h e r e m o t e t e s t w i t h 

t h e t ime d e l a y c u r v e shown i n F i g u r e s 6-2 and 6 - 3 , t h e f o l l o w i n g 

p r o c e d u r e i s s u g g e s t e d . 

1 - p e r f o r m t h e r e m o t e t e s t a s e x p l a i n e d i n s e c t i o n 6 - 2 . 

2 - v e r i f y t h a t t h e c r i t i c a l ramp i s p r e s e n t i n t h e r e s p o n s e . 

As c o n c l u d e d i n t h i s s e c t i o n t h e p r e s e n c e of t he 

c r i t i c a l ramp i n t h e r e s p o n s e of t h e r e m o t e t e s t i s 

m a i n l y a f u n c t i o n of t h e e x i s t i n g p r e s s u r e a t t he t ime 

o f t h e t e s t . 

3 - make a l e a s t s q u a r e s f i t of an e x p o n e n t i a l a + b e x p ( - c t ) 

t o t he p a r t o f t h e c u r v e t h a t d e p a r t s from t h e c r i t i c a l 

o 

o 

G 
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3 r a m p . The i n v e r s e of c i s t h e t ime c o n s t a n t f o r a f i r s t 

o r d e r l i n e a r s y s t e m , and i s a n e s t i m a t e o f t h e t ime d e l a y 

fo r ramps w i t h ramp r a t e lower t h a n t h e c r i t i c a l . 

4 - For ramp r a t e s h i g h e r t h a n t h e c r i t i c a l draw a g r a p h 

w i t h t h e two ramps and d e t e r m i n e t he t ime l a g be tween the 

two c u r v e s f o r t h e d e s i r e d p r e s s u r e . T h i s t ime i s d e f i n e d 

O a s t ^ . I f t h e c r i t i c a l ramp i s g i v e n by P ^ ( t ) = r^^t, 

o 

o 

and t h e i n p u t ramp i s assumed a s P ^ ( t ) = r^^t , t h e 

v a l u e of tjj f o r a d e s i r e d p r e s s u r e P i s ( s e e F i g u r e 6 - 1 0 ) : 

^ 5 - t ¿ + 1/c i s a n e s t i m a t e of t h e t ime d e l a y fo r t h e 

d e s i r e d ramp i n p u t . 

I t i s i m p o r t a n t t o n o t e t h a t f o r F o x b o r o t r a n s d u c e r s t h e t ime 

d e l a y i s a f u n c t i o n o f t h e ramp r a t e and t h e i n i t i a l and f i n a l 

p r e s s u r e s . 

, The p r o c e d u r e s u g g e s t e d t o c o r r e l a t e t h e r e m o t e t e s t and the 

Q t i m e d e l a y c u r v e was a p p l i e d t o s e n s o r # 1 . The r e s u l t i s shown i n 

F i g u r e 6 - 1 1 . 

O 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

The c o n c l u s i o n s r e p o r t e d h e r e i n a r e b a s e d on t h e work 

p e r f o r m e d w i t h t h e t r a n s d u c e r u s e d a s r e f e r e n c e ( s e e C h a p t e r 2 ) . For 

a q u a l i t a t i v e a n a l y s i s t h e s e c o n c l u s i o n s can be e x t e n d e d t o t h e o t h e r 

mode l s o f Foxboro t r a n s d u c e r s , b u t f o r a q u a n t i t a t i v e a n a l y s i s 

a d d i t i o n a l work i s n e c e s s a r y . 

T h r e e a r e t h e ma jo r c o n c l u s i o n s of t h i s work : 1) The 

t r a n s d u c e r i s a l i n e a r s y s t e m f o r no rma l c o n d i t i o n s of o p e r a t i o n . 

2 ) T h e o r e t i c a l model and e x p e r i m e n t a l t e s t r e s u l t s compare v e r y w e l l . 

3 ) I t s p r i n c i p l e of o p e r a t i o n a l l o w s t h e t r a n s d u c e r to be r e m o t e l l y 

t e s t e d . 

I t was c o n c l u d e d i n c h a p t e r 5 t h a t u n l e s s t h e t r a n s d u c e r i s 

s u b m i t t e d t o p e r t u r b a t i o n s t h a t i n t e g r a t e d i n a t ime i n t e r v a l of . 2 8 

s e c r e s u l t i n a v a l u e g r e a t e r t h a n 4.2% of t h e a d j u s t e d s p a n , t h e 

t r a n s d u c e r i s a l i n e a r s y s t e m . The ramp i n p u t n e c e s s a r y t o o b t a i n an 

i n t e g r a t e d v a l u e e q u a l t o 4 .2% of t h e a d j u s t e d span i s 30% of t h e 

a d j u s t e d spa n p e r s e c o n d . The s t e p i n p u t n e c e s s a r y t o o b t a i n t h e 

same i n t e g r a t e d v a l u e i s 15% of t h e a d j u s t e d s p a n . 

For l a r g e r p e r t u r b a t i o n s t h e t r a n s d u c e r becomes a n o n - l i n e a r 

s y s t e m . The n o n - l i n e a r b e h a v i o r of t h e t r a n s d u c e r i s u n d e r s t o o d , and 

i t i s c h a r a c t e r i z e d by how f a s t t h e e l e c t r o n i c s y s t e m can be c h a r g e d 

o r d i s c h a r g e d ( t h e t e r m s c h a r g e and d i s c h a r g e a r e u s e d t o i n d i c a t e 

i n c r e a s e and d e c r e a s e , r e s p e c t i v e l y , i n t h e c u r r e n t t h a t f lows 

t h r o u g h t h e e l e c t r o n i c s y s t e m of t h e t r a n s d u c e r ) . For n e g a t i v e 

G 
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p e r t u r b a t i o n s t h e l i m i t i n t h e d i s c h a r g i n g s p e e d i s imposed by t h e 

c h a r a c t e r i s t i c s o f t h e e l e c t r o n i c s y s t e m . For p o s i t i v e p e r t u r b a t i o n s 

i t i s imposed by a l i m i t a t i o n i n t h e d i s p l a c e m e n t of a f e r r i t e d i s k . 

The f e r r i t e d i s k i s t h e i n t e r f a c e b e t w e e n t h e m e c h a n i c a l and t h e 

e l e c t r o n i c s y s t e m s of t h e t r a n s d u c e r . 

The l i n e a r model d e v e l o p e d i n c h a p t e r 3 showed good a g r e e m e n t 

w i t h e x p e r i m e n t a l d a t a . I t a l s o showed t h a t t h e dynamics of t he 

t r a n s d u c e r a r e s t r o n g l y d e p e n d e n t of t h r e e s u b s y s t e m s : t h e 

e l e c t r o n i c s , t h e l e v e r s y s t e m , and t h e s e n s i n g e l e m e n t ( d i a p h r a g m ) . 

As d e s c r i b e d i n c h a p t e r 3 t h e t r a n s f e r f u n c t i o n s fo r t h e e l e c t r o n i c 

s y s t e m and s e n s i n g e l e m e n t can be o b t a i n e d e m p i r i c a l l y . Once t h e s e 

t r a n s f e r f u n c t i o n s have b e e n o b t a i n e d t h e y can be e a s i l y i m p l e m e n t e d 

i n t h e c o m p u t a t i o n a l p r o g r a m shown i n Appendix D, T h i s a l l o w s one t o 

o b t a i n q u a n t i t a t i v e r e s u l t s f o r t h e f r e q u e n c y r e s p o n s e of o t h e r 

mode l s o f Foxboro t r a n s d u c e r s . 

F i n a l l y , t h e o r i g i n of t h e b a l a n c i n g f o r c e i n t h e t r a n s d u c e r 

i s t h e DC c u r r e n t t h a t f l o w s t h r o u g h t h e e l e c t r o n i c s y s t e m . T h i s DC 

c u r r e n t i s a l s o t h e o u t p u t s i g n a l from t h e t r a n s d u c e r . S i n c e t h e 

c u r r e n t i s a s i g n a l t o w h i c h we have a c c e s s from a r e m o t e l o c a t i o n 

( f o r example we can u s e a s w i t c h t o open or c l o s e a c i r c u i t ) , we 

c o n c l u d e d t h a t i t i s p o s s i b l e t o r e m o t e t e s t t h e t r a n s d u c e r . As 

shown i n s e c t i o n 6 . 4 t h e t e s t i s s i m p l e , and t h e r e s u l t s a r e 

m e a n i n g f u l . 
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A . l I n t r o d u c t i o n 

Only four m a n u f a c t u r s p r o d u c e p r e s s u r e t r a n s d u c e r s f o r 

p r o t e c t i v e s y s t e m s of n u c l e a r power p l a n t s : Rosemount I n c . , 

I T T / B a r t o n , W e s t i n g h o u s e E l e c t r i c C o r p o r a t i o n , and The Foxboro 

Company. The Foxboro t r a n s d u c e r was d e s c r i b e d i n C h a p t e r 2 . 

Rosemoun t , I T T / B a r t o n and W e s t i n g h o u s e t r a n s d u c e r s a r e d e s c r i b e d i n 

t h i s s e c t i o n . 

The t r a n s d u c e r s d e s c r i b e d i n t h i s a p p e n d i x have one p o i n t i n 

Q common w i t h Foxboro t r a n s d u c e r s : They a l l u s e a t w o - s t e p a p p r o a c h t o 

d e v e l o p t h e o u t p u t s i g n a l . The f i r s t s t e p i s c o n v e r s i o n of p r e s s u r e 

i n t o d i s p l a c e m e n t . The s e c o n d s t e p i s c o n v e r s i o n o f t h e d i s p l a c e m e n t 

3 i n t o t h e c u r r e n t s i g n a l . The t r a n s d u c e r s m a n u f a c t u r e d by Rosemount 

and I T T / B a r t o n have a n o t h e r p o i n t i n common w i t h Foxboro t r a n s d u c e r s : 

They a r e a v a i l a b l e w i t h two d i f f e r e n t e l e c t r o n i c c i r c u i t s . One 

3 d e s i g n e d t o g i v e an o u t p u t DC c u r r e n t s i g n a l be tween 4 and 20 mA, and 

t h e o t h e r t o g i v e a n o u t p u t DC c u r r e n t be tween 10 and 50 mA. The 

W e s t i n g h o u s e V e r i t r a k t r a n s d u c e r i s a v a i l a b l e o n l y w i t h an e l e c t r o n i c 

3 c i r c u i t t o g i v e an o u t p u t DC c u r r e n t be tween 4 and 20 mA. 

Other t y p e s o r t r a n s d u c e r s e x i s t and i n f o r m a t i o n a b o u t them 

can be found i n t h e l i t e r a t u r e ( 3 6 , 3 7 , 3 8 ) . 

A .2 Rosemount P r e s s u r e T r a n s d u c e r s . 

Rosemount p r e s s u r e t r a n s d u c e r s a r e d e v i c e s t h a t a s s o c i a t e a n 

a p p l i e d d i f f e r e n t i a l p r e s s u r e w i t h t h e c a p a c i t a n c e of t h e t r a n s d u c e r . 

The low p r e s s u r e s i d e of t h e t r a n s d u c e r can be open t o t h e a t m o s p h e r e 

f o r gauge m e a s u r e m e n t s , c l o s e d w i t h vacuum f o r a b s o l u t e p r e s s u r e 
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D m e a s u r e m e n t s , o r c o n n e c t e d t o a low p r e s s u r e l i n e , f o r d i f f e r e n t i a l 

p r e s s u r e m e a s u r e m e n t s . The main component of t h e t r a n s d u c e r i s 

c a l l e d a fi-cell*, shown i n F i g u r e A - l . I t c o n s i s t s of t h r e e 

3 d i a p h r a g m s and an o i l f l u i d t h a t f i l l s t h e i n t e r n a l s p a c e of t h e c e l l . 

The two e x t e r n a l d i a p h r a g m s a r e u n d e r t h e a c t i o n o f t h e two 

d i f f e r e n t p r e s s u r e s , i s o l a t i n g t h e c e l l from t h e f l u i d i n t h e 

G p r e s s u r e s e n s i n g l i n e s . The i n t e r n a l d i a p h r a g m i s a s e n s i n g e l e m e n t , 

and h a s a m e t a l l i c c i r c u l a r p l a t e a t i t s c e n t e r . T h i s p l a t e i s 

combined w i t h two o t h e r c a p a c i t o r p l a t e s mounted a t t h e i n n e r p a r t of 

^ t h e t r a n s d u c e r t o form a c a p a c i t o r s y s t e m (a s y s t e m of two p a r a l l e l 

p l a t e s c a p a c i t o r s c o n n e c t e d i n s e r i e s ) . 

A change i n p r e s s u r e a t e i t h e r s i d e of t h e c e l l i s 

t r a n s m i t t e d from t h e p r o c e s s l i n e t o t h e s e n s i n g d i a p h r a g m t h r o u g h 

- - . t h e i s o l a t i n g d i a p h r a g m s and t h e o i l t h a t f i l l s t h e c e l l . T h i s 

c a u s e s t h e i n t e r n a l d i a p h r a g m t o bend and d i s p l a c e s t h e i n n e r 

c a p a c i t o r p l a t e from i t s e q u i l i b r i u m p o s i t i o n . The i n n e r p l a t e moves 

t oward one of t h e f i x e d c a p a c i t o r p l a t e s and away from the o t h e r . 

S i n c e t h e c a p a c i t a n c e of e a c h c a p a c i t o r i s p r o p o r t i o n a l t o 

t h e d i s t a n c e b e t w e e n i t s p l a t e s , t h e f i n a l r e s u l t i s t h a t one of t h e 

c a p a c i t o r s h a s i t s c a p a c i t a n c e i n c r e a s e d , w h i l e t h e o t h e r h a s i t 

d e c r e a s e d . The d i f f e r e n t i a l c a p a c i t a n c e , w h i c h i s a ssumed t o be 

p r o p o r r i o n a l t o t h e d i f f e r e n t i a l p r e s s u r e t h a t i s b e i n g a p p l i e d t o 

t h e t r a n s d u c e r , i s c o n v e r t e d i n t o a DC c u r r e n t s i g n a l . 

3 

* 6 - c e l l i s a t r a d e m a r k of Rosemount I n c . 

3 



3 

208 

P A.3 I T T / B a r t o n P r e s s u r e T r a n s d u c e r s 

The re a r e two mode l s of I T T / B a r t o n p r e s s u r e t r a n s d u c e r s t h a t 

a r e u s e d on n u c l e a r power p l a n t s . The f i r s t o n e , model 7 6 4 , i s 

b d e s i g n e d f o r d i f f e r e n t i a l p r e s s u r e a p p l i c a t i o n s . The o t h e r , model 

7 6 3 , i s u s e d fo r a b s o l u t e p r e s s u r e a p p l i c a t i o n s . 

The main component o f t h e model 764 i s c a l l e d the 

D i f f e r e n t i a l P r e s s u r e U n i t (DPU). I t i s a m e c h a n i c a l d e v i c e 

c o n s i s t i n g of a d u a l b e l l o w s a s s e m b l y , e n c l o s e d by a s e t of two 

p r e s s u r e h o u s i n g s , and a m o t i o n c a n t i l e v e r beam. As s e e n i n F i g u r e 

A - 2 , t h e d u a l b e l l o w s a s s e m b l y c o n s i s t s of two i n t e r n a l l y c o n n e c t e d 

b e l l o w s , a c e n t e r p l a t e , o v e r r a n g e v a l v e s , a t e m p e r a t u r e c o m p e n s a t o r , 

and a r a n g e s p r i n g a s s e m b l y . The i n t e r n a l volume of t h e b e l l o w s 

a s s e m b l y i s f i l l e d w i t h a n o n - c o r r o s i v e f l u i d . The m o t i o n s e n s i n g 

c a n t i l e v e r beam i s a l s o s e a l e d w i t h i n t h i s e n v i r o n m e n t . " 

The two b e l l o w s a r e c o n n e c t e d by a v a l v e s h a f t . A t t a c h e d t o 

t h e s h a f t i s t h e t i p of t h e m o t i o n s e n s i n g c a n t i l e v e r beam. I t i s 

r e s t r a i n e d a t t h e o t h e r end by t h e body of t h e t r a n s d u c e r . Bonded 

P 

P 

P 

P 

P 

P 

P 

t o t h e b e a l í T h e r e ^ « t w o ^ t r a i n g a g e s , one on e a c h s i d e , wh ich a r e 

c o n n e c t e d t o form a c t i v e a rms of a b r i d g e c i r c u i t . 

D u r i n g o p e r a t i o n of t h e t r a n s d u c e r t h e two b e l l o w s have a 

d i s p l a c e m e n t w h i c h i s p r o p o r t i o n a l t o t he d i f f e r e n c e i n p r e s s u r e 

a c r o s s t h e t r a n s d u c e r . T h i s d i s p l a c e m e n t c a u s e s t h e c a n t i l e v e r beam 

t o b e n d , c o m p r e s s i n g one s t r a i n gage and s t r e t c h i n g t h e o t h e r . The 

gage t h a t i s u n d e r t e n s i o n h a s i t s r e s i s t a n c e i n c r e a s e d , and t h e 

o t h e r h a s i t d e c r e a s e d . As r e s u l t , t h e b r i d g e c i r c u i t c h a n g e s , 

r e s u l t i n g i n a s i g n a l t h a t i s f u r t h e r c o n v e r t e d i n t o a DC c u r r e n t 

s i g n a l . 
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The I T T / B a r t o n p r e s s u r e t r a n s d u c e r model 763 has t h e 

same p r i n c i p l e o f o p e r a t i o n a s t h e model 7 6 4 . The d i f f e r e n c e i s 

t h e way i n which t h e p r e s s u r e c h a n g e i s c o n v e r t e d i n t o b e n d i n g of t h e 

~^ c a n t i l e v e r beam. For model 7 6 3 , t h i s c o n v e r s i o n i s a c c o m p l i s h e d by 

u s e of a C - t y p e Bourdon t u b e and a f l e x i b l e w i r e . The C - t y p e Bourdon 

t u b e i s an a r c - s h a p e d m e t a l t u b e w i t h e l l i p t i c a l c r o s s - s e c t i o n . I t 

i s s e a l e d a t one e n d , and w i t h t h e o p p o s i t e end a t t a c h e d t o t h e 

p r e s s u r e l i n e . The p r e s s u r e a p p l i e d t o t h e i n t e r n a l w a l l of t h e t u b e 

s t r e t c h e s i t , c a u s i n g a m o t i o n of t h e s e a l e d e n d . A f l e x i b l e w i r e 

c o n n e c t e d b e t w e e n t h e c l o s e d end of t h e t u b e and t h e t i p of t h e 

m o t i o n c a n t i l e v e r beam t r a n s m i t s t h e m o t i o n t o t h e t i p . T h i s c a u s e s 

t h e beam t o bend and g e n e r a t e s t h e c o m p r e s s i n g - s t r e t c h i n g e f f e c t of 

t h e s t r a i n g a u g e s . T h i s e f f e c t c h a n g e s t h e r e s i s t a n c e of t he b r i d g e 

c i r c u i t , a n d g e n e r a t e s a s i g n a l t h a t i s f u r t h e r c o n v e r t e d i n t o t h e DC 

c u r r e n t s i g n a l . 

3 

3 

A.4 - V e r i t r a k P r e s s u r e T r a n s d u c e r s . 

The o p e r a t i o n o f V e r i t r a k p r e s s u r e t r a n s d u c e r s , a s t h e 

Q I T T / B a r t o n , i s b a s e d i n c h a n g i n g t h e r e s i s t a n c e o f a s t r a i n g a g e . 

T h e r e a r e two b a s i c c o n c e p t s o f V e r i t r a k t r a n s d u c e r s , one f o r 

d i f f e r e n t i a l p r e s s u r e a p p l i c a t i o n s , and t h e o t h e r f o r a b s o l u t e 

O p r e s s u r e a p p l i c a t i o n s . The d e s i g n of t he t r a n s d u c e r u s e d fo r 

m e a s u r e m e n t of gauge p r e s s u r e i s t h e same a s t h e one u s e d fo r 

a b s o l u t e p r e s s u r e . The main component of t h e t r a n s d u c e r i s a c a p s u l e 

3 a s s e m b l y w i t h i n which t h e r e i s a f l e x u r e on which h a s b e e n d e p o s i t e d 

a " b r i d g e n e t w o r k of s t r a i n s e n s i t i v e r e s i s t i v e e l e m e n t s " . 

3 
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^ I n a b s o l u t e p r e s s u r e t r a n s d u c e r s , a s shown i n F i g u r e A - 3 , a 

d i a p h r a g m i s o l a t e s t h e s e n s i t i v e e l e m e n t from t h e p r o c e s s l i n e s , 

t r a n s m i t i n g t h e f o r c e g e n e r a t e d by t h e p r e s s u r e t o t h e f l e x u r e where 

^ t h e s e n s i t i v e e l e m e n t s have b e e n d e p o s i t e d . I n d i f f e r e n t i a l p r e s s u r e 

t r a n s d u c e r s t h e r e a r e two d i a p h r a g m s , c o n n e c t e d by a p u s h r o d . The 

p u s h r o d i s a l s o c o n n e c t e d w i t h t h e f l e x u r e which h a s t h e s e n s i t i v e 

e l e m e n t s . . A d i f f e r e n t i a l p r e s s u r e c a u s e s t h e d i a p h r a g m - p u s h r o d 

s y s t e m t o move t oward t h e chamber of lower p r e s s u r e , c a u s i n g the 

f l e x u r e t o b e n d . 

3 

3 

3 

3 

3 

3 

3 
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Figure A-3. Veri t rak absolute pressure t ransducer 
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B . l I n t r o d u c t i o n 

I n t h i s work t h r e e e q u a t i o n s were u s e d fo r a n a l y s i s of 

v i b r a t i o n of c o n t i n u o u s b e a m s . The f i r s t e q u a t i o n i s n e c e s s a r y t o 

s t u d y l o n g i t u d i n a l v i b r a t i o n s a l o n g t h e beams; t h e s econd t o s t u d y the 

t r a n s v e r s a l v i b r a t i o n of t h e beam u s i n g E u l e r B e r n o u l l i ' s f o r m u l a t i o n , 

and the t h i r d a l s o u s e d t o s t u d y t r a n s v e r s a l v i b r a t i o n s , b u t now 

a s s u m i n g T i m o s h e n k o ' s f o r m u l a t i o n . 

The e q u a t i o n s a r e l i n e a r , and a r e b a s e d on t h e a s s u n ç t i o n of 

s m a l l o s c i l l a t i o n s a b o u t an e q u i l i b r i u m p o s i t i o n . The r e f e r e n c e s u s e d 

i n t h i s a p p e n d i x a r e 2 4 , 2 6 , 3 9 , 4 0 and 4 1 . 

B .2 L o n g i t u d i n a l V i b r a t i o n s of E l a s t i c Beams. 

To s t a r t t h e a n a l y s i s of l o n g i t u d i n a l v i b r a t i o n s , we c o n s i d e r 

an e l a s t i c beam o f c o n s t a n t c r o s s s e c t i o n a l a r e a A. We c o n s i d e r a l s o 

3 t h a t t h e beam i s made of homogeneous and i s o t r o p i c m a t e r i a l , and make 

- t h é f u r t h e r a s s u m p t i o n t h a t when t h e beam i s u n d e r v i b r a t i o n e a c h 

c r o s s s e c t i o n a l p l a n e r e m a i n s p e r p e n d i c u l a r t o t h e a x i a l d i r e c t i o n of 

t h e beam. 

R e f e r r i n g t o Diagram B - 1 , w h i c h shows a beam of l e n g t h L w i t h 

a d i f f e r e n t i a l e l e m e n t of l e n g t h dx l o c a t e d a t d i s t a n c e x from t h e 

3 o r i g i n , we n o t e t h a t t h e beam i s u n d e r t h e a c t i o n of two f o r c e s : 

F ( x j , t ) a c t i n g on t h e l e f t e n d , and F C x ^ . t ) a c t i n g on t h e r i g h t e n d . 

These f o r c e s a r e assumed t o be u n i f o r m l y d i s t r i b u t e d ove r t h e c r o s s 

O s e c t i o n a t wh ich t h e y a r e a c t i n g . 

We d e n o t e by u ( x , t ) t h e l o n g i t u d i n a l d i s p l a c e m e n t , a t t ime t , 

o f t h e c r o s s s e c t i o n a l p l a n e t h a t was o r i g i n a l l y a t p o s i t i o n x . To 

3 
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F ( x , . t ) F (x2 . t ) 
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s t u d y t h e v i b r a t i o n of t h e d i f f e r e n t i a l e l e m e n t l o c a t e d a t p o s i t i o n x 

we make u s e of N e w t o n ' s s e c o n d law ( s e e Diagram B - 2 ) : 

3 
F ( x > t ) + 1 ^ ( x , t ) d x - F ( x . t ) = p A d x ^ - ^ i % ^ 

9 t ^ 
(B-1 ) 

0 

i n wh ich p i s t h e d e n s i t y of t h e beam, A i s t h e c r o s s s e c t i o n a l 

a r e a , and F ( x , t ) i s t h e r e s u l t a n t f o r c e , a t t i m e t , o f t h e i n t e r n a l 

a x i a l s t r e s s on t h e c r o s s s e c t i o n a t x . 

P 

F ( x , t ) . F ( x , t ) + - | ^ d x 

x+dx 

Diagram B-2 

3 
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E x p r e s s i n g F ( x , t ) i s t e r m s of the a x i a l s t r e s s S ( x , t ) , and 

u s i n g H o o k e ' s law t o e x p r e s s S ( x , t ) i n t e rms of t h e a x i a l s t r a i n 

e ( x , t ) we o b t a i n : 

F ( x , t ) = S ( x , t ) A = e ( x , t ) A E (B-2 ) 

where E i s t h e e l a s t i c i t y modulus fo r t h e m a t e r i a l of the beam. 

A c c o r d i n g t o t h e d e f i n i t i o n of t he a x i a l s t r a i n e , i t i s 

g i v e n by t h e v a r i a t i o n of t h e l e n g t h dx d i v i d e d by d x : 

[ u ( x , t ) + l H i | ^ d x ] - u ( x . t ) _ 3^^^^^) 
; ( x . t ) ^ 

U s i n g r e l a t i o n s B-1 t h r o u g h B-3 we o b t a i n 

(B-3 ) 

3 ^ u ( x . t ) ^ 1 3 ^ u ( x , t ) 
O 2 2 2 (B-4 ) 

where c = / E / p . 

E q u a t i o n B-4 i s t h e one d i m e n s i o n a l wave e q u a t i o n , and 

i n d i c a t e s t h a t t h e v i b r a t i o n t a k e s p l a c e i n t h e a x i a l d i r e c t i o n w i t h 

v e l o c i t y c , wh ich i s t h e s p e e d of t h e sound i n t h e m a t e r i a l o f t h e 

beam. 

S i n c e u ( x , t ) i s t h e d i s p l a c e m e n t from t h e e q u i l i b r i u m 

p o s i t i o n , we can u s e t h e n o t a t i o n 6 u ( x , t ) , and E q u a t i o n B-4 becomes : 

3 ^ 6 u ( x . t ) ^ _ 1 _ 3 ^ 5 u ( x , t ) ( g_5 ) 

3x^ c^ 3 t ^ 
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P One of t he t e c h n i q u e s u s e d t o s o l v e p a r t i a l d i f f e r e n t i a l 

e q u a t i o n s , l i k e E q u a t i o n B - 5 , i s L a p l a c e t r a n s f o r m a t i o n . We s t a r t by 

t r a n s f o r m i n g E q u a t i o n B-5 w i t h r e s p e c t t o t i m e : 

3 

3 

» 3 ^ 6 u ( x . t ) - e " ^ * " 2 . , . 
/ e " ^ " ^ d t = / d t ( B - 6 ) 
0 3x^ 0 c 3 t ^ 

On t h e l e f t s i d e of E q u a t i o n B-6 we can remove t h e o p e r a t o r 

2 2 
3 / 3 x from i n s i d e of t h e i n t e g r a l , and i n t e g r a t i n g t h e r i g h t s i d e by 

3 p a r t s , we o b t a i n : 

2 es 00 
• ^ - { / e"^*" 6 u ( x , t ) d t } = - 5 - { s ^ / e "*^ 6 u ( x , t ) d t - s 6 u ( x , o ) 
Sx'^ 0 c 0 

36u ( x . t ) 
3 t 

} (B-7 ) 
t=0 

CO 
B y . d e f i n i t i o n / e ~ ^ ^ 5 u ( x , t ) d t i s t h e L a p l a c e t r a n s f o r m of 

3 o 

6 u ( x , t ) ( w i t h r e s p e c t t o t i m e ) , and s i n c e we have s t e a d y s t a t e i n i t i a l 

c o n d i t i o n , we may r e w r i t e E q u a t i o n B-7 a s : 

^ 3 ^ 5 u ( x , s ) 3 ) (B-8) 

3x c 

The g e n e r a l s o l u t i o n fo r E q u a t i o n B-8 i s : 

5 u ( x , s ) = A ^ ( s ) e ^ ' ' / ^ + A 2 ( s ) e " ^ ^ / ^ ( B - 9 ) 

^ whe re k^is) and A2( s ) a r e two f u n c t i o n s , of s , t h a t mus t be d e t e r m i n e d 

by a p p l y i n g t h e p r o p e r b o u n d a r y c o n d i t i o n s . The two t y p i c a l b o u n d a r y 

c o n d i t i o n s a r e : 

Q J " 'O Oe PFSQi; . . 
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1 -F ixed end a t c o o r d i n a t e x = p : u ( p , t ) = 0 . 

2-End s u b j e c t t o a f o r c e F ( p , t ) : A E - ^ ^ ^ ^ ^ F ( p , t ) . 

We n o t e h e r e t h a t t h e b o u n d a r y c o n d i t i o n s can be L a p l a c e 

t r a n s f o r m e d i n o r d e r t o be a p p l i e d a s bounda ry c o n d i t i o n s fo r s o l v i n g 

E q u a t i o n B - 9 . We a l s o n o t e t h a t i n t h e second t y p e of b o u n d a r y c o n 

d i t i o n we have a g e n e r i c f o r c e t h a t can be c a u s e d by a s p r i n g , a mass 

u n d e r a c c e l e r a t i o n , a dampe r , o r no f o r c e a t a l l , wh ich g i v e t h e c o n 

d i t i o n of a f r e e e n d . 

I n t h i s work we have s p e c i a l i n t e r e s t i n t he c a s e when t h e 

e n d s of t h e beam a r e s u b j e c t t o a x i a l f o r c e s . R e f e r r i n g t o Diagram 

B - 1 , t h e b o u n d a r y c o n d i t i o n s a r e : 

P 3 5 u ( x . t ) 
^ 3x 

= 6F(x , t ) where x = x , , x , (B-10 ) 
x=x *̂  ^ 

E q u a t i o n B-10 may be L a p l a c e t r a n f o r m e d t o r e s u l t : 

3 6 u X x , a I ^ 
^ 3x 

- r - ^ ! K 3 5 | i ^ r = « : ) _ ; ^ ^ : ^ , a t X„ = X, , X„ (B-11 ) P p I z x=x ^ 
P 

A p p l y i n g t h e b o u n d a r y c o n d i t i o n s above t o E q u a t i o n B - 9 , we 

o b t a i n t h e f i n a l e q u a t i o n f o r 6 u ( x , s ) a s f o l l o w s : 

( S F ( x 2 , s ) c o s h [ ( x - x ^ ) s / c ] - (SF (x^ , s ) co8h [ ( x - X 2 ) 8 / c ] 
O 6 u ( x , s ) = - ^ { s i n h ( s L / C ) ^ 

•3 

(B-12 ) 

One r e m a r k a b o u t t h i s s o l u t i o n i s t h a t i t does n o t impose any 

r e q u i r e m e n t a b o u t t h e l e n g t h L of t h e beam, and i f L i s s m a l l t h e n 

s i n h ( s L / c ) may be a p p r o x i m a t e d by s L / c , c o s h [ ( p - x ) s / c ] c an be 

a p p r o x i m a t e d by 1, and t h e r e s u l t f o r 6 u ( x , s ) becomes : 



3 

3 
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2 
6 u ( x , s ) = { 6 F ( x - , s ) - 6F(x s ) } (B-13 ) 

s^AEL ^ 

2 
S i n c e c = E/p and M=ALp i s t he t o t a l mass of t he beam> 

t h e n 6 u ( x , s ) may now be r e w r i t t e n a s : 

^ 6 u ( x , s ) = { 6 F ( x 2 . s ) - 6 F ( x j . s ) } (B-14) 
Ms 

w h i c h r e p r e s e n t s t h e e q u a t i o n of m o t i o n f o r a r i g i d s y s t e m . 

B .2 T r a n s v e r s a l V i b r a t i o n s of E l a s t i c Beams Us ing Eu 1 e r - B e r n o u l l i 
F o r m u l a t i o n 

We s t a r t t h e a n a l y s i s by c o n s i d e r i n g t h e s t a t i c c a s e when the 

3 beam i s u n d e r t h e a c t i o n of an e x t e r n a l c o u p l e M a t t h e e n d s . I n t h i s 

s i t u a t i o n we have p u r e b e n d i n g . I n a d d i t i o n t o t h e a s s u m p t i o n s made 

i n t he s t u d y o f l o n g i t u d i n a l v i b r a t i o n s ( c o n s t a n t c r o s s s e c t i o n a l a r e a 

3 a n d beam made of homogeneous and i s o t r o p i c m a t e r i a l ) , we assume t h a t : 

1 - a f t e r t h e b e n d i n g of t h e beam, c r o s s s e c t i o n a l p l a n e s 

r e m a i n p l a n e s , and normal t o t h e l o n g i t u d i n a l f i b e r s of t h e 

3 beam. 

2 - t h e beam h a s a l o n g i t u d i n a l p l a n e of symmetry , and t h e 

c o u p l e s a r e a c t i n g on t h i s p l a n e . 

O W i t h t h e s e a s s u n ç t i o n s we n o t e t h a t c r o s s s e c t i o n s mm' and r r ' 

( s e e Diagram B-3) became , a f t e r b e n d i n g , i n c l i n e d t o e a c h o t h e r . We 

a l s o n o t e t h a t t h e l o n g i t u d i n a l f i b e r s on the convex s i d e s u f f e r 

3 e x t e n s i o n , and t h e ones on t h e concave s i d e s u f f e r c o n ç r e s s i o n , w i t h a 

l a y e r , r e p r e s e n t e d by n n ' , r e m a i n i n g u n c h a n g e d w i t h r e s p e c t t o i t s 

l e n g t h ( t h i s l a y e r i s c a l l e d t h e n e u t r a l s u r f a c e ) . 

3 
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3 

Diagram B-3 

Drawing n ' p ^ p a r a l l e l t o n p , where p p ' i s a f i b e r a t a 

d i s t a n c e y from t h e n e u t r a l s u r f a c e , and u s i n g s i m i l a r i t y of s e c t o r s 

( b e t w e e n s e c t o r s Opp ' and n ' p j ^ p ' ) we o b t a i n t h e f o l l o w i n g r e l a t i o n f o r 

t h e e l o n g a t i o n of f i b e r p p ' : 

p ' p i 
e ( p p ' ) ^ = e ( y ) (B-15 ) 

o 

where R=0n r e p r e s e n t s t h e r a d i u s of c u r v a t u r e of t h e b e n t beam ( f o r t h e 

n e u t r a l s u r f a c e ) . 

S i n c e t h e e l o n g a t i o n f o r t he l a y e r s i n t h e convex s i d e 

( c o n t r a c t i o n fo r t he l a y e r s i n t h e c o n c a v e s i d e ) , r e m a i n s i n t h e 

p r o l o n g a t i o n of t h e l i n e c o n t a i n i n g t h e o r i g i n a l f i b e r , we can say 

t h a t e ( y ) i s an a x i a l s t r a i n ( a x i a l i n t h e s e n s e t h a t i t i s p a r a l l e l 

t o t h e n e u t r a l s u r f a c e ) . T h e r e f o r e , i t may be e x p r e s s e d i n t e r m s of 

t h e a x i a l s t r e s s S. Us ing H o o k e ' s law t o r e l a t e t h e s t r a i n e ( y ) w i t h 

t h e a x i a l s t r e s s S, a s done on s e c t i o n B . l , we o b t a i n : 
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e ( y ) = f = 1 <B-16) 

To d e t e r m i n e t h e r a d i u s of c u r v a t u r e R , we u s e the c o n d i t i o n 

t h a t t h e d i s t r i b u t i o n of s t r e s s o v e r any s u r f a c e must r e s u l t i n a 

c o u p l e t h a t b a l a n c e s t h e e x t e r n a l c o u p l e M. T h i s c o n d i t i o n i s 

m a t h e m a t i c a l l y e x p r e s s e d a s : 

2 
^ / SydA = / ^ dA = M (B-17) 

A A ^ 

where dA i s an e l e m e n t of a r e a . U s i n g the d e f i n i t i o n fo r i n e r t i a 

O 2 
moment of a r e a ( I = / y dA ) , and s i n c e we assumed t h a t t h e beam i s 

A 
made of homogeneous and i s o t r o p i c m a t e r i a l , t h e n : 

^ R = (R-18) 

From a g e o m e t r i c a l a n a l y s i s , o f t h e b e n t beam, we o b t a i n t h e 

3 f o l l o w i n g r e l a t i o n s f o r t h e d i s p l a c e m e n t o f t h e s e c t i o n l o c a t e d a t x : 

- u ( x ) = R - w(x ) (B-19) 

O w ^ x ) = d^ + x^ (B-20 ) 

The n e g a t i v e s i g n i n u ( x ) i s t o i n d i c a t e t h a t u ( x ) i s n e g a t i v e i f t he 

b e n d i n g i s assumed a s shown i n Diagram B - 4 . 

O D i f f e r e n t i a t i n g E q u a t i o n s B-19 and B-20 t w i c e , and u s i n g t h e 

f a c t t h a t R » x and t h a t w(x ) i s a p p r o x i m a t e l l y t he same a s R, we 

o b t a i n : 

O 



3 ^ u ( x ) _ 3^w(x) 
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(B-21 ) 
3x a x 

3 and 

i V x I ^ 1/R (B-22) 

Combining E q u a t i o n s B - 1 8 , B-21 and B-22 we o b t a i n t he e q u a t i o n 

f o r t he c u r v a t u r e of t h e beam ( f l e x u r e e q u a t i o n ) : 

3 

3 

3 

8 u ( x ) _ 1 „ M_ 
3^2 - R EI 

(B-23) 

Once we o b t a i n e d t h e d i f f e r e n t i a l e q u a t i o n f o r t h e c u r v a t u r e 

of t h e beam, r e l a t i n g u ( x ) and M ( x ) , we can now a n a l y z e t h e s i t u a t i o n 

when t h e beam i s u n d e r g o i n g t r a n s v e r s a l v i b r a t i o n . 

Diagram B-5 shows a f r e e body d i ag ram of an e l e m e n t of l e n g t h 

dx and c r o s s s e c t i o n a l a r e a A w h i c h i s u n d e r t h e a c t i o n of s h e a r i n g 

f o r c e s . V , a d i s t r i b u t e d f o r c e F ( x , t ) and a b e n d i n g moment M. 

3 

3 

3 

u(x) 
0 

\ 

u (x) 
0 

\ 

d R \ w ( X j ) 

n 

u ( x j ) ' ' 
vs.*'*"" 

Diagram B-4 

3 
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P 

u ( x . t ) 

V(x . t ) \ M ( x , t ) + ? i ^ ^ d x 

M(x, t ) 

; F ( x . t ) ; 

V(x . t ) + ^ ^ ^ d x 

x+dx 

P Diagram B-5 

P 
Assuming t h a t t h e d i s t u r b a n c e i s v e r y s m a l l , we n e g l e c t t h e 

r o t a t i o n of t h e e l e m e n t . The b a l a n c e of f o r c e s and momentum a b o u t 

p o i n t x+dx g i v e s : 

2 

V ( x , t ) - [ V ( x , t ) ^ n ^ l ^ d x ] + F ( x . t ) = p A d x ^ - ^ % ^ (B-24a ) 
3 t 

- M ( x , t ) + [ M ( x , t ) + ^ ^ ^ d x ] - V ( x . t ) d x - / F ( x , t ) x d x = 0 (B-24b) 

From E q u a t i o n s B-24a and B-24b we o b t a i n : 

3x a t 

V ( x , t ) 
9 X 

(B-25a ) 

(B-25b) 

3 D i f f e r e n t i a t i n g E q u a t i o n B-25b w i t h r e s p e c t t o x and combin ing 

t h e r e s u l t w i t h E q u a t i o n s B-25a and B - 2 3 , t he l a s t one d i f f e r e n t i a t e d 

t w i c e w i t h r e s p e c t t o x , we o b t a i n : 

3 



3 

3 

224 

i L f E l i i k ^ j ^ p A i J i % i l = F ( x , t ) (B-26) 

where F ( x , t ) i s a f o r c e a c t i n g i n t h e d i r e c t i o n of u . 

Assuming t h a t E I i s c o n s t a n t E q u a t i o n B-26 can be r e w r i t t e n 

a s : 

El'^'^^l'^ + p A ^ ' " ^ " ' ^ ^ = F ( x , t ) (B-27) 
3x a t ' ' 

E q u a t i o n B-27 i s l i n e a r and can be w r i t t e n i n t e r m s of d i s t u r 

b a n c e s from t h e e q u i l i b r i u m p o s i t i o n a s : 

^ EI 3 ' ^ 5 u ( x , t ) . p ^ i ^ M ^ ^ ( B . 2 8 ) 

3 x ^ at*^ 

F o l l o w i n g t h e same p r o c e d u r e a s t h e one u s e d w i t h l o n g i t u d i n a l 

3 v i b r a t i o n s , t o s o l v e E q u a t i o n B-28 we s t a r t by L a p l a c e t r a n s f o r m i n g i t 

w i t h r e s p e c t t o t i m e : 

^ - s t ^ ^ i W ^ t + r e - ^ ^ p A i ^ ^ i % ^ t = / " e - ^ ^ 6 F ( x , t : e - " E I ' ° " ; ^ ' ^ ^ d t + / e " " p A ^ - 2 i i i | i i i d t = / e - ' " - 6 F ( x , t ) d t 
O 0 3x 0 3 t " 

(B-29) 

4 4 

We can remove t h e o p e r a t o r 3 / 3x from i n s i d e o f t he f i r s t 

i n t e g r a l , and s i n c e we a r e d e a l i n g w i t h t h e t r a n s i e n t p a r t , t he 

i n i t i a l c o n d i t i o n s a r e z e r o . E q u a t i o n B-29 becomes ( a f t e r u s i n g 

t h e d e f i n i t i o n of t h e L a p l a c e t r a n s f o r m ) : 

g j i j i ( x ^ + s ^ p A 6 u ( x , s ) = F ( x . s ) (B-30 ) 
3 x ^ 
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I n t h i s work E q u a t i o n B-30 w i l l be r e q u i r e d i n s i t u a t i o n s 

where t h e r e i s no f o r c e b e i n g a p p l i e d a t p o s i t i o n x o f t h e beam: 

5 F ( x , t ) = 0 , o r when t h e r e i s a f o r c e b e i n g a p p l i e d a t one p o i n t x=p : 

6 F ( x , t ) = F ( t ) 6 j j ( x - p ) , where 6 j j ( x - p ) i s t h e f u n c t i o n d e l t a of D i r a c . 

I n t e r m s of L a p l a c e t r a n s f o r m s t h e s e c o n d i t i o n s a r e w r i t t e n a s 

5 F ( x > s ) = 0 and 6 F ( x , s ) = 6 F ( s ) 6 j j ( x - p ) r e s p e c t i v e l y . 

The g e n e r a l s o l u t i o n fo r E q u a t i o n B-30 when 6 F ( x , s ) « 0 

(homogeneous e q u a t i o n ) i s : 

/ J S C X - / J S C X j / J S C X - j / J S C X 
6 u 3 ( x , s ) ' A j ( s ) e + A 2 ( s ) e + A 3 ( s ) e + A ^ ( s ) e (B-31 ) 

where zZ J^~ 

j = / ~ , and A ( s ) a r e f u n c t i o n s of s t h a t w i l l be d e t e r m i n e d u s i n g 

t h e p r o p e r b o u n d a r y c o n d i t i o n s . 

To s o l v e E q u a t i o n B-30 f o r p o i n t s where 6 F ( x , s ) = 6 F ( s ) 6 p ( x - p ) 

we i n t e g r a t e t h e e q u a t i o n w i t h i n 2Ax a b o u t p o i n t p and t a k e t h e l i m i t 

^ a s Ax goes t o z e r o : 

p+Ax 
3 6 u ( y , s ) 

Aim EI 
Ax+0 3x 

= 6 F ( p , s ) (B-32) 

p-Ax 

E q u a t i o n s B-31 and B-32 form t h e e s s e n c e of t h i s p a r t , and a r e 

t h e b a s i c e q u a t i o n s r e q u i r e d fo r t h e a n a l y s i s of t r a n s v e r s a l 

v i b r a t i o n s t h a t i s n e e d e d i n t h e d e v e l o p m e n t o f t h e dynamic model of 

t h e t r a n s d u c e r . 

G 
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B , 3 T r a n s v e r s a l V i b r a t i o n s of E l a s t i c Beams U s i n g Timoshenko 
F o r m u l a t i o n 

D u r i n g t r a n s v e r s a l v i b r a t i o n of a beam, b e s i d e s b e i n g 

t r a n s l a t e d i n t h e d i r e c t i o n p e r p e n d i c u l a r t o t h e a x i s of t h e beam, 

e a c h e l e m e n t a l s o s u f f e r s r o t a t i o n , and t h e a n g l e of r o t a t i o n (ip) i s 

e q u a l t o t he s l o p e of t h e d e f l e c t e d beam ( s e e Diagram B - 6 ) : 

a u ( x , t ) 
3x 

(B-33) 

3 

3 

3 

Thus t h e r e i s a d i s t r i b u t e d i n e r t i a c o u p l e , c a l l e d t h e r o t a 

t o r y i n e r t i a e f f e c t , w h i c h i s g i v e n b y : 

a t 3 t dx 
(B-34) 

p e r u n i t l e n g t h . (The n e g a t i v e s i g n i s u s e d b e c a u s e t h e r o t a t i o n i s 

b e i n g assumed i n t h e c o u n t e r c l o c k w i s e s e n s e , n e g a t i v e momentum, and 

8 u / 3 x i s p o s i t i v e ) 

3 

3 

3 

u ( x . t ) M(x.t)+ 5 î % ^ d x 

• ( x . t ) : 

V(x. t )+ 3V(x,t) . 
ax °* 

x+dx 

Diagram B-6 

3 
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When the c r o s s s e c t i o n a l d i m e n s i o n s of t h e beam a r e s m a l l i n 

c o m p a r i s o n w i t h i t s l e n g t h , t h e c o r r e c t i o n for t h e r o t a t o r y i n e r t i a i s 

v e r y s m a l l and can be n e g l e c t e d . However, when the c r o s s s e c t i o n a l 

d i m e n s i o n s a r e c o n ^ a r a b l e t o t h e l e n g t h of t he beam, t h e n the c o r r e c 

t i o n s may be of c o n s i d e r a b l e i n q ) o r t a n c e i n s t u d y i n g t h e v i b r a t i o n of 

t h e beam. 

I n a d d i t i o n t o t h e r o t a t o r y i n e r t i a , t h e r e i s a n o t h e r t e r m 

t h a t n e e d s t o be i n c l u d e d i n t h e dynamic e q u a t i o n s fo r t h e beam. I t i s 

a c o r r e c t i o n due t o t h e s h e a r d e f o r m a t i o n . Due t o t he s h e a r , t h e 

r e c t a n g u l a r e l e m e n t shown i n Diagram B-6 t e n d s t o a c q u i r e a diamond 

s h a p e w i t h o u t r o t a t i n g . T h i s phenomenon c a u s e s a d e c r e a s e i n t h e 

s l o p e of t h e c e n t e r l i n e . R e f e r r i n g t o F i g u r e B - 6 , t h e t o t a l d e f l e c 

t i o n i s g i v e n by u , and t h e s l o p e due t he b e n d i n g p r o c e s s i s g i v e n by 

ip. Due t o t h e s h e a r f o r c e , t h e beam a x i s i s d i p l a c e d i n a way t h a t 

t e n d s to d e c r e a s e t h e d e f l e c t i o n of t h e beam, and t h e a c t u a l r e s u l t 

i s : 

| H . = ^ - Y (B-35) 

w h e r e i|) i s t he c o r r e c t i o n due t o t he s h e a r e f f e c t . 

The b a l a n c e of f o r c e s and momentum for t he d i f f e r e n t i a l e l e m e n t 

G shown i n Diagram B-6 g i v e s : 

.2 

8 t* 

a n d 

0 X A.* 

l M i x ^ . V U , t ) = j Í J t Í 2 i ^ (B-36b) 
3 t 

3 
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From t h e o r y of e l a s t i c i t y we have t h a t : 

and 

V ( x , t ) - - KGA [ i H i ^ L i t l - ^ ( x , t ) ] ( B - 3 7 ) 
d X 

M ( x . t ) » EI ^ j ; ^ ^ ' ^ ^ ( B - 3 7 b ) 
o X 

3 whe re G i s t h e s h e a r modulus : G = 2(1+ y ' 

U i s P o i s s o n ' s r a t i o and K i s a c o n s t a n t t h a t depends of t he g e o m e t r y 

of t h e beam< 

E q u a t i o n s above can be s u b s t i t u t e d i n E q u a t i o n s B-36a and 

B-36b t o g i v e : 

^ O A l ^ [ ^ ^ - ^ U , t ) ] *TU,t) = , A ^ ^ ^ ^ ^ ( B - 3 8 a ) 

3 | _ [ E l l i i ^ ] +KGA [ ^ % ^ - * ( x . t ) ] » J i % ^ (B-38b) 

ox oX oX ^ 

As i n t h e p r e v i o u s c a s e s t h e s e E q u a t i o n s can be w r i t t e n i n 

t e r m s of d i s t u r b a n c e s form t h e e q u i l i b r i u m p o s i t i o n : 

K G A ^ l i % ^ ^ - 6 , | ; ( x , t ) ] + 6 F ( x , t ) = pA i ^ J i ^ ^ ( B - 3 9 a ) 
9X dx 

| _ 9 6 | ( x . t ) ] , [ ^ ^ ; ^ ^ > ^ ^ - 6 ^ ; ( x . t ) ] = J 9^^1'^^>^> (B-39b) 
ox 3x oX 9 t 

Assuming EI c o n s t a n t , and L a p l a c e t r a n s f o r m i n g E q u a t i o n s B-39a 

and B-39b w i t h r e s p e c t t o t h e v a r i a b l e t we o b t a i n : 

(N(?T IT U . O OE Pf-'•••Oi.' " C ' i-' SE NUCLEARES 
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K G A i - [ - 6 ; p ( x , s ) ] + 6 F ( x . s ) = p A s ^ 6 u ( x . s ) ( B - 4 0 a ) 
9 X o X 

3 . 2 
3 S^U,3) ^ f 3 6 u ( x ^ _ = j s ^ s ^ C x . s ) (B-40b) 

3 x ^ 

E q u a t i o n s B-40a and b - 4 0 b were u s e d t o f i n d the dynamic 

r e s p o n s e fo r o n l y one e l e m e n t of t h e s y s t e m , one conqjonent of t he 

f l e x u r a l s y s t e m . The s o l u t i o n of t h e e q u a t i o n s i s d i s c u s s e d i n t h e 

s e c t i o n r e g a r d i n g the m o d e l i n g fo r t h a t e l e m e n t . 
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^ , _ , _ Foxboro, MA 02035 U.SA 
T h 3 F o x b o r o C o m p a n y (617)543-8750 

July 2, 1982 

G Mr. lavrence T, Miller 
The University of Tennessee 
6507 Hunters Glen Drive 
Knoxville, Tennessee 37921 

Dear Mr.. Miller: 

3 Enclosed i s setae of the na te r ia l and information you requested. SoBe informa
tion is confidential and cannot be provided. Vte hops our submittals v i l l help 
you. 

Please contact aie with, any further questions. 

Very t ruly yours, 

THE FOXBORO COMPAffiT 

(yUdia A. Sears 
Sr. Test and Evaluation Engineer 
corporate Quality Assurance Laboratory 

Sen.. 
enclosures 
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Departrent 3S3 Teat Heport ",o. CSSSesS Page 2 

3 

r3 

IV SuCT.ary of Test Results 

Ifote: Due to the narrov span heing used and the high pressure, the 
Eetabil i ty of the gauge i s +0.33 of span. 

A. Calihration Characteristics 

See Graph No. 1. 

B. Overrange Pressure Effects (2000 ps i for 10 sec) 

ifuaber of Overrange 
Pressurizations 

Output Shift after each 
Overransse ?Yessurlzatlon> {1>) 

1 +7.5 
2 +0.9 
3 +0.U 
1»» <0.1 
5 +0.U0 
6 +0.UO 

3 

3 

•Unit Rezeroed 

FEI spec: Overrange effect i s less than 0.5? for maximun 
position overrange, 

C. Transient Teiioerature Effects 

(50°F change in one hour fron BCT to 1 3 0 ° F ) 

See Graph No. 2 . 

FEI spec: For a lOO^F change in Aahient Temperature above SO F̂ 
zero shal l shift less then +2.53 and span shall change 
less than +0.753-

3 

D. Step Response (0 to 503 Input Step) 

Dead Time, Seconds 
503 Response, Seconds 
903 Response, Seconds 
1003 Response, Seconds 

FEI spec: None 

500 to 650 ost Step 
Up Dovn 

O.OU 
0.58 
1.02 
1.32 

O.OU 
0.6U 
1.22 
1.1.6 

3 
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Depaxtnent 363 Test Report :io. dwaiBa Page 3 

3 V Sarinary of Test Results (continued) 

D. Transient Tenterature Effects 

See Graph Ho. 2. 

E. Ste-Q Response 

I . 505 Step, "H9O 0 to 50 50 to 0 FEI Spec. 

a. Dead Time, sec. O.O3U 0.012 
b . 503 Response Time, sec. O.609 O.568 
c. 90? Response Tine, sec. 1.0l»2 I . I67 Kone 
d. Transient Overshoot, % 2.0 3.5 
e . Sett l ing Time, sec. l.UoI* 1.651* 

3 

3 

3 

3 
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to vector 
sechanisa 

•body of the 
transducer 

Figure 4 - Pivot ing point Tornation 

3 

' xT '^ ' ' '^0 f/«i^S /J/ 

Figure 5 - SENSING ELEMENT ( CAPSULE ) 

3 
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COMPUTATIONAL PROGRAM 

13 
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3 c 
C PROGRAM TO CALCULATE THE TRANSFER FUNCTION 
C FOR A FOXBORO PRESSURE TRANSDUCER MODEL CtSDM 
c 
C DEVELOPED BY ADALBERTO JOSE SOARES 
C SEPT. 1982 
C 

IMPLICIT REAL«B CA-H.0-2> 
DIMENSION S.U(100)>G(1S>2>#SUR(100>> 

»A(15.15>2)>B(15>15>Z)>D(i5>Z) 
LOGICAL»1 LABX(30 > » LABY(30)> LABT C 30)> TIT(10.30).LAHR(30 > 
0PEN{UNITí4,NAMES'DATAFIT',CARRIAGECONTROLs'LIST') 

C 
C 
C H 

^ c n 
C H 
C M 
C K 
C 8 n MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM 9 
C M I 
c n I 
C M s s : s s s s s s s s : s s r s s s s s s : s l 10 

1^ C M H « M 
C M H P M 
C M H n ' 
C « 14 MUUUMMM' M 
C M H 
C M n 
C M n C M. MMMMMMMMMMM 
C M M 12 

M MMMMMMMMMMM 
C M M 

• C - ' - - M - M 
C M M 
C M Qyyyyyyyyyyn e 
c M eeeeeeeeeeeeeo i s 
C M 0/-//•/••/•/-'/•/"M 9 

^ C M 
P C A —M-

C M 
C M 
c M eeeeeeeeeeeeeeeeeeeeeeeceeeeeeeeee 
c M eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 
c M 
c M 
c M 

P C M 
C M 
C M 
C —M-

eeeeee eeoe 
oeeoee eeee 

eeee 
000 eeee 
000 »»» eee eeeeHHH 
000 7 ««» eee oeeeHHH 

XXXHHHH 1 eeeeeeeoeeeeeoeeeeo eeee 2 
000 6 eeeeeeeooseeeeeeeee eeee 
000 eeeeee eeee 
000 eeeeoe eeee 

C 7 M 
C M 
C M 
c M eeeeeeeeeeeeeeeeeceeeeeeeeeeeeeeee 

!p c 5 eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 4 

P 
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P 

P 

P 

P 

P 

P 

P 

P 

WRITEts,33) 
33 FORHftTtZX.'INPUT PARAMETER ICON AS FOLLOWS : ' • 

»10X,'IC0N s 1 FOR LINEAR TRANSFER FUNCTION'̂  
&10X,'IC0N : 2 FOR LOG TRANSFER FUNCTION'/' 
»10X,'ICON : 3 FOR FREQUENCY RESPONSE AND F I T ' ) 

READ(5,34>IC0N 
34 FORMAT(14) 

WRITE(5.35) 
35 F0RHAT(2X,'OBS. THE FINAL PLOT IS AS FOLLOUS t'^ 

fclOX»'FOR ICON = 1 AND 2 : ' • 
lilOX. ' LOGCMAG) OR PHASE US CIMAGtS) ,REAL(S)3 
fclOX,'FOR ICON s 3 : LOGCMAG) OR PHASE US FREQUENCY') 

WRITEt5»61) 
61 FORMAT(2X,'INPUT IPLO AS FOLLOWS: 

ilOX.'IPLO r 1 FOR OUTPUT OF MAGNITUDE'̂  
fclOX.'IPLO s 2 FOR OUTPUT OF PHASE') 

READ(5.34}IPL0 
WRITEt1.7)ICON 
WRITEt1.7)IPLO 

7 FORMAT(12) 
,C**mmm»**m*mm*mmmmmm»mmmm*»mmm*mmmmmm»mmm*m**mm»»mmmm*mM»mm 
C 
C GENERAL PARAMETER DEFINITION 
C EM s ELASTICITY MODULUS : l_BF/1>SI 
C RO = DENSITY : LBM/'IN»»3 
C OBS: THE CALCULATION IS PERFORMED 
C USING ENGLISH UNITS AND AT THE 
C END OF THE PROGRAM A CONUERSION IS 
C MADE TO INTERNATIONAL UNITS BY USING 
C CONUERSION FACTORS. 

EM r Ze.Dt-S 
EMNI = SO.D-t-fi 
RO = .29 
RONI s .32 

c 
C DIUIDE RO BY GC 

RO = R0/'(32.Z»12) 
RONI s R0NI/(3Z.Z»12.) 
PI : 2.»DASIN(1.0D0> 

C»***m»*mmmmm»mm*rmmmm***»m*»**»m»mmMmmmmmmm***Mmm»»mm**m»mm 
C 
C PARAMETERS FOR DIAPHRAGM 

DIND r 3.243 
DKOI s 332. 
ADI s 3.86 
CDI : 216. 

C PARAMETERS FOR LEUER SYSTEM 

STIFLU = 10.08 
OINRLU s 2.39D-4«(STIFLU + 7.96) 
COAMP : 17.4»2.»DINRLU 
RAMRAT = 2642. 
ABREAK : .225 
XL : .812 
XD s 1.50 

P 
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^ C PARAMETERS FOR CONNECTION (ELEMENT « 9) 

DL9S.745 
EM9:EHNI 
R09:R0NI 
CC9 sDSQRT ( EM9-'R09 ) 
AR9:l.J4D-3 
C0NS9S CC9X(AR9«EM9 > 

O C PARAMETERS FOR UECTOR MECHANISM (ELEMENT K 8) 

DK8S3.499 
DKA:22.91 
Cls -1 .073 
C2S1.366 
C3S-.43G 
C4S-.514 

O C5S-1.73 
DM8=7.90-5 
P8PGrl.73 
P9P6S1.38 
TeTA60s.045 
6AMA90=Plx2.-.035 
GAMADOS.140 
6AMA80S.025 

3 UDs2.0e 
DMIDs3.ll 
PARUlsP8P6»DC0S(TETAG0) * P9PG»DSIN(GAMA90> 
PARU2:PARU1*DC0S(GAMADO) 
PARUl3-PARUlsDSIN(GAMADO) 
PARU3=DM8»(C4«DSIN(GAMAD0) * C5»DC0S(GAMADO)) 
PARU4sDKB«Cl«C2/'UD - DKA«iDC0S(GAMA80 - GAMADO >/'DHIS 

3 C PARAMETERS FOR FORCE-BAR (ELEMENT It 7> 
.. EM7'r EM ' 

R07 s RO 
AR7 s .255 

" DIN7 s 5.1BD-3 
CC7 s DS0RT((R07«AR7)/'(EM7»DIN7)> 
Y7 s -2 .843 

^ YB s 4.718 
C0NS7 s {2.»EM7«DIN7«(CC7/'2. )««1.5) 

C PARAMETERS FOR FIFTH ELEMENT OF C-FLEXURE (ELEMENTUS) 
C»Wi*m*mm*mwLmm*MMm»*»»*mm»M»MMammmnM»»*»n*»***»»aitm*wm*mmmwm 

EM6 s EM 
ROe s RO 
DL6 s .249 

-^ AR6 s 2.BD-3 
CC6 s DSQRT(EM6/-R0fi) 
CONSS : CC&/(AR6«EMG) 

C PARAMETERS FOR FOURTH ELEMENT OF C-FLEXURE (ELEMENT «5) 

EM5 s EM 
R05 s RO 
DL5 s .450 

-1 AR5 s 2.73D-3 

^ - f—— ' , • • t NUCLEARES 
'-^ 1 1N8T1TU 1 O 

http://DMIDs3.ll
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3 

DINS = e.65D-fi 
DKF=5.>'6. 
DJP=DIN5«R05 
DHIPD=.3 
DGPsZ.sCi.+DHXPO) 
DGPsEMS/'OCP 
PARDlsROSXCDKFxDGP) * DJP''CEt1S«DZK5) 
PARDZ=R05/'(DKr«DGP)- DJP/<EM5«DIN5> 
PARD3:4.«R05»ARSX(EMSvOIN5 > 

C PARAMETERS TOR THIRD ELEMENT or C-FLEXURE (ELEMENT «4} 

EM4sEK 
R04:R0 
DL4S.6S 
AR4S2.66D-3 
CC4sOSQRT (EM4/'R04} 
C0NS4sCC4^(AR4«En4} 

P C PARAMETERS FOR SECOND ELEMENT OF C-FLEXURE (ELEMENT tl3> 
Cmm»»m*m*m»*m*'tmm»**mmatm»»m»mmmm»m»m»mmmM*»»m***wtm*mm»m»mmm 

EMS s EM 
R03 : RO 
DL3 r 1.1B7 
AR3 = t . i45D-2 
DIN3=6.5BE-6 
CCS s DS0RT(R03«AR3^(EM3>«DIN3>) 

O CONSS s DIN3»EM3«0SORT(2.«CC3*>3) 
C PARAMETERS FOR FIRST ELEMENT OF C-FLEXURE (ELEMENT t»2) 

En2sEM 
R02 s RO 
0L2 s .09 
AR2 = .0353 

O CC2 = DSaRT(EM2XR02) 
CQNS2 = CC2''(AR2»EM2) 

C»»**«S«**«»»*»«>*»K*»«»*««*«**«*>K**«**«*«*>***«*********<*t' - -
c 
C SELECTION OF UALUES FOR S 
C S s DREA -f J«DIMA 
C WHERE J = IMAG. SYMBOL 
C DREA IS THE REAL PART OF S AND 

3> C DIMA IS THE IMAGINARY PART 
C 

ANG s PI/ '2. 
SU(l) r PI/'SOO. 
SU(2)=1.5«Sy(l) 
SU(3)=2.0a<SU(l) 

3 SU(4)=3.0»SW(1) 
SU(5}:4.0«SU(1> 
SV(fi}s6.0«<SU(l) 
Sy(7)s7.5«SU(l) 
DO 1 I : 8,26 
SU(I) z SO(I-7)«10. 

1 CONTINUE 
Sy{27) = SU(26) + PI 
Sy(28) = SU(27) • PI 

P 
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DO 3 Zs29,43 
3 SU(I) = SO(I- l ) * E.*PI 

P DO 4 I s44 ,70 
4 SU(I) = SUtI-1) + 5.*PI 

IF(ICON -2)72»76f72 
76 DO 77 1=1,40 
77 Sy(I) s SU(I+7) 
72 CONTINUE 

DO 114 1:1,14 
SUR(I>=SU(I) 

3 114 CONTINUE 
_ . . DO 115 I s l 5 , 3 1 

SWR(I)sSUR{I-l) * .2»PI 
115 CONTINUE 

DO 116 1:32,40 
SUR(I)=SyR(I-21)»10. 

116 CONTINUE 
ANCDG:ANG«1B0./'PI 

3 READ(3,10)J2,(LABX(I).Isl,30) 
READ(3,iO)JZ.(LABY(I},I:1,30) 
READO, 10)JZ, (LABR(I>, 1:1,30) 
IF(IPL0-1)74,74,73 

73 DO 75 Xsl ,30 
LABr(I>:LABR(I) 

75 CONTINUE 
74 CONTINUE 

DO 9 J s l , 1 0 
READ(3,10)JZ,(TIT(J>I),1:1,30) 
IF(JZ)11 ,11 ,9 

11 J Z : J - 1 
60 TO 12 

9 CONTINUE 
JZsJ 

12 CONTINUE 
10 FORMAT(13,30A1) 

WRITE(1,18)(LABX(I),I=1,30) 
URITE(1,1B)(LABY(I),I:1,30) 

18 FORMAT(4X,30A1) 
DO 13 J : 1 , J Z 

. ; URITE(1 ,14)J , (TIT(J , I ) , I = 1,30) 
- 13 CONTINUE 

URITE(1,14) 
14 FORMAT(IX,13,30A1) 

IF(ICDN-1)37,38,37 
38 URITE(5,39) 
39 FORMAT(2X,'INPUT STEP WAUUC') 

READ(5,40)STEP 
MRITE(5,71)STEP 

71 FORMAT(2X,F5.2) 
40 FORMAT(F5.2) 

^ 37 CONTINUE 
3 IF(IC0N-3)41,42,41 

41 NPTX:40 
NPTY:40 
GO TO 43 

42 NPTX:1 
NPTY:70 
URITE(4,B1)NPTY 

81 FORMAT(1X,I4,', ') 
43 CONTINUE b 

3 
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3 

3 

P 

P 

URXTC(1,6} 
e rORMAT<lX,6X» TREO'/SX. '61,',7X. 'GOULS'.TX, 'GCN', 

USX,'GUM',6X,' GFB',8X.'GFLE'.SX, 'GI)IA',9X,'GOUER'.SX,'GOUDI') 
DO Z I=1,NPTX 
ZrCICON-2}44,45,46 

46 DREAsO. 
DROAsDREA 
GO TO 47 

45 DREAs-SURCI) 
DROA:-DREA 
GO TO 47 

44 DREA=tI-21)»STEP 
DROArDREA 

47 MRITEC1,55)DR0A 
55 F0R«ATClX,Ea0.4> 

DO 2 Jsl,NPTY 
IFCIC0N-2>4e,49,49 

48 DI«ArCJ-21)»STEP 
60 TO 50 

49 DinA:SU(J> 
50 Xr(DREA)51,52,51 
52 IFCDinA)51,53,51 
53 DIMAs.OOS 
51 CONTINUE 

C 6(1) sTF FOR FORCE MOTOR sCONSTANT 

3 6(1 ,1) s - .0312 
6(1 ,2) s 0. 

C G(2) = TF FOR SPRING : CONSTANT 
C*mm»mmmmmmmM*»mmmmmmmmm*mmmmm*mm*mmm»m***»mmm»*»»i»m*»mm*aim 

6 ( 2 , l ) s -5 .31 
6(2 ,2) sO. 

C*mMmm*»mmmm9mmmmmmmmMmm»M*mm»m*m*m*»mm»»»m»m**»»»*»***m*mm 
P C G(3) = TF FOR LEUER SYSTEM , DISPL. X TORQUE 

PI sOINRLU* ( DREA««2-DIMA»»2 )-tCDAMPwDREA+STIFLU 
P2s2.>DINRLU»DREA»DIMA-fCDAMP«DIMA 
G(3,l)=1.50«Pl^(Pt»"«2+P2*«2) 

- _ G(3;2)¥-r.S0«P2/(Pi"»* 
-¿¿»»«.«»»»«1««»«*»»«««»«««.«»«»»*««»«««««««««»««»»«« 
C G(4) = TF FOR ELECTRONICS : ASSUMED KNOWN 

PI SABREAK4-DREA 
6(4 ,1) =RAMRAT«Pl/'(Pl»»2'fDIMA««2) 
6(4 ,2) s-RAMRAT»OIMA/'(Pl»«2+DIMA»*2> 

444 F0RMAT(2X,2(2X,D10.4)) 
Ci«»«»n«B««Maiiii»u»*a> 
C 6(5) = TF FOR LEUER SYSTEM : OUERALL 

p CALL TIMES(G(3,1},G(3,2),G(4,1),G(4,2),R1,R2> 
CALL TIME5CR1,R2,G(1,1),G(1,2>,RA1,RA2) 
CALL TIMES(6(2,1),G(2,2),GC3, 1),6(3,2),RB1,RB2) 
PI=1.-RAl-RBI 
P2=-RA2-RB2 

CALL DIUIDE(R1,R2,P1>P2,G(5,1),6(5,2)) 

C CONNECTION P C» 

3 
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3 

3 

3 

3 

RlsBL9«DREA^CC9 
REsDL9"DIMA/'CC9 
CALL SZNHE(Rl>RZ,RAt#RA2) 
CALL TZnES(DREA,DinA>RAi.RA2,RBl.RB2) 
CALL DIUIDE(C0NS9>0..RB1,RB2>B(9>9> i>»B(9.9>2}> 
A(9.10.1>:-B(g>9>l) 
A(9.10.2)=-BC9.9>2) 
CALL C05HE(R1/R2>RA1,K.-A2> 
CALL TinCSCB(9/9r1).B(S.9#2}<RA1.RA2>A(S#9.1).A(9«9#2>} 
BC9.10.1)=-A(9.9 . t ) 
B(9 ,10 .2 ) s -A(9 .9 .2 ) 
Rt:XL»«2w6(5<l> 
R2:XLM2«G(5«2> 
P1:XD«G(4.1} 
P2=XD»6(4.2) 
CALL DZUZDECR1<R2>PI«P2<RA1.RA2) 
RAlsRAt-B(9«10>l) 
RA2sRA2-B(9>10»2} 
CALL DZUX0E(B(9#9'1)>B(9.9«-2).RA1#RA2,D(1,1)>0(1>2)) 
6(G.l}sO(l>l)«XL 
G(fi.2)sO(t»2>»XL 
D C l l , i ) s 6 ( 6 . 1 ) 
D ( t i . 2 ) s 6 ( 6 . 2 ) 

C*«««*»<*»«»n«*«*««*ais*«»«*«««vs«««>»>««««******»**'«>*«»*«« 
C UECTOR MECHANZSn 

3 PI s PARy3»(DREA«»2 + DZMA«»2) • PARy4 
P2=PARV3»2. »OREA>iD ZMA 
CALL 0ZUZDE(PARUl/0..Pl>P2^BCB.e.l><B(8.e.2)> 
CALL DZUXDECPARy2«0.,Pl.P2.B(8.9.1}.B(8.9.2)> 
P3:C3«DSXN(GAnAD0) 
CALL DXUXDECP3#0.•Pl>P2.A(6<8rl).A(B#B.2)) 
P3=-C3«DC0S(GAHADO) 
CALL DXyZ0ECP3.0.«Pl'P2.A(8<9»l)«A(8>9.2>) 

3 CALL PARCAL(A(9>9>l)<A(9.9>2)>D(l>i)>D(l>2>»A(9>10>l}« 
8A(9.10,2).BC8/9,l>»B(B>g.2).Rl«R2) 

CALL 0ZUX0ECB(8.8'1)>B(8.8.2).R1<R2<G(7.1).0(7.2)) 
0 ( i 2 . 1 ) : G ( 7 , l ) 

^ ^JL2«.2>=6 ' I^> 

"C~ OUERALL AFTER UECTOR MECHANISM 

3 CALL TIMCS(G(7.1).G(7.2)>6(6>l)/G(6#2)>Rt/R2) 
CALL Tin£S(Rl>R2>G(5<l).G(5>2)#G(8>l)>G(8r2>) 

C FORCE-BAR 
C****»*"**««*«<<«**>*«>*><'«««>**'*>)'*>««'***<***«««**»<*<***«*******«** 

PP s DS0RT(CC7/'2. )«YB 
00 s DS0RTCCC7/'2. )«Y7 
CALL DBROOT(OREA.DIMA.RUT1.RUT2) 

p CALL TinES(PP.0..RUTl/RUT2»PPl.PP2) 
CALL TinES(QO.0..RUT1.RUT2.QQ1.0Q2) 
CALL SINE<PP1.PP2*PP1S.PP2S) 
CALL COSINE(PPl.PP2.PP1C.PP2C) 
CALL C0SHE(PP1.PP2.PP1CH.PP2CH) 
CALL SINHE(PP1.PP2.PP1SH.PP2SH) 
CALL SINC(0Q1.0Q2/0Q1S.002S) 
CALL C0SINE(QQ1.QQ2/QQ1C>0Q2C) 

-) CALL CaSHE(0Ql.QQ2.0QiCH.QQ2CH) 
CALL SINHE(fi01.002.QQlSH.002SH) 

3 
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P 

CALL TIMES< PPIS.PP2S.PP1C/PP2C. RAl. RAZ) 
CALL TIMES(PPISH.PPESH.PPICH.PPZCH.RBI,RBZ) 
C0NSA1:RA1-RS1 

3) CONSAZ=RAZ-RBZ 
CALL TIMEStQQlSH, QQZSH,OQICH.QQZCH.RAl,RAZ) 
CALL TIMESCQOIC,OQZC,OQtS,QOZS,RBI,RBZ) 
CONSBlsRAl-RBl 
CONSSZsRAZ-RBZ 
CALL TZMESCOQICH,OQZCH,QQICH.QQZCH, RAl,RAZ) 
CALL TIMESCQQIC,OQZC,QQIC,OQZC,RBI,RBZ) 
CONSClsRAl+RBl 
CONSCZsRAZ+RBZ 
CALL TZMESCPP1CH,PPZCH,PP1CH,PPZCH,RA1,RAZ> 
CALL TIMES(PP1C,PPZC.PPIC,PPZC,RBI,RBZ) 
CONSSlsRAl-t-RBl 
CONSOZsRAZ+RBZ 
CALL TIMES(CONSAl,CONSAZ,CONSCl,CONSCZ,RAl,RAZ) 
CALL TIMES(CONSBl,CONSBZ,CONSS1,CONSOZ,RBl.RBZ) 
CALL TIMES C RUTI,RUTZ,RUTI,RUTZ,Rl,RZ) 
CALL TIHES(RUT1,RUTZ,R1,R2,RC1,RCZ) 
CALL TIMES(C0NS7,0.,RC1,RCZ,R1,RZ) 
PlsRAl*RBl 
PZsRAZ-fRBZ 
CALL TIMESCPI,PZ,R1,RZ,RAl,RAZ) 
CALL DZUIOECI.,0.,RAl,RAZ,PARI,PAR2) 

—CALL TIMESCQOISH.QQZSH,QQISH,QQZSH,RAl,RAZ) 
CALL TIMES(0Q1S,QQZS,QQ1S,QQZS,RB1,RBZ) 
CQNSEl=RAl-«-RBl 
CONSEZrRAZ+RBZ 
CALL TIMESCOQICH,OQZCH,QQ1S,QQZS,RAl,RAZ) 
CALL TIMESCOQICQQZC,QQISH,QQZSH,RBI,RBZ) 
CONSrisRAtfRBl 
CONSrZsRAZ+RBZ 
CALL TIMES(PP1SH,PPZSH,PP1C,PPZC,RA1,RAZ) 
CALL TIMES(PP1S,PPZS.PP1CH,PPZCH, RB1,RBZ) 
CONSGlsRAl+RBl 
CONSCZsRAZt-RBZ 
CALL TIMESCPPISH,PP2SH,PP1SH,PP2SH,RAl,RAZ) 
CALL TIMESCPP1S,PPZS,PP1S,PPZS,RB1,RBZ) 
CONSHlsRAl'̂ RBi 
CONSHZ=RAZ*RBZ 
CALL TIMESCC0NSri,C0NSrz,C0NS61,CONSCZ,RAl,RAZ) 
CALL TIMESCRAl,RAZ,PARI,PARZ,AC7,e,1),AC7,8,2)} 

_ CALL TIMESCCONSCl,CONSCZ,C0NSH1,C0NSHZ, RAl,RAZ) 
P CALL TIMESCCONSA1,CONSAZ,CONSB1,CONSBZ,RBI,RBZ) 

Rl:RAl-«-RBl 
R2sRA2-t-RB2 
CALL TIMESCPARI,PAR2,Rl,R2,BC7,8, 1),BC7,8,2)> 
BC7,7.1>=AC7,8,1) 
Bt7,7,2)=AC7,e,2) 
CALL TIMESCC0NS01,CONSD2,C0NSEl,C0NSE2,RAl,RA2) 
Rl=RAl-fRBl 

3 R2rRA2*RB2 
CALL TIMESCPAR1,PAR2,R1,R2,AC7,7, 1 ) ,A(7 ,7 ,2>) 
CALL PARCALCAC8,e,l),A(8,B.2),GC7,1),GC7,2), A ( 8 , S , 1 ) , 

ttAC8,9,2),BC7,e,l),BC7.8.2).Rl,R2) 
CALL DIUIDECBC7,7,1),B(7,7,2),Rl,R2,GC9,1>.6C9,2)) 
0C13,1):GC9,1) 
DC13,2):GC9,2) 
CALL TIMES(GC9,1),GC9,2)>GC8,1),GCB>2),GC10,1),G(10,2)) 

P 
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3 

3 

3 C riRST ELEM. OF C-FLEXURE , 
C«««»a>««««*«n««i>*»«ai««>K»i««*>»*'»«>a>>i 

P1=DL6^C6 
CALL TZnES(DREA.DlnA,Pl,0.,Rt#R2) 
CALL SZNHE<R1.RZ>RA1>RA2) 
CALL TIMES C DREA.DIMA.RAl.RAZ. RBI.RBZ) 
CALL DIUIDECC0NS6>0..RB1.RBZ.A(&.7. 1>.A(6.7«Z}> 
CALL COSHECRl.RZ.RAl.RAZ} 

3 CALL TZnES(A(e.7.1>.A(6.7.Z>.RAl,RAZ/Bl6.7.1).B(6.7.Z}> 
B<6.6.1>:-A(6.7.1) 
BC6.6.Z)s-AC6.7.Z) 
A(S.f i . l )s-B(6»7.1) 
A(g.£.Z}:-B(6>7.Z> 
PlsB(6>7.1>/^Z. 
PZsB(e.7.Z)xZ. 
CALL PARCAL(A(7.7>l) .A(7.7>Z}.6(9.1>.6(9.Z).A(7.a. l>.A(7.e.2>. 

itPl.PZ.Rl.RZ) 
CALL OZUZDE(B(e.B.l>.B(B.6.-Z).Rl.RZ.DC4.1).DC4.Z>> 

C««)iiaiB*K«»»«««««»i«««at*ii<»>iK»«««*»a'«iii)K««»K«>)'«a'«**«ai«««*tataiaiMS 
C SECOND ELEMENT OF C-FLEXURE 
Ci«ai«*««i««an[K)«*ai*» ai«aiaiaiii'at»«»»«»««*»»*a>ai»a>Kai»»*»«»»»M» 

CALL TZMES(DREA.DIMA,DREA.DIMA.SSI.SSZ> 
CALL TIMES(SSI. SSZ. SSI. SSZ/S41.S4Z) 
RAlsPARDZ»»Z»S41-PARD3»SSl 
RAZsPARDZ*«Z«S4Z-PARD3»SSZ 
CALL DBROOT(RAl.RAZ.PPl.PPZ) 
QQ1=(PARD1»SS1 - P P l ) / ^ . 
eQZ=(PARDl«SSZ - PPZ)>'Z. 
PP1 = (PARD1»SS1 • PPD^Z. 
PPZs(PARDl»SSZ • PPZJ-rZ. 
PARI:(PPl - OQDaiROSO'ARS 
PARZ:(PPZ - 0QZ)«Ra5«AR5 
CALL TIMES(PAR1.PARZ.SS1.SSZ.RAl,RAZ) 
CALL DBROOT(001.QQZ/01.QZ) 
CALL DBROOT(PPl.PPZ.PI.PZ) 
CALL TIMES(Q1/QZ.P1.PZ>RB1.RBZ) 
CALL DIUIDE(RBI.RBZ.RAl.RAZ,PARI.PARZ) 
CALL TIMES(P1.PZ,DL5.0..RAl,RAZ) 
CALL SINHE(RA1,RAZ.RB1.RBZ) 
CALL C0SHE(RA1.RAZ,RS1,R5Z) 
CALL DIUIDE(Q1,0Z.RB1,RBZ,CONSAl,CONSAZ) 

P CALL TIMES(Q1,0Z,DL5,0.,RA1,RAZ) 
CALL SINHE(RA1,RAZ,RB1,RBZ) 
CALL DIUIDE(PI,PZ,RBI,RBZ,CONSBl,CONSBZ) 
CALL C0SHE(RA1,RAZ,RB1,RBZ) 
CALL TIMES(R51,R5Z,CONSAl,CONSAZ,CONSCl,CONSCZ) 
CALL TIMES C RBI. RBZ,CONSB1,CONSBZ. CONSD1. CONSDZ) 
C0NSE1=C0N5C1-C0NSD1 
CONSEZ sCONSCZ-CONSDZ 

3 CALL TIMESCCONSEl.CONSEZ.PARl.PARZ,A(S.5,1},A(5,5,Z)) 
CONSFlrCONSBl-CONSAl 
CONSFZsCONSBZ-CONSAZ 
CALL TIMES(CONSFl, CONSFZ,PARI,PARZ,A(5,S,1),A(5. £ , 2 ) ) 
B ( 5 , 5 , l ) = - A ( 5 . 6 , l ) 
B(5 ,S .2 ) s -A(5 ,6 ,2 ) 
B(5 .S ,1 ) : -A(5 ,5 ,1 ) 
B(5 .e ,Z) : -A(5 ,5 ,Z) 

3 RA1=A(6,7,1)/'Z. 
RAZ:A(6,7,Z),'Z. 

3 
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3 CALL PARCAL(A(g<fi/1},A(&,£.2),D(4,1>>D(4.2),RA1#RAZ, 
ttB(5.6, 1>>B(5,S,2}.R1,R2) 

CALL DIUIDE(B(S/5,1),B(5»5.Z)/Rl«R2#D(5,1)>D(5,23) 
C» 

3 

3 

C THIRD ELEMENT Or C-FLEXURE 
RlsDL4»DREA/'CC4 
R2=DL4»DIMA^CC4 
CALL SXNHC(R1.R2.RA1,RA2) 
CALL TIMESCDREA,OIMA.RAl,RA2.RB1,RB2) 
CALL DZUIDE(C0NS4,0.>RBl,RB2,A(4,5,l),A(4,5,2n 
CALL C0SHE(R1,R2,RA1,RA2> 
CALL TXMES(RAl,RA2,A(4,S.l),A<4,5,2),B(4,5,l>,B(4,5.e>> 
B ( 4 , 4 . 1 ) : - A ( 4 , 5 , l > 
B(4 ,4 ,2 ) : - (S(4 .5 ,2 ) 
A ( 4 , 4 , l ) : - B ( 4 , 5 , l > 
A(4,4,2)=-B(4.5,2> 
CALL PARCAL(A(5,5,1) ,A(5,5 ,2) ,0(5,1) ,DC5,2) ,A(5,6 ,1>.A(5,£ ,2}, 

ttB(4,S,1),B(4,5,2>,R1,R2) 
CALL DZUXDE(BC4,4,1),B(4,4,2>,R1,R2,D(6,1>,D(&,2)) 

C FOURTH ELEMENT OF C-FLEXURE 

Rl : DSQRT(CC3/'2. >«0L3/-2. 
CALL TIMES(RUT1,RUT2,R1,0.,P1,P2) 
CALL SINE(P1,P2,PP1,PP2) 
CALL SINHE(P1,P2,QQ1,0Q2} 
CALL TIMES(PP1,PP2,PP1,PP2,RA1,RA2J 
CALL TIMES(OQl,002,001,002,RBI,RB2> 
CONSAl SRA14-RB1 
C0HSA2SRA2+RB2 
CALL C0SINE(P1,F2, PAR1,PAR2) 
CALL COSHE(Pl,P2,Rl,R2) 

3 CALL TIMES(001,002,R1,R2,RAl,RA2> 
CALL TIMES(PPl,PP2,PARI,PAR2,RBI,RB2) 
CONSBlsRAl+RBl 
CONSBZ SRA24-RB2 
CALL TIMES(001,002,PARI,PAR2,RAl,RA2) 
CALL TIMES(PP1,PP2,R1,R2,RB1,RB2) 
CONSClsRAl+RBl 

^ C0NSC2=RA2+RB2 
3 CALL TIMES(RUT1,RUT2,RUT1,RUT2,RAl,RA2) 

CALL TIMES(RUT1,RUTZ,RA1,RAZ,P1,PZ) 
CALL TIMES(P1,PZ,CONSAl,CONSAZ,PARI,PARZ) 
PAR1:PAR1»C0NS3 
PAR2rPAR2«C0NS3 
Pls-2.»PAR1 
P2s-2.»PAR2 
CALL DIUIDE(C0NSB1,C0NSBZ,P1,P2,A(3,3,1),A(3,3,Z)) 

3 CALL DIUIDE(CDNSC1,C0NSCZ,PAR1,PARZ,A(3,4.1),A(3,4.2)) 
B(3 ,3 , l ) : - A ( 3 , 4 , l ) / ^ 2 . 
B ( 3 , 3 , 2 ) = - A ( 3 , 4 , 2 ) ^ . 
B ( 3 , 4 , 1 ) : - 2 . » A ( 3 , 3 , 1 ) 
B ( 3 , 4 , 2 ) : - 2 . » A ( 3 , 3 , 2 ) 
CALL PARCAL(A(4,4,1),A(4,4,2>,D(6,1),D(6,2), A : 4 , 5 , 1>,A(4,5,2>, 

«3(3 ,4 ,1> .B(3 ,4 ,2> ,P1 ,P2) 
CALL DIUIDE(B(3,3 , l ) ,B(3 ,3 ,Z)fP1,P2,D(7,1) ,D(7,2)) 

C FIFTH ELEMENT OF C-FLEXURE 
C« 

3 
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3 
PlsOLZ/'CCZ 
CALL TlnCS(DREA,DinA,Pl#0.,Rl,R2} 
CALL 5ZNHC(R1,R2,RA1.RA2) 
CALL TZtlESt RAl, RA2, DREA. DIMA. RBI, RBZ) 
CALL DIUII)E(C0N5Z,0.,RB1,RBZ,A(Z,3, 1>,A(Z,3.Z)> 
CALL COSHC(Rl,RZ,RAl,RAZ) 
CALL TinCS(RAl,RAZ,A(Z,3, l ) ,A(Z,3,Z) ,B(Z,3, l ) ,B(Z,3,Z)) 
B(Z ,Z , l ) s -A(Z ,3 , l ) 
8(Z,Z,Z)=-ACZ,3,Z) 

O A(Z ,Z , l ) s -B(Z ,3 , l ) 
A(Z,Z,Z)s-B(Z,3,Z) 
CALL PARCAL(A(3,3 ,1) ,A(3,3 ,2) ,&(7,1) ,0(7 ,Z) ,A(3,4 ,1) ,A(3,4 ,2>, 

»B(Z,3,1),BCZ,3,Z),P1,PZ) 
CALL 0ZUZDE(B(Z,Z,l) ,B(Z,Z,Z).Pl ,PZ,D(8, l) .D(e,Z)) 

C 6(11) : T . r . FOR FLEXURAL SYSTEM 
C**««>»>*»»a>««*>i«>»)»«>««M««n«»««««*»«««»*as««« 

3 CALL TZMES(D(4,1) ,0(4 ,Z) ,0(5,1) ,0(5 ,Z) ,PI ,PZ) 
CALL TZMES(0(7,1) ,0(7,Z) ,0(8,1) ,0(8,2) ,R1,RZ) 
CALL TZMES(D(6,1>,D(6,Z),P1,PZ,RA1,RAZ) 
CALL TZMES(RA1,RAZ,R1,RZ,6(11,1),6(11,2)) 
CALL TZMES(G(10 ,1) ,6 (10 ,2) ,6 (11 ,1) ,6 (11 ,2) ,6 (12 .1) ,6 (12 ,2) ) 

C*»*««M'«<'««»at»'»«>«*a>«««»«*«««M«>««>« ««*»«« iwuiacats 
C 
C 6(13) s T.F. FOR DZAPHRA6M 

CALL TZMES(DREA,0IMA,DREA,DZMA,P1,P2) 
PARlsOZNDoPl * CDI«DREA * DKDZ 
PAR2=DIND»'P2 • CDI«DZMA 
CALL DZUIDE(1. ,0. ;PARI,PAR2,8(1,2,1) .8(1,2,2)) 
B(1,1,1):-ADI*B(1,2,1) 
B( l , l ,2 ) : -ADI>tB( l ,2 ,2) 

p CALL PARCAL(A(2,2 ,1) ,A(2 ,2 ,2) ,D(8 ,1) ,D(8 .2) ,A(2 ,3 ,1) ,A(2 ,3 ,2} , 
«B(1 ,2 ,1 ) ,B(1 ,2 ,2 ) ,P1 ,P2) 

CALL DZUZDE(B(1,1,1),B(1,1,2),P1,P2,6(13,1),6(13.2>> 
CALL TZMES(6(12 ,1) ,6 (12 ,2 ) ,6 (13 ,1 ) ,6 (13 ,2 ) ,6 (15 .1 )#6(15 ,2) ) 
IF ( J - l ) l O l , 1 0 8 , 1 0 1 

101 IF(J-10)102,108,102 
102 IF(J-20)103,108,103 
103 IF(J-40)107,108,107 
108 A(1,1,1)=B(1,1,1) 

A ( l , l , 2 ) : 8 ( l , l , 2 ) 
A ( l , 2 , 1 ) : B ( 1 , 2 , 1 ) 
A ( l , 2 , 2 ) s B ( l , 2 , 2 ) 
DO 109 Ksl ,9 

110 rORMAT(2X,8(2X,D10.4)) 
109 CONTINUE 
107 CONTINUE 

IF(IPL0-1)63,63,64 
63 CONTINUE 

CALL D I U I D E ( 6 ( 1 5 , 1 ) , 6 ( 1 5 , 2 ) , 6 ( 4 , 1 ) , 6 ( 4 , 2 ) , 6 ( 1 4 , 1 ) , 8 ( 1 4 , 2 ) ) 
63:DSQRT(6(3, l ) » 2 + 6 ( 3 , 2 ) « * 2 ) / ' 4 . 4 5 
65sDSQRT(6(5, l)««24'G(5.2)*<«2)tte.85 
66:0SQRT (6(6 ,1 ) »«2i-G (6 ,2 ) **Z ) m, 0254 
67 sDSORT(6(7.1)»*2+6(7,2)««2) 
69sDSQRT(6(9,1)»»2+6(9,2)«*2) 
GllsDS0RT(6(l l , l>»«2+6(l l ,2)««2) 
613:DS0RT(6(13,1> »»Z+6(13,2)»»2>«6.45D-4 
615:DS0RT(6( 15,1 }»»Z+6( 15, 2)>t»2)»l. 45D-4 

3 

3 
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• 5 

3 

GIZ sOSORT ( 6 (12, 1 > *>2'4-6 C12« 2 > »»2 > x4.45 
63:I>ABS(63) 
65=DABS(65) 
66:DABS(GS) 
G7:0ABS(67) 
G9:0ABS(69) 
GllsDABS(611> 
G13sDABS(613) 
615:DABS(Gt5) 
G12:0ABS(612) 
60 TO es 

64 COHTZNUe 
CALL ANGUL0(G(3#1).G(3#2)#63) 

^ CALL AH6UL0t6(5.1).G(5,2)»65) 
3 CALL ANGULa(6(f..l)<G(6<2>>66) 

CALL AN6UL0(G(7.1)>GC7.2>»G7) 
CALL ANGUL0(G(9.1)#G(9>2>>69) 
CALL AN6UL0(6(11<l)>G(ll>2}>61t} 
CALL ANGUL0(6(13'1).6(13»2).613> 
CALL AN6UL0(6(15>1>>6(15#2)>615} 
CALL AN6UL0(6(12«1)>6(12.2)>G12} 

65 COHTZNUE 
3 ZF(ZC0N-3)56.57,57 

56 FREOsOZnA 
GO TO 58 

57 FREQsBZMA/'(2.»PZ) 
OC8.t>sO(8«l)-i 
URZTE(4.82)FREQ.GC14.i).6(14.2> 

82 F O R n A T t l X . 0 1 0 . 4 , ' , 0 1 0 . 4 , ' , 0 1 0 . 4 , » , ' ) 
58 COHTZNUE 

3 URZTE(1,5>FREQ,63,65,66,67,69,611,613,615,612 
5 F0RnAT(lX,10(lX,E10.4>) 
2 COHTZNUE 

STOP 
EN© 

3 

3 

3 

3 
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o 
SUBROUTINE DIUIDEtPRE.PIM,SRE.SIM.RRE.RIM) 
REAt»8 PRE,PIM,SRE.SIM.RRE.RIM.TTl,TT2.TT3 
IFCDABStSIMJ.GT.l.00-17) 60 TO 9951 
XF(SABS(SRE).6T.l.00-17) 60 TO 9951 
IF(DABS(SRE).6T.DABS(Sln)) 60 TO 9952 
TTlsCSRE/'Sin)»SRE + SIM 
.TT2sCSRE/'Sin)»PRE • PIH 

0 TT3s<SRE«SIH).'Pln - PRE 
60 TO 9953 

9952 TTlsSRE * (SIMySRE)a'Sin 
TT2SPRE • (SIM-'SRE)«PIH 
TTSsPIM - (SIM/'SRE)«PRE 
60 TO 9953 

9951 TTlsSRE*»2 * Sin««2 
TT23SRE«PRE • SIPI»PIM 
TT3aSRE»Plri - SIM»PRE 

9953 RREsTT2>'TTl 
RIMsTTSz-TTl 
RETURN 
ENO 

O SUBROUTINE TIMES<PRE.PIM.SRE.SIH.RRE.RIH) 
REALMS PRE. Pin.SRE>SIM. RRE. RIM 
RREEPREKSRE - PIMKSIM 
RIMsPII1«SRE * PRE*SIM 
RETURN 

• END 

o 
SUBROUTINE COSINE(PRE.Pllii RRE.RIH) 
REAL»8 PRE.PIM.RRE.RIM.TTl.TT2 
TTls(I)EXP<PIM) • DEXP(-PIM))/'2. 
TT2s(DEXPCPIM) - DEXP<-PIM))^2. 
RREsOCOStPRE)"TTl 
RIMs-DSIN(PRE)»TT2 

3 RETURN 
END 

O SUBROUTINE SINE(PR£.PIM.RRE.RIM) 
REAL*8 PRE.PIM.RRE.RIM,TTl.TT2 
m = (DEXP(PlM) • DEXP<-PIM>),'2. 
TT2s<DEXP(PIM) - DEXP(-PIM) ). '2. 
RREsOSIN(PRE)«TTl 
RIM:OCOS(PRE>>TT2 
RETURN 

. 3 

3 

http://PRE.PIM.RRE.RIM.TTl.TT2
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3 

3 

SUBROUTINE PARCAL(Al. A2. Bl, B2# Cl> C2/ Dl, 02,Ei,EZ) 
REAL»e Al,A2.Bl,B2,Cl.C2,Dl>02,El,E2 
REAL«e TT1,TT2,TT3,TT4 
TTlsAl-Dl 
TT2SA2-D2 
CALL TinESCBl,B2,Cl,C2,TT3,TT4) 
ElsTTl+TTS 
E2=TT2+TT4 
RETURN 
ENO 

SUBROUTINE COSHECPRE,PItl,RRE,RIH) 
REAL»e PRE,PIM,RRE,RIM,TTl,TT2 
mr<DEXP(PRE) • DEXP(-PRE) )^2.. 
TT2s(DEXP(PRE) - DEXP<-PREJ).^. 
RREsTTa.»DCOS(PIH) 
RIMsTT2»DSIH(PIM) 
RETURN 
ENO 

SUBROUTINE SINHE(PRE,PII1,RRE,RIH) 
REAL»8 PRE,PIM,RRE,RIM,TTl,TT2 
TT1 = (DEXPCPRE> - DEXPt-PRE) )/ '2. 
TT2s<DEXP(PRE) * DEXP<-PRE) )/ '2. 

3 RREsTTl»DCOS(PIM) 
RIMsTT2»DSIN(PIM) 
RETURN 
ENO 

3 

3 

SUBROUTINE DBROOT(PRE,PIM,RRE,RIM) 
REAL»B PRE.P1M,RRE,RIM,TT1,TT2,P1 

.TTlrPRE«»2+PIM»«2 
TTlsDSORTtTTl) 
msDSORT(TTl) 
CALL ANGULO<PRE,PIM,TT2) 
RREsTTl»DC0S(TT2).:.. 
RIMsTTl«DSIN(TT2) 
RETURN 
END 

SUBROUTINE ANGULO(PI,P2,P3) 
REAL»8 P1,P2,P3,PI 
PIs2.«DASIN(1.ODO) 
IFCPl-0.00)880,881,880 

3 881 IF(P2-0.00)682,883,883 
882 P3s3 .«Ply2 . 

60 TO 888 
883 P3=PI/2. 

60 TO 888 
880 P3=DATAN<P2XP1) 

IF(Pl -0 .00)884 ,888 ,888 
884 P3=P3-PI 

3 888 RETURN 
END 

3 
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P a r a m e t e r i d e n t i f i c a t i o n F i g u r e 

p d e n s i t y . E-1 

K s t i f n e s s of s p r i n g u s e d for z e r o a d j u s t m e n t . . . . . E-2 
sp 

K ' s p r i n g c o n s t a n t ' f o r s e n s i n g e l e m e n t E-3 

l e n g t h of e l e m e n t number 2 E-4 

O ^ 2 c r o s s s e c t i o n a l a r e a of e l e m e n t number 2 . . . . . . E-5 

c r o s s s e c t i o n a l a r e a of e l e m e n t number 3 E-6 

a p a r a m e t e r d e f i n e d i n E q u a t i o n 3 -14 ( s e e p a g e 45) . E-7 

l e n g t h of e l e m e n t number 4 E-8 

A, c r o s s s e c t i o n a l a r e a of e l e m e n t number 4 E-9 
4 

l e n g t h of e l e m e n t number 5 E-10 

b c r o s s s e c t i o n a l a r e a of e l e m e n t number 5 . . . . . . E-11 

K g e o m e t r i c f a c t o r fo r T i m o s h e n k o ' s f o r m u l a t i o n . . . . E-12 

V P o i s s o n ' s r a t i o . . . . . . . E-13 

b L , l e n g t h of e l e m e n t number 6 E-14 
o 

A, c r o s s s e c t i o n a l a r e a of e l e m e n t number 6 E-15 
6 

A , c r o s s s e c t i o n a l a r e a of f o r c e b a r . E-16 

K_ s t i f n e s s fo r t r a n s f e r r i n g e l e m e n t ( v e c t o r 
mechan i sm) E-17 a 

YL s t i f n e s s fo r s u p p o r t i n g e l e m e n t ( v e c t o r 

mechan i sm) E-18 

^ Cj p a r a m e t e r d e f i n e d i n E q u a t i o n 3-87 ( s e e p a g e 70) . . E-19 

p a r a m e t e r d e f i n e d i n E q u a t i o n 3 -88 ( s e e page 71) . . E-20 

p a r a m e t e r d e f i n e d i n E q u a t i o n 3 -90 ( s e e page 72) . . E-21 

p a r a m e t e r d e f i n e d i n E q u a t i o n 3 -91 ( s e e page 72) . . E-22 

e ( 0 ) a n g l e shown i n F i g u r e 3-10 ( s e e p a g e 58) E-23 
g 
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P a r a m e t e r i d e n t i f i c a t i o n F i g u r e 

Y o ( 0 ) a n g l e shown i n F i g u r e 3-10 ( s e e page 58) E-24 
8 

P^Pj d i s t a n c e shown i n F i g u r e 3-10 ( s e e page 5 8 ) . . . . E-25 
^ h d 

P - P . d i s t a n c e shown i n F i g u r e 3-10 ( s e e page 5 8 ) . . . . E-26 
o d 

^9 l e n g t h of c o n n e c t i o n . E-27 

3 c r o s s s e c t i o n a l a r e a of c o n n e c t i o n . E-28 

p p o l e of t r a n s f e r f u n c t i o n fo r e l e c t r o n i c s y s t e m 
( s e e E q u a t i o n 3-116 on page 96) E-29 
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VITA 

A d a l b e r t o J o s e ' S o a r e s was b o r n i n Vizeu , P o r t u g a l on December 

13, 1950. I n 1953 he moved w i t h h i s p a r e n t s t o Sao P a u l o , B r a z i l . 

He a t t e n d e d e l e m e n t a r y s c h o o l s i n t h a t c i t y . I n 1967 he s t a r t e d 

w o r k i n g i n a bank o r g a n i z a t i o n w h i l e a t t e n d i n g e v e n i n g s c h o o l a t 

' C o l e g i o F e r n ã o D i a s P a e s ' ( e q u i v a l e n t t o h i g h s c h o o l ) . He g r a d u a t e d 

i n 1 9 6 8 . I n 1970 he was a d m i t t e d a t t h e ' I n s t i t u t o de F i s i c a da 

U n i v e r s i d a d e Sao P a u l o ' ( I n s t i t u t e of P h y s i c s ) , where he a t t e n d e d 

e v e n i n g s c h o o l a n d from which he g r a d u a t e d i n 1973, On J a n u a r y of 

1974 he r e c e i v e d a s c h o l a r s h i p from ' I n s t i t u t o de P e s q u i s a s E n e r g é t i c a s 

e N u c l e a r e s ' ( I P E N ) , f o r m e r ' I n s t i t u t o de E n e r g i a A t ó m i c a ' , and l e f t t h e 

bank o r g a n i z a t i o n . On March o f t h a t y e a r he became a employe of t h e 

I n s t i t u t e , and b e g a n t h e s t u d y toward t h e M a s t e r ' s d e g r e e a t t h e 

' E s c o l a P o l i t é c n i c a da U n i v e r s i d a d e Sao P a u l o ' ( C o l l e g e of 

E n g i n e e r i n g ) . The d e g r e e was awarded i n 1977. 

I n 1 9 7 8 . he was .awarded a s c h o l a r s h i p from ' C o m i s s ã o N a c i o n a l 

de E n e r g i a N u c l e a r ' , from B r a z i l , t o s t u d y f o r t h e P h . D. d e g r e e a t 

The U n i v e r s i t y o f T e n n e s s e e , K n o x v i l l e . He o b t a i n e d t h e d e g r e e on 

December 1982. 

A d a l b e r t o i s m a r r i e d t o t h e fo rmer Miss Ange la B e r t i , o f Sao 

P a u l o , B r a z i l , and h a s a d a u g h t e r named C a r l a A l e s s a n d r a and a son 

named Marco A n t o n i o . 




