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1PURPOSE


1SCOPE


2TECHNICAL COMPETENCIES


21.
Instrumentation and control personnel shall demonstrate a working-level knowledge of fundamental electrical theory.


92.
Instrumentation and control personnel shall demonstrate a working-level knowledge of the following basic electrical equipment:


273.
Instrumentation and control personnel shall demonstrate a working-level knowledge of the characteristics and applications of electrical components used in instrumentation and control systems.


364.
Instrumentation and control personnel shall demonstrate a working-level knowledge of temperature detection circuitry and components used in instrumentation and control systems.


425.
Instrumentation and control personnel shall demonstrate a working-level knowledge of pressure detection circuitry and components used in instrumentation and control systems.


456.
Instrumentation and control personnel shall demonstrate a working-level knowledge of level detection circuitry and components used in instrumentation and control systems.


507.
Instrumentation and control personnel shall demonstrate a working-level knowledge of flow detection circuitry and components used in instrumentation and control systems.


558.
Instrumentation and control personnel shall demonstrate a working-level knowledge of position indication circuitry and components used in instrumentation and control systems.


589.
Instrumentation and control personnel shall demonstrate a working-level knowledge of radiation detection equipment.


6610.
Instrumentation and control personnel shall demonstrate a working-level knowledge of nuclear instrumentation.


7011.
Instrumentation and control personnel shall demonstrate a working-level knowledge of refractometers (as applicable to their facilities).


7112.
Instrumentation and control personnel shall demonstrate a working-level knowledge of sensor characteristics and instrument loop signal types.


7413.
Instrumentation and control personnel shall demonstrate a working-level knowledge of process control systems.


8514.
Instrumentation and control personnel shall demonstrate a working-level knowledge of the characteristics and applications of pneumatic/hydraulic components used in instrumentation and control systems.  Note:  The standard has two competency statements numbered 13.


8815.
Instrumentation and control personnel shall demonstrate a working-level knowledge of the characteristics and applications of electronic components used in instrumentation and control systems.


9116.
Instrumentation and control personnel shall demonstrate a working-level knowledge of systems integration to achieve performance, effectiveness, and cost objectives.


9117.
Instrumentation and control personnel shall demonstrate a working-level knowledge of basic thermodynamic concepts and theories used in the design and operation of process control systems.


9618.
Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of basic heat transfer and fluid flow concepts and theories.


9919.
Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of mechanical engineering, theories, principles, and techniques.


10720.
Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of the geoseismic/civil engineering theories, principles, and techniques that apply to instrumentation and control systems.


10821.
Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of the chemical engineering theories, principles, and techniques that apply to instrumentation and control systems.


10822.
Instrumentation and control personnel shall demonstrate the ability to read and interpret electrical diagrams, including:


11123.
Instrumentation and control personnel shall demonstrate the ability to read and interpret mechanical diagrams associated with instrumentation and control systems, including:


11124.
Instrumentation and control personnel shall demonstrate the ability to read and interpret engineering fabrication, construction, and architectural drawings associated with instrumentation and control systems.


11125.
Instrumentation and control personnel shall demonstrate a working-level knowledge of the various uses of computers and digital devices used in instrumentation and control systems.


11326.
Instrumentation and control personnel shall demonstrate a working-level knowledge of analytical equipment used to measure process chemistry.


11927.
Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of maintenance management practices related to instrumentation and control activities.


12228.
Instrumentation and control personnel shall demonstrate the ability to evaluate the adequacy of local compliance of I&C systems with applicable design criteria (such as ISA 84.01, ISA 67.04.01, IEEE 603-1998, NEC or the Uniform Building Code) used by site/facility.


12529.
I&C personnel designated as vital safety systems subject matter experts shall demonstrate an expert-level of knowledge on their level of understanding and approach to overseeing contractor activities by using the requirements of DOE O 420.1, Facility Safety, and the guidance in DOE-STD-1073-93, Guide for Operational Configuration Management Program by performing system assessments addressing the following elements:


12630.
Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of DOE O 430.1, Life Cycle Asset Management.


13031.
Instrumentation and control personnel shall demonstrate the ability to evaluate the adequacy of local compliance with applicable Instrumentation, Systems, and Automation Society (ISA) standards related to process control instrumentation and I&C systems (consider entire instrument loops, including sensors, transmitters, controllers, final elements):


13132.
Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of DOE O 414.1A, Quality Assurance, as it applies to instrument and control systems.


13933.
Instrumentation and control personnel shall demonstrate the ability to apply problem analysis techniques necessary to identify problems, determine potential causes of problems, and identify corrective action.


14034.
Instrumentation and control personnel shall demonstrate the ability to perform technical reviews of procedures related to instrumentation and controls.


141Selected Bibliography and Suggested Reading




PURPOSE

The purpose of this reference guide is to provide a document that contains the information required for a National Nuclear Security Administration (NNSA) technical employee to successfully complete the Instrumentation and Control Functional Area Qualification Standard.  In some cases, information essential to meeting the qualification requirements is provided.  Some competency statements require extensive knowledge or skill development.  Reproducing all the required information for those statements in this document is not practical.  In those instances, references are included to guide the candidate to additional resources.  

SCOPE

This reference guide has been developed to address the competency statements in the June 2003 edition of DOE-STD-1162-2003, Instrumentation and Control Functional Area Qualification Standard.  Competency statements and supporting knowledge and/or skill statements from the qualification standard are shown in contrasting bold type, while the corresponding information associated with each statement is provided below it.  The qualification standard contains 34 competency statements.  Some of the competency statements contain performance-based requirements.  These statements will not be covered in this reference guide.

Every effort has been made to provide the most current information and references available as of September 2005.  However, the candidate is advised to verify the applicability of the information provided.

Please direct your questions or comments related to this document to Gary Gilliland, Training and Development Department, at 845-5689.

TECHNICAL COMPETENCIES

1. Instrumentation and control personnel shall demonstrate a working-level knowledge of fundamental electrical theory.

a) Define and discuss the following terms: 

· Voltage 

· Current 

· Power 

· Conductor 

· Insulator 

· Inductance 

· Capacitance 

· Impedance 

· Electromagnetic force 

· Electromagnetic field 

· Frequency 

· Wavelength

Voltage

Voltage is described as the pressure or force that causes electrons to move in a conductor.  In electrical formulas and equations, you will see voltage symbolized by a capital (E), while on laboratory equipment or schematic diagrams, the voltage is often represented by a capital (V).

Current

Electron current, or amperage, is described as the movement of free electrons through a conductor.  In electrical formulas, current is symbolized by a capital (I), while in the laboratory or on schematic diagrams, it is common to use a capital (A) to indicate amps or amperage.

Power

Electricity is generally used to do some sort of work, such as turning a motor or generating heat.  Specifically, power is the rate at which work is done, or the rate at which heat is generated.  The unit commonly used to specify electric power is the watt.  In equations, you will find power symbolized by the capital letter (P), and watts, the units of measure for power, are symbolized by the capital letter (W).  Power is also described as the current (I) in a circuit times the voltage (E) across the circuit.

Conductor

A conductor is a material with electrons that are loosely bound to their atoms, or materials that permit the free motion of a large number of electrons.  Atoms with only one valence electron, such as copper, silver, and gold, are examples of good conductors.  Most metals are good conductors.

Insulator

An insulator is a material with electrons that are tightly bound to their atoms and which require large amounts of energy to free them from the influence of the nucleus.  The atoms of good insulators have their valence shells filled with eight electrons, which means they are more than half filled.  Any energy applied to such an atom will be distributed among a relatively large number of electrons.  Examples of insulators are rubber, plastics, glass, and dry wood.

Inductance

Inductance is defined as the ability of a coil to store energy, induce a voltage in itself, and oppose changes in current flowing through it.  The symbol used to indicate inductance in electrical formulas and equations is a capital (L).  The units of measurement are called henries.  The unit henry is abbreviated by using the capital letter (H).  One henry is the amount of inductance (L) that permits one volt to be induced (VL) when the current through the coil changes at a rate of one ampere per second.  The mathematical representation of the rate of change in current through a coil per unit of time is

∆I/∆t

Capacitance

Capacitance is defined as the ability to store an electric charge and is symbolized by the capital letter (C).  Capacitance (C), measured in farads, is equal to the amount of charge (Q) that can be stored in a device or capacitor divided by the voltage (E) applied across the device or capacitor plates when the charge was stored.

Impedance

Impedance is the total opposition to the flow of an alternating current (AC).  It may consist of any combination of resistance, inductive reactance, and capacitive reactance.  It is measured in ohms.

Electromagnetic Force

Electromagnetic force is an infinite-range attractive or repulsive force that acts between charged particles.  A particle at rest feels only the force due to the electric field, called Coulomb’s law. 

Electromagnetic Field

Electric fields are created by differences in voltage: the higher the voltage, the stronger the resultant field.  Magnetic fields are created when electric current flows: the greater the current, the stronger the magnetic field.  An electric field will exist even when there is no current flowing.  If current does flow, the strength of the magnetic field will vary with power consumption but the electric field strength will be constant.

Frequency

Frequency is defined as a measurable rate of electrical energy flow that is constant between any two points.

Wavelength

Wavelength is defined as the distance between points of corresponding phase of two consecutive cycles of a wave.

b) Discuss Ohm’s law.

In 1827, George Simon Ohm discovered that there was a definite relationship between voltage, current, and resistance in an electrical circuit.  Ohm’s law defines this relationship and can be stated in three ways.

Applied voltage equals circuit current times the circuit resistance.  This is represented by the equation:

E = I x R or E = IR 

Current is equal to the applied voltage divided by the circuit resistance.  This is represented by the equation:

I = 
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E


Resistance of a circuit is equal to the applied voltage divided by the circuit current:

R or Ω= 
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where

I = current (A)

E = voltage (V)

R = resistance (Ω)

If any two of the component values are known, the third can be calculated.

c) Discuss Kirchhoff’s law.

Ohm’s law describes the relationship between current, voltage, and resistance.  It can be applied to circuits that are relatively simple in nature.  However, many circuits are extremely complex and cannot be solved with Ohm’s law.  These circuits have many power sources and branches that would make the use of Ohm’s law impractical or impossible.

Through experimentation in 1857, the German physicist Gustav Kirchhoff developed methods to solve complex circuits.  Kirchhoff developed two conclusions, known today as Kirchhoff’s laws.

Law 1: The sum of the voltage drops around a closed loop is equal to the sum of the voltage sources of that loop (Kirchhoff’s voltage law).

Esource = E1 + E2 + E3 +etc.

Esource = I1R1 + I2R2 + I3R3 + etc.

ΣEsource = ΣIR

Law 2: The current arriving at any junction point in a circuit is equal to the current leaving that junction (Kirchhoff’s current law).

IIN – IOUT = 0 or IIN = IOUT

Kirchhoff’s laws are powerful tools in solving complex and difficult circuits.  Kirchhoff’s laws can be related to conservation of energy and charge if we look at a circuit with one load and source.  Since all of the power provided from the source is consumed by the load, energy and charge are conserved.  Since voltage and current can be related to energy and charge, then Kirchhoff’s laws are only restating the laws governing energy and charge conservation.

d) Discuss the relationships in electrical circuits between voltage, current, resistance, impedance, and power.

In an inductive AC circuit, the current is continually changing and is continuously inducing an electromotive force (EMF).  Because this EMF opposes the continuous change in the flowing current, its effect is measured in ohms.  This opposition of the inductance to the flow of an AC is called inductive reactance (XL).

The magnitude of an induced EMF in a circuit depends on how fast the flux that links the circuit is changing.  In the case of self-induced EMF such as in a coil, a counter electromotive force (CEMF) is induced in the coil due to a change in current and flux in the coil.  This CEMF opposes any change in current, and its value at any time will depend on the rate at which the current and flux are changing at that time.  In a purely inductive circuit, the resistance is negligible in comparison to the inductive reactance.  The voltage applied to the circuit must always be equal and opposite to the EMF of self-induction.

Any change in current in a coil causes a corresponding change of the magnetic flux around the coil.  Because the current changes at its maximum rate when it is going through its zero value at 90° (point b on figure 1) and 270° (point d), the flux change is also the greatest at those times.  Consequently, the self-induced EMF in the coil is at its maximum (or minimum) value at these points as shown in figure 1.  Because the current is not changing at the point when it is going through its peak value at 0° (point a), 180° (point c), and 360° (point e) the flux change is zero at those times.  Therefore, the self-induced EMF in the coil is at its zero value at these points. 
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Figure 1.  Current, self-induced EMF, and applied voltage in an inductive circuit

According to Lenz’s law, the induced voltage always opposes the change in current.  Referring to figure 1, with the current at its maximum negative value (point a), the induced EMF is at a zero value and falling.  Thus, when the current rises in a positive direction (point a to point c), the induced EMF is of opposite polarity to the applied voltage and opposes the rise in current.  Notice that as the current passes through its zero value (point b) the induced voltage reaches its maximum negative value.  With the current now at its maximum positive value (point c), the induced EMF is at a zero value and rising.  As the current is falling toward its zero value at 180° (point c to point d), the induced EMF is of the same polarity as the current and tends to keep the current from falling.  When the current reaches a zero value, the induced EMF is at its maximum positive value.  Later, when the current is increasing from zero to its maximum negative value at 360° (point d to point e), the induced voltage is of the opposite polarity as the current and tends to keep the current from increasing in the negative direction.  The value of the self-induced EMF varies as a sine wave and lags the current by 90°, as shown in figure 1.  The applied voltage must be equal and opposite to the self-induced EMF at all times; therefore, the current lags the applied voltage by 90° in a purely inductive circuit.

Additional information regarding these relationships is available at http://www.eh.doe.gov/techstds/standard/hdbk1011/h1011v3.pdf
e) Discuss the function of the following components in an electrical circuit: 

· Resistor 

· Capacitor 

· Inductor 

· Diode 

· Rectifier 

· Transformer 

· Relay 

· Contact 

· Fuse 

· Time delay relay 

· Overcurrent relay 

· Undervoltage relay 

· Switches 

· Silicon-controlled rectifiers 

· Underfrequency relay

Resistor

Resistors are made of materials that conduct electricity, but offer opposition to current flow.  These types of materials are also called semiconductors because they are neither good conductors nor good insulators.  Semiconductors have more than one or two electrons in their valence shells, but less than seven or eight.  Examples of semiconductors are carbon, silicon, germanium, tin, and lead.  Each has four valence electrons.

Capacitor

A capacitor consists of two electrodes or sets of electrodes in the form of plates, separated from each other by an insulating material called a dielectric.  A capacitor stores electrical energy and blocks or permits the flow of AC depending on the capacitance and frequency.
Inductor

An inductor is a passive electrical device that stores energy in a magnetic field, typically by combining the effects of many loops of electric current.

Diode

A diode is an electrical device that allows electron flow in only one direction.  Diodes are used in rectifiers and to convert AC to direct current (DC). 

Rectifier

Most electrical power generating stations produce AC.  The major reason for generating AC is that it can be transferred over long distances with fewer losses than DC; however, many of the devices that are used today operate only, or more efficiently, with DC.

For example, transistors, electron tubes, and certain electronic control devices require DC for operation.  If we are to operate these devices from ordinary AC outlet receptacles, they must be equipped with rectifier units to convert AC to DC.  To accomplish this conversion, we use diodes in rectifier circuits.  The purpose of a rectifier circuit is to convert AC power to DC.

The most common type of solid-state diode rectifier is made of silicon.  The diode acts as a gate that allows current to pass in one direction and blocks current in the other direction.  The polarity of the applied voltage determines if the diode will conduct.  The two polarities are known as forward bias and reverse bias.

Transformer

A transformer works on the principle that energy can be transferred by magnetic induction from one set of coils to another set by means of a varying magnetic flux.  The magnetic flux is produced by an AC source.  The coil of a transformer that is energized from an AC source is called the primary winding (coil), and the coil that delivers this AC to the load is called the secondary winding (coil).

When alternating voltage is applied to the primary winding, an AC will flow that will magnetize the magnetic core, first in one direction and then in the other direction.  This alternating flux flowing around the entire length of the magnetic circuit induces a voltage in the secondary windings.  The induced voltage will be the same frequency as the source.

A voltage will also be induced into the primary windings, since it is also in close proximity to the changing magnetic field.  The voltage opposes the voltage applied to the primary windings and is CEMF.

The AC flowing through the primary windings establishes a primary magnetic field.  The primary magnetic field will build up, collapse, and change directions due to the AC.  The secondary winding is placed near the primary winding.  The expanding and collapsing magnetic field of the primary winding produces relative motion, and electrical current is produced in the secondary winding.

Relay

A relay is an electromagnetic device with one or more sets of contacts that changes contact positions by magnetic attraction of a coil to an armature.

Contact

A contact is the conducting part of a relay that acts as a switch that is closed or opened by the magnetic pull of an energized relay coil of a circuit or a component.

Fuse

A fuse is an overcurrent protective device inserted in series with a circuit.  It contains a metal that will break or melt when the current exceeds a specific value for a specific time.

Time Delay Relay

A time delay relay is a relay that stays on for a certain amount of time once activated.  This time delay relay is made up of a simple adjustable timer circuit that controls the actual relay.  The time is adjustable from 0 to about 20 seconds with the parts specified.  The current capacity of the circuit is only limited by the type of relay you decide to use. 

Overcurrent Relay

An overcurrent relay operates when the current through the relay, during its operating period, is equal to or greater than its setting.

Undervoltage Relay

An undervoltage relay operates when voltage that is being monitored falls below a specified value.

Switches

There are two types of switches: normal seeking and power seeking.

Normal seeking.  On a loss of normal power, the normal seeking automatic transfer switch automatically switches from the normal power source to the alternate power source.  When normal power is restored, a normal seeking automatic transfer switch automatically returns to the normal power source.

Power seeking.  On a loss of normal power, the power seeking automatic transfer switch automatically switches from the normal power source to the alternate power source.  The power seeking automatic transfer switch will remain on the alternate power source until an operator manually returns the switch to the normal power source after power has been returned to the normal power source.

Silicon-Controlled Rectifiers

A silicon-controlled rectifier is a three-junction semiconductor device that is normally an open circuit until a signal is applied to the gate terminal, at which time it rapidly switches to the conducting state.

Underfrequency Relay

An underfrequency relay provides rapid sensing of system overload so that excessive load can be shed.

2. Instrumentation and control personnel shall demonstrate a working-level knowledge of the following basic electrical equipment:

· Batteries 

· Motors and generators 

· Transformers 

· Backup power supplies 

· Electrical switchgear and transmission equipment

f) Discuss the basic principle by which the following components produce current: 

· Battery 

· DC generator 

· AC generator 

· Thermocouple 

· Solar panel 

· Fuel cell

Battery

A battery is a device for converting chemical energy into electrical energy and consists of two or more primary or secondary cells connected together electrically.

DC Generator

A basic DC generator has four basic parts: a magnetic field; a single conductor, or loop; a commutator; and brushes.  The magnetic field may be supplied by either a permanent magnet or an electromagnet.  

A single conductor, shaped in the form of a loop, is positioned between the magnetic poles.  As long as the loop is stationary, the magnetic field has no effect (no relative motion).  If we rotate the loop, the loop cuts through the magnetic field, and an EMF (voltage) is induced into the loop.

When we have relative motion between a magnetic field and a conductor in that magnetic field, and the direction of rotation is such that the conductor cuts the lines of flux, an EMF is induced into the conductor.  The magnitude of the induced EMF depends on the field strength and the rate at which the flux lines are cut, as given in the equation below.  The stronger the field or the more flux lines cut for a given period of time, the larger the induced EMF.

Eg = KΦN

where

Eg = generated voltage
K = fixed constant
F = magnetic flux strength

N = speed in RPM

The direction of the induced current flow can be determined using the left-hand rule for generators.  This rule states that if you point the index finger of your left hand in the direction of the magnetic field (from north to south) and point the thumb in the direction of motion of the conductor, the middle finger will point in the direction of current flow.  

The commutator converts the AC voltage generated in the rotating loop into a DC voltage.  It also serves as a means of connecting the brushes to the rotating loop.

The purpose of the brushes is to connect the generated voltage to an external circuit.  To do this, each brush must make contact with one of the ends of the loop.  Since the loop or armature rotates, a direct connection is impractical.  Instead, the brushes are connected to the ends of the loop through the commutator.

In a simple one-loop generator, the commutator is made up of two semi-cylindrical pieces of a smooth conducting material, usually copper, separated by an insulating material.  Each half of the commutator segments is permanently attached to one end of the rotating loop, and the commutator rotates with the loop.  The brushes, usually made of carbon, rest against the commutator and slide along the commutator as it rotates.  This is the means by which the brushes make contact with each end of the loop.

Each brush slides along one half of the commutator and then along the other half.  The brushes are positioned on opposite sides of the commutator; they will pass from one commutator half to the other at the instant the loop reaches the point of rotation, at which point the voltage that was induced reverses the polarity.  Every time the ends of the loop reverse polarity, the brushes switch from one commutator segment to the next.  This means that one brush is always positive with respect to another.  The voltage between the brushes fluctuates in amplitude (size or magnitude) between zero and some maximum value, but is always of the same polarity.  In this manner, commutation is accomplished in a DC generator.

One important point to note is that, as the brushes pass from one segment to the other, there is an instant when the brushes contact both segments at the same time.  The induced voltage at this point is zero.  If the induced voltage at this point were not zero, extremely high currents would be produced due to the brushes shorting the ends of the loop together.  The point at which the brushes contact both commutator segments, when the induced voltage is zero, is called the neutral plane.

AC Generator

The elementary AC generator consists of a conductor, or loop of wire, in a magnetic field that is produced by an electromagnet.  The two ends of the loop are connected to slip rings, and they are in contact with two brushes.  When the loop rotates it cuts magnetic lines of force, first in one direction and then the other.

Thermocouple

A thermocouple is a device used to convert heat energy into voltage output.  The thermocouple consists of two different types of metal joined at a junction.  As the junction is heated, the electrons in one of the metals gain enough energy to become free electrons.  The free electrons will then migrate across the junction and into the other metal.  This displacement of electrons produces a voltage across the terminals of the thermocouple.

Solar Panel

A solar panel simply put is a collection of solar cells.  They work together to supply electricity for various uses.  A single cell does not have the capacity for generating a lot of electricity, so multiple cells are connected together to increase the capacity.  The number of cells connected depends on the amount of electricity required.  The more light available to the solar panels, the greater the amount of electricity they can supply.

Solar panels are designed to convert light into electricity.  The process of extracting electricity from light is called Photovoltaic (PV) and the PV process converts solar energy directly into electricity.

A PV cell, also known as a self-generating barrier layer cell, is a PV detector that converts radiant flux straight into electrical current.  It consists of a thin silver film on a semiconductor layer deposited on an iron substrate. 

Fuel Cell

A fuel cell is an electrochemical energy conversion device.  A fuel cell converts the chemicals hydrogen and oxygen into water, and in the process, produces electricity.

g) Discuss the various types of batteries used in electronic components.  Include in the discussion the following elements of battery operation:

· Method by which a DC is produced 

· Specific gravity 

· Current capacity 

· Amp-hour capacity 

· Voltage applications 

· Charge and discharge characteristics 

· Battery life expectancy 

· Materials used in the battery construction 

· Battery physical characteristics, i.e., size, weight 

· Environmental requirements for safe battery operation and disposal 

· Specific component applications 

· Electrolyte precautions

Method by Which a DC is Produced

A battery consists of two or more chemical cells connected in series.  The combination of materials within a battery is used for the purpose of converting chemical energy into electrical energy in a chemical cell.  

The chemical cell is composed of two electrodes made of different types of metal or metallic compounds that are immersed in an electrolyte solution.  The chemical actions that result are complicated, and they vary with the type of material used in cell construction.  

In the cell, electrolyte ionizes to produce positive and negative ions.  Simultaneously, chemical action causes the atoms within one of the electrodes to ionize.

Due to this action, electrons are deposited on the electrode, and positive ions from the electrode pass into the electrolyte solution.  This causes a negative charge on the electrode and leaves a positive charge in the area near the electrode.

The positive ions, which were produced by ionization of the electrolyte, are repelled to the other electrode.  At this electrode, these ions will combine with the electrons.  Because this action causes removal of electrons from the electrode, it becomes positively charged.

Specific Gravity

Specific gravity is the ratio comparing the weight of any liquid to the weight of an equal volume of water.

Current Capacity

The capacity rating of a battery indicates the maximum current that can be pulled through it.

Amp-Hour Capacity

Amp-hour capacity is a unit of electrical capacity that tells how much power the battery will store.  Current multiplied by time in hours equals ampere-hours.  

Voltage Applications

In any battery, the same sort of electrochemical reaction occurs so that electrons move from one pole to the other.  The actual metals and electrolytes used control the voltage of the battery.  Each different reaction has a characteristic voltage.

Charge and Discharge Characteristics

In a lead-acid battery, two types of lead are acted upon electro-chemically by an electrolytic solution of diluted sulfuric acid.  The positive plate consists of lead peroxide, and the negative plate is sponge lead. 

When a lead-acid battery is discharged, the electrolyte divides into H2 and SO4.  The H2 will combine with some of the oxygen that is formed on the positive plate to produce water, and thereby reduce the amount of acid in the electrolyte.  The sulfate combines with the lead of both plates, forming lead sulphate.

As a lead-acid battery is charged in the reverse direction, the action described in the discharge is reversed.  The lead sulphate is driven out and back into the electrolyte.  The return of acid to the electrolyte will reduce the sulphate in the plates and increase the specific gravity.  This will continue to happen until all of the acid is driven from the plates and back into the electrolyte.

As a lead-acid battery charge nears completion, hydrogen gas is liberated at the negative plate, and oxygen gas is liberated at the positive plate.  This action occurs since the charging current is usually greater than the current necessary to reduce the remaining amount of lead sulfate on the plates.  The excess current ionizes the water in the electrolyte.  Since hydrogen is highly explosive, it is necessary to provide adequate ventilation to the battery whenever charging is in progress.

The electrolyte in a lead-acid battery plays a direct role in the chemical reaction.  The specific gravity decreases as the battery discharges and increases to its normal, original value as it is charged.  Since specific gravity of a lead-acid battery decreases proportionally during discharge, the value of specific gravity at any given time is an approximate indication of the battery’s state of charge.  To determine the state of charge, compare the specific gravity, as read using a hydrometer, with the full charge value and the manufacturer’s published specific gravity drop, which is the decrease from full to nominal charge value.

Battery Life Expectancy

The formula for determining battery life expectancy is reasonably complex, requiring proprietary data that factor in a number of variables to determine the required capacity to deliver an expected run time.  In addition to variables such as voltage, background current, and pulse profiles, the formula also factors in how the required temperature range will affect both the battery voltage, and, most important, the self-discharge rate of the battery.

Temperature has a significant impact on battery performance and life expectancy.  If the application is designed for cold temperatures, such requirements can prove problematic for certain battery chemistries, since a cold electrolyte becomes less active, leading to higher internal resistance, which may lead to battery failure.  When subjected to extremely high temperatures, certain battery chemistries and mechanical sealing techniques start to fail, affecting both short-term performance and long-term reliability.

The self-discharge rate of a cell is governed by its electrolyte composition, its production processes, and its construction.  As a general rule, the greater the cell’s internal surface area, the greater the self-discharge rate will be.  In addition, high-rate spiral cells with large surface areas have inherently higher self-discharge rates compared to bobbin-type cells of equal size that utilize the same chemistry.

A lesser-known fact that impacts battery self-discharge involves impurity levels in the electrolyte.  Through years of study and fine-tuning of the electrolyte production processes, experienced battery manufacturers have found ways to lower battery self-discharge rates by reducing electrolyte impurities and parasitic reactions to nominal levels.

Battery life is also affected by impedance.  Unfortunately, battery impedance is not a nice stable number, but rather one that varies by time, temperature, and the mechanical environment it must operate within.

Impedance is measured by the internal resistance developed not only in the electrolyte, but also in the cathode and anode.  Impedance can also rise as a result of electrolyte loss.  Even though the coin cell’s seal remains intact, being in an elevated temperature environment can cause the electrolyte to simply diffuse through the seal.
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Material Used in Battery Construction

Figure 2.  Material used in battery construction

Battery Physical Characteristics

Wet and dry cells.  Wet and dry cells are classified by the type of electrolyte the battery uses.  The electrolyte of a cell may be a liquid or a paste.  If the electrolyte is a paste, the cell is referred to as a dry cell.  If the electrolyte is a solution, the cell is called a wet cell.

Carbon-zinc cell.  The carbon-zinc cell is one of the oldest and most widely used types of dry cells.  The carbon in the battery is in the form of a rod in the center of the cell that acts as the positive terminal.  The case is made from zinc and acts as the negative electrode.  The electrolyte for this type of cell is a chemical paste-like mixture that is housed between the carbon electrode and the zinc case.  The cell is then sealed to prevent any of the liquid in the paste from evaporating.

The advantage of a carbon-zinc battery is that it is durable and very inexpensive to produce.  The cell voltage for this type of cell is about 1.5 volts.

Alkaline cell.  The alkaline cell is so called because it has an alkaline electrolyte of potassium hydroxide.  The negative electrode is made from zinc, and the positive electrode is made of manganese dioxide.  The typical alkaline cell generates 1.5 volts.  The alkaline cell has the advantage of an extended life over that of a carbon-zinc cell of the same size; however, it is usually more expensive.

Nickel-cadmium cell.  The nickel-cadmium cell is a secondary cell, and the electrolyte is potassium hydroxide.  The negative electrode is made of nickel hydroxide, and the positive electrode is made of cadmium hydroxide.  The nominal voltage of a nickel-cadmium cell is 1.25 volts.  The nickel-cadmium battery has the advantage of being a dry cell that is a true storage battery with a reversible chemical reaction (i.e., it can be recharged).  The nickel-cadmium battery is a rugged, dependable battery.  It gives dependable service under extreme conditions of temperature, shock, and vibration.  Due to its dependability, it is ideally suited for use in portable communications equipment.

Edison cell.  In an edison cell the positive plate consists of nickel and nickel hydrate, and the negative plate is made of iron.  The electrolyte is an alkaline.  Typical voltage output is 1.4 volts, and it should be recharged when it reaches 1.0 volts.  The edison cell has the advantage of being a lighter and more rugged secondary cell than a lead-acid storage battery.

Mercury cell.  Mercury cells come in two types; one is a flat cell that is shaped like a button, while the other is a cylindrical cell that looks like a regular flashlight battery.  Each cell produces about 1.35 volts.  These cells are very rugged and have a relatively long shelf life.  The mercury cell has the advantage of maintaining a fairly constant output under varying load conditions.  For this reason, they are used in products such as electric watches, hearing aids, cameras, and test instruments.

Environmental Requirements for Safe Battery Operation and Disposal

Because batteries store large amounts of energy, there are certain hazards that are associated with battery operation.  These hazards must be fully understood to ensure safe operation of batteries.  Hazards include shorted cells, gas generation, and battery temperature.

Shorted cell.  Cell short circuits can be caused by several conditions, which include the following: faulty separators; lead particles or other metals forming a circuit between the positive and negative plates; buckling of the plates; or excessive sediments in the bottom of the jar.  The primary cause of some of these occurrences is overcharging and over discharging of the battery, which causes sediment to build up due to flaking of active material and buckling of cell plates.

Overcharging and over discharging should be avoided at all costs.  Short circuits cause a great reduction in battery capacity.  With each shorted cell, battery capacity is reduced by a percentage equal to one over the total number of cells.

Gas generation.  A lead-acid battery cannot absorb all the energy from the charging source when the battery is nearing the completion of the charge.  This excess energy dissociates water by way of electrolysis into hydrogen and oxygen.  Oxygen is produced by the positive plate, and hydrogen is produced by the negative plate.  This process is known as gassing.

Gassing is first noticed when cell voltage reaches 2.30–2.35 volts per cell and increases as the charge progresses.  At full charge, the amount of hydrogen produced is about one cubic foot per cell for each 63 ampere-hours input.  If gassing occurs and the gases are allowed to collect, an explosive mixture of hydrogen and oxygen can be readily produced.  It is necessary, therefore, to ensure that the area is well ventilated and that it remains free of any open flames or spark-producing equipment.

As long as battery voltage is greater than 2.30 volts per cell, gassing will occur and cannot be prevented entirely.  To reduce the amount of gassing, charging voltages above 2.30 volts per cell should be minimized (e.g., 13.8 volts for a 12-volt battery).

Battery temperature.  The operating temperature of a battery should preferably be maintained in the nominal band of 60°F–80°F.  Whenever the battery is charged, the current flowing through the battery will cause heat to be generated by the electrolysis of water.  The current flowing through the battery (I) will also cause heat to be generated (P) during charge and discharge as it passes through the internal resistance (Ri), as illustrated using the formula for power in the equation below.

P = I2Ri
Higher temperatures will give some additional capacity, but they will eventually reduce the life of the battery.  Very high temperatures, 125°F and higher, can actually do damage to the battery and cause early failure.

Low temperatures will lower battery capacity but also prolong battery life under floating (i.e., slightly charging) operation or storage.  Extremely low temperatures can freeze the electrolyte, but only if the battery is low in specific gravity.

Specific Component Applications

A cell has five major components:  the negative electrode, the positive electrode, the electrolyte, the separator and the container.

The negative electrode supplies electrons to the external circuit (or load) during discharge.  In a fully charged lead-acid storage battery, the negative electrode is composed of a sponge lead.  The positive electrode accepts electrons from the load during discharge.  In a fully charged lead-acid battery the positive electrode is composed of lead dioxide.  It should be noted that the electrodes in a battery must be of dissimilar materials or the cell will not be able to develop an electrical potential and thus conduct electrical current.  The electrolyte completes the internal circuit in the battery by supplying ions to the positive and negative electrodes.  Dilute sulfuric acid is the electrolyte in lead-acid batteries.  In a fully charged lead-acid battery, the electrolyte is approximately 25 percent sulfuric acid and 75 percent water.

The separator is used to electrically isolate the positive and negative electrodes.  If the electrodes are allowed to come in contact, the cell will short-circuit and become useless because both electrodes would be at the same potential.  The type of separator used varies by cell type.  Materials used as separators must allow ion transfer between the electrolyte and electrodes.  Many separators are made of a porous plastic or glass fiber material.  The above components are housed in a container commonly called a jar or container.

Electrolyte Precautions

The electrolyte used in batteries is an acid.  The electrolyte is corrosive and dangerous if ingested.  Emergency eyewash and shower facilities are required to be located near storage battery work areas, and workers must know where the closest eyewash/shower is before working around storage batteries.

h) Describe the relationship between voltage and current-carrying capacity for series-connected versus parallel-connected batteries.

When several cells are connected in series, the total voltage output of the battery is equal to the sum of the individual cell voltages.  In the example of the battery in figure 3, the four  1.5‑volt cells provide a total of 6 volts.  When we connect cells in series, the positive terminal of one cell is connected to the negative terminal of the next cell.  The current flow through a battery connected in series is the same as for one cell.
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Figure 3.  Cells connected in a series

Cells connected in parallel give the battery a greater current capacity.  When cells are connected in parallel, all the positive terminals are connected together, and all the negative terminals are connected together.  The total voltage output of a battery connected in parallel is the same as that of a single cell.

Cells connected in parallel have the same effect as increasing the size of the electrodes and electrolyte in a single cell.  The advantage of connecting cells in parallel is that it will increase the current-carrying capability of the battery.

i) Discuss the basic operation of AC and DC generators.  Include in the discussion the following elements of generator operation: 

· Electromagnetic force

· Counter electromagnetic force

· Generator speed vs. frequency relationship

· Frequency control

· Generator field strength vs. output voltage relationship

· Field excitation

· Generator voltage regulation

· Generator protection circuitry and relaying

A simple AC generator consists of a strong magnetic field, conductors that rotate through that magnetic field, and a means by which a continuous connection is provided to the conductors as they are rotating.  The strong magnetic field is produced by a current flow through the field coil of the rotor.  The field coil in the rotor receives excitation through the use of slip rings and brushes.  Two brushes are spring-held in contact with the slip rings to provide the continuous connection between the field coil and the external excitation circuit.  The armature is contained within the windings of the stator and is connected to the output.  Each time the rotor makes one complete revolution, one complete cycle of AC is developed.  A generator has many turns of wire wound into the slots of the rotor.

The magnitude of AC voltage generated by an AC generator is dependent on the field strength and speed of the rotor.  Most generators are operated at a constant speed; therefore, the generated voltage depends on field excitation, or strength.

The elementary AC generator consists of a conductor, or loop of wire, in a magnetic field that is produced by an electromagnet.  The two ends of the loop are connected to slip rings, and they are in contact with two brushes.  When the loop rotates, it cuts magnetic lines of force, first in one direction and then the other.

At the instant the loop is in the vertical position, the coil sides are moving parallel to the field and do not cut magnetic lines of force.  In this instant, there is no voltage induced in the loop.  As the coil rotates in a counter-clockwise direction, the coil sides will cut the magnetic lines of force in opposite directions.  The direction of the induced voltages depends on the direction of movement of the coil.
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Figure 4.  Simple AC generator

The induced voltages add in series, making slip ring X (in figure 4) positive (+) and slip ring Y negative (-).  The potential across resistor (R) will cause a current to flow from (Y) to (X) through the resistor.  This current will increase until it reaches a maximum value when the coil is horizontal to the magnetic lines of force.  The horizontal coil is moving perpendicular to the field and is cutting the greatest number of magnetic lines of force.  As the coil continues to turn, the voltage and current induced decrease until they reach zero, where the coil is again in the vertical position (figure 5).  In the other half revolution, an equal voltage is produced, but the polarity is reversed (figure 5).  The current flow through (R) is now from (X) to (Y) (figure 4).
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Figure 5.  Developing a sine wave voltage

A simple DC generator consists of an armature coil with a single turn of wire.  The armature coil cuts across the magnetic field to produce a voltage output.  As long as a complete path is present, current will flow through the circuit in the direction shown by the arrows in figure 5. In this coil position, commutator segment 1 contacts with brush 1, while commutator segment 2 is in contact with brush 2.

Rotating the armature one-half turn in the clockwise direction causes the contacts between the commutator segments to be reversed.  Now segment 1 is contacted by brush 2, and segment 2 is in contact with brush 1.

j) Discuss the basic operation of the various types of AC and DC motors.  Include in the discussion the following elements of motor operation as applicable to AC or DC motors: 

· Electromagnetic force 

· Counter electromagnetic force 

· Starting current vs. running current 

· Starting torque slip 

· Current vs. load characteristics 

· Variable speed operation 

· Speed control 

· Motor controller circuitry 

· Applications of different types of motors

AC Motor

In an AC motor, a current is passed through the coil, generating a torque on the coil.  Since the current is alternating, the motor will run smoothly only at the frequency of the sine wave.  It is called a synchronous motor.  More common is the induction motor, where electric current is induced in the rotating coils rather than supplied to them directly.

One of the drawbacks of this kind of AC motor is the high current that must flow through the rotating contacts.  Sparking and heating at those contacts can waste energy and shorten the lifetime of the motor.  In common AC motors, the magnetic field is produced by an electromagnet powered by the same AC voltage as the motor coil.  The coils that produce the magnetic field are sometimes referred to as the stator, while the coils and the solid core that rotates are called the armature.  In an AC motor, the magnetic field is sinusoidally varying, just as the current in the coil varies. 

DC Motor

DC motors consist of rotor-mounted windings (armature) and stationary windings (field poles).  In all DC motors, except permanent magnet motors, current must be conducted to the armature windings by passing current through carbon brushes that slide over a set of copper surfaces called a commutator, which is mounted on the rotor.  The commutator bars are soldered to armature coils.  The brush/commutator combination makes a sliding switch that energizes particular portions of the armature, based on the position of the rotor.  This process creates north and south magnetic poles on the rotor that are attracted to or repelled by north and south poles on the stator, which are formed by passing DC through the field windings.  This magnetic attraction and repulsion causes the rotor to rotate.

The greatest advantage of DC motors may be speed control.  Since speed is directly proportional to armature voltage and inversely proportional to the magnetic flux produced by the poles, adjusting the armature voltage and/or the field current will change the rotor speed.  Today, adjustable frequency drives can provide precise speed control for AC motors, but they do so at the expense of power quality, as the solid-state switching devices in the drives produce a rich harmonic spectrum.  The DC motor has no adverse effects on power quality.

Power supply, initial cost, and maintenance requirements are the negatives associated with DC motors.  Rectification must be provided for any DC motors supplied from the grid.  Rectification can also cause power quality problems.  The construction of a DC motor is considerably more complicated and expensive than that of an AC motor, primarily due to the commutator, brushes, and armature windings.  An induction motor requires no commutator or brushes, and most use cast squirrel-cage rotor bars instead of true windings.  Maintenance of the brush/commutator assembly is significant compared to that of induction motor designs.  

Electromagnetic Force

Electromagnetic force is an infinite-range attractive or repulsive force that acts between charged particles.  A particle at rest feels only the force due to the electric field, called Coulomb’s law. 

Counter Electromagnetic Force

In a generator using a rotating armature, the conductors cut the magnetic lines of force in the magnetic field.  Voltage is induced in the armature conductors.  This induced voltage opposes the applied voltage; it counteracts some of the applied voltage, which reduces the current flow through the armature.  This induced voltage acts counter to applied voltage; therefore, it is called counter electromotive force (CEMF).
Starting Current vs. Running Current

At the moment a DC motor is started, the armature is stationary and there is no CEMF being generated.  The only component to limit starting current is the armature resistance, which, in most DC motors is a very low value (approximately one ohm or less).
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In order to reduce a very high starting current, an external resistance must be placed in series with the armature during the starting period.  To show why this is essential, let us consider a 10-hp motor with an armature resistance of 0.4 ohms.  If the motor were supplied by a 260‑volt DC source, the resulting current would be as shown in the equation below.

This large current is approximately twelve times greater than actual full-load current for this motor.  This high current would, in all probability, cause severe damage to the brushes, commutator, or windings.  Starting resistors are usually incorporated into the motor design to limit starting current to 125–200 percent of full-load current.

Starting Torque Slip

Slip is the difference between the speed of the stator magnetic field and the speed of the rotor.  Under load, the rotor slows down and the speed adjusts itself to the point where the forces exerted by the magnetic field on the rotor are sufficient to overcome the torque requirements of the load.  The resulting speed is slightly less than the stator-rotating field.  The slip necessary to carry full load depends on the motor characteristics.

In general, the higher the inrush current, the lower the slip at which the motor can carry full load, and the higher the efficiency.  The lower the inrush current, the higher the slip at which the motor can carry full load, and the lower the efficiency.

An increase in line voltage decreases the slip.  A decrease in line voltage increases the slip.  An increase in line voltage decreases the heating of the motor.  A decrease in line voltage increases the heating of the motor.

For additional information regarding AC and DC motors refer to U.S. Department of Energy, DOE-HDBK-1011/1-92, DOE Fundamentals Handbook, Electrical Science, volumes 1–4, June 1992.

k) Discuss the purposes of a transformer.

A transformer is an electrical device designed to transfer electrical energy from one circuit to another by electromagnetic induction.  Transformers can be used to step voltage up, step voltage down, or to provide electrical isolation.
l) Discuss the basic operation of the various types of transformers.  Include in the discussion the following elements of transformer operation and design: 

· Theory of operation 

· Magnetic coupling 

· Voltage/current relationships between primary and secondary windings 

· Purposes of a transformer 

· Step up vs. step down transformer design 

· Multiple secondary windings 

· Transformer tap changers 

· Transformer ratings 

· Transformer cooling requirements  

· Current transformers vs. potential transformers

Theory of Operation

When alternating voltage is applied to the primary winding, an AC will flow that will magnetize the magnetic core, first in one direction and then in the other direction.  This alternating flux flowing around the entire length of the magnetic circuit induces a voltage in the secondary winding.  The induced voltage will be the same frequency as the source.

A voltage will also be induced into the primary winding, since it is also in close proximity to the changing magnetic field.  The voltage opposes the voltage applied to the primary winding and is called CEMF.

The AC flowing through the primary winding establishes a primary magnetic field.  The primary magnetic field will build up, collapse and change directions due to the alternating electrical current.  The secondary winding is placed near the primary winding.  The expanding and collapsing magnetic field of the primary winding produces relative motion, and electrical current is produced in the secondary winding.

Purposes of a Transformer

A transformer works on the principle that energy can be transferred by magnetic induction from one set of coils to another set by means of a varying magnetic flux.  The magnetic flux is produced by an AC source.  The coil of a transformer that is energized from an AC source is called the primary winding (coil), and the coil that delivers this AC to the load is called the secondary winding (coil).

Step-Up vs. Step-Down Transformer Design

In a voltage step-down function, the secondary windings are further from the primary windings.  There are fewer secondary windings than primary windings.  The transformer uses a core with a higher reluctance.  There are fewer primary windings than secondary windings.

In a step-up function the secondary voltage increases; output power decreases proportionally.  The secondary voltage increases; secondary current decreases proportionally.  The secondary voltage increases; output power and secondary current remain constant.  The secondary voltage increases; output power and secondary current both decrease proportionally.

Multiple Secondary Windings

Transformers are very versatile devices.  The basic concept of energy transfer between mutual inductors is useful enough between a single primary and single secondary coil, but transformers don’t have to be made with just two sets of windings.  In some transformer circuits, three inductor coils share a common magnetic core, magnetically coupling or linking them together.  The relationship of winding turn ratios and voltage ratios seen with a single pair of mutual inductors still holds true here for multiple pairs of coils.  It is entirely possible to assemble a transformer in which one secondary winding is “step-down” and the other is  “step-up”  In fact, this design of transformer was quite common in vacuum tube power supply circuits, which were required to supply low voltage for the tubes’ filaments from a nominal primary voltage of 110 volts AC.  Not only are voltages and currents of completely different magnitudes possible with such a transformer, but all circuits are electrically isolated from one another.

Transformer Tap Changers

A tap changer is a device fitted on power transformers for regulation of the output voltage to required levels.  This is normally achieved by changing the ratios of the transformers on the system by altering the number of turns in one winding of the appropriate transformer(s).  Supply authorities are under obligation to their customers to maintain the supply voltage between certain limits.  Tap changers offer variable control to keep the supply voltage within these limits.  About 96 percent of all power transformers today above 10 megavolts-amperes incorporate on load tap changers as a means of voltage regulation.  Tap changers can be on load or off load.

Transformer Ratings

The transformer ratings depend upon the type of filter and rectifier configuration used.  The commonly used filter types are inductor and capacitor input filters.  However, due to increased weight and cost considerations, the inductor filter is not very popular.  In most power supplies, a voltage regulator is used, which provides extra ripple reduction so that an L-C filter is not required.  As a result, a capacitive filter is sufficient for a majority of the applications and is very popular among power supply designers. 

The current drawn from the transformer secondary winding varies with the type of rectifier circuit used.  The most commonly used single-phase circuits are: 

· half wave (single diode) 

· full wave center tap (two diodes) 

· full wave bridge (four diodes) 

· dual complementary rectifier 

The half wave rectifier is simple and less costly than the other types.  However, very high current spikes during the capacitive charging interval and the unidirectional DC current in the transformer secondary winding require a larger transformer core to avoid saturation.  Consequently, the half wave rectifier is not very popular, and the only time it may be worth considering is for power levels below one watt. 

Transformer Cooling Requirements

The type of cooling methods the transformer may use normally determines the power rating of a transformer.  Cooling is required because of the large amount of electrical current flowing through the transformer windings.  The heat generated in a transformer is based on the power or I²R.  Smaller transformers are cooled by airflow over the windings.  In larger transformers, fans maybe used to increase the airflow.  In still larger transformers, some commonly used methods of cooling are by using oil or some other heat-conducting material.

Current Transformers vs. Potential Transformers

The current transformer steps down the current of a circuit to a lower value and is used in the same types of equipment as a potential transformer.  This is done by constructing the secondary coil, consisting of many turns of wire, around the primary coil, which contains only a few turns of wire.  In this manner, measurements of high values of current can be obtained.

A current transformer should always be short-circuited when not connected to an external load.  Because the magnetic circuit of a current transformer is designed for low-magnetizing current when under load, this large increase in magnetizing current will build up a large flux in the magnetic circuit and cause the transformer to act as a step-up transformer, inducing an excessively high voltage in the secondary when under no load.

The potential transformer steps down voltage of a circuit to a low value that can be effectively and safely used for operation of instruments such as ammeters, voltmeters, watt meters, and relays used for various protective purposes.

m) Discuss the application of specific transformer designs to the following types of electrical/electronic circuitry: 

· Instrumentation power 

· Voltage sensing circuits 

· Current sensing circuits 

· Control circuitry power 

· Circuits requiring fault isolation protection

Instrumentation Power

Power transformers convert power-level voltages from one level or phase configuration to another.  They can include features for electrical isolation, power distribution, and control and instrumentation applications.  Transformers typically rely on the principle of magnetic induction between coils to convert voltage and/or current levels.

Voltage Sensing Circuits

Voltage sensing circuits control relays that cut the panels off to prevent overcharging the batteries when power is not being drawn.

Current Sensing Circuits

Most techniques for sensing current involve measuring the differential voltage the current produces as it flows through a sense element, such as a resistor or a Hall-effect device.  The differential voltage across the sense element is generally small and is often riding on a common-mode voltage that is considerably larger than the differential voltage itself.  Accurate amplification of the differential voltage requires a differential amplifier with high input impedance, high common-mode rejection (CMR); wide input-common-mode voltage range; and high, well-defined gain.  Traditional instrumentation amplifiers have these features and often serve for low-frequency current sensing, but they perform poorly at high speeds.  High-speed current sensing requires the kind of performance that instrumentation amps provide, but their abilities must extend to high frequencies.

Control Circuitry Power

The components of many appliances are administered by some kind of control circuitry.  Most home appliances have very simple control circuitry, consisting of a single micro-controller chip and its firmware.  An exception to this case is the computer, which uses a much more complex system of circuitry and integrated circuit chips to control the system.

Control circuitry power consumption depends on the complexity of the system.  In general, more and bigger chips need more power.  However, because portions of circuitry, and even portions of chips, can be shut down while other portions remain powered, even the most complex circuitry needs a very small amount of power to respond when needed.

Circuits Requiring Fault Isolation Protection

Isolation transformers work in a mill watt environment with high bandwidth, in difference to a 50/60 Hz transformer.  Today protecting broadband transformers are required to protect the digital telecommunication and high-speed data transfer environment, while enabling maximum bandwidth. 

Such transformers are needed to protect personnel and telecommunication equipment.  Copper wire communications cables serving power plants and substations can be exposed to thousands of volts during a power system fault.  Fault currents, returning to their source via the power station ground mat, produce dangerous and destructive ground potential rise and longitudinally-induced voltages and noise in telecommunication cable facilities.

n) Discuss application of the following as backup power supplies: 

· Uninterruptible power supply (UPS) inverters 

· Diesel generators 

· Motor generators 

· Auto transfer switches

UPS Inverters

A UPS is a device that sits between a power supply (e.g., a wall outlet) and a device (e.g., a computer) to prevent undesired features of the power source (outages, sags, surges, bad harmonics, etc.) from adversely affecting the performance of the device.

Diesel Generators

Diesel generators provide backup or emergency electrical power.  The diesel can be automatically started or manually started upon the loss of the original electrical power.  The diesels provide mechanical energy and serve as the prime mover for an electrical generator.  As the shaft of the diesel turns, it is connected to the shaft of a generator.  The electrical generator can be designed and constructed to be either AC or DC depending on system load requirements.  The spinning shaft of the generator converts the mechanical energy of the diesel to electrical energy that can be connected to the distribution system.

Motor Generators

Motor generators provide backup or emergency electrical power.  The motor generator is an arrangement that mechanically connects a motor to a generator.  The motor is turned to an electrical power source.  In backup power applications this electrical power typically comes from a battery source.  The DC electrical power from the battery turns the motor.  The motor is mechanically connected to the generator shaft.  As the motor turns the shaft of the generator, electrical power is created in the generator.  The electrical power can be connected to the electrical distribution system.

Auto Transfer Switches

There are two types of auto transfer switches: normal seeking and power seeking.  

Normal seeking.  On a loss of normal power, the normal seeking automatic transfer switch automatically switches from the normal power source to the alternate power source.  When normal power is restored, a normal seeking automatic transfer switch automatically returns to the normal power source.

Power seeking.  On a loss of normal power, the power seeking automatic transfer switch automatically switches from the normal power source to the alternate power source.  The power seeking automatic transfer switch will remain on the alternate power source until an operator manually returns the switch to the normal power source after power has been returned to the normal power source.

o) Identify and discuss the operation of the different types of electrical switchgear.

The term switchgear, commonly used in association with the electric power system, or grid, refers to the combination of electrical disconnects and/or circuit breakers meant to isolate equipment in or near an electrical substation.

Switchgear is usually located on both the high-voltage and the low-voltage sides of large power transformers.  The switchgear located on the low-voltage side of the transformers in distribution type substations is now typically located in what is called a power control center.  Inside this building are typically smaller, medium-voltage (~15 kV) circuit breakers feeding the distribution system.  Also contained inside these power control centers are various relays, meters, and other communication equipment allowing for intelligent control of the substation.

Switchgear for low voltages may be entirely enclosed within a building.  For transmission levels of voltage (high voltages over 66 kV), often switchgear will be mounted outdoors and insulated by air, though this requires a large amount of space.  A compact, though more costly form of switchgear, is gas-insulated switchgear, where the conductors and circuit breakers are insulated by sulfur hexafluoride gas.

At small substations, switches may be manually operated, but at important switching stations on the transmission network, all devices have motor operators to allow for remote control.

p) Identify and discuss the operation of the different types of circuit breakers.

A circuit breaker, 600 volts nominal or less, is a device designed to open and close a circuit by nonautomatic means, and to open the circuit automatically on a predetermined overcurrent without injury to itself when properly applied within its rating. 

A circuit breaker, over 600 volts, nominal, is a device capable of making, carrying, and breaking currents under normal circuit conditions, and also of making, carrying for a specified time, and breaking currents under specified abnormal circuit conditions, such as a short circuit.  This is typically an electromagnetic or thermal device that opens a circuit when the current in the circuit exceeds a predetermined amount.  Circuit breakers can be reset and reused without damage to the device, and they are rated for voltage, current, and horsepower.

3. Instrumentation and control personnel shall demonstrate a working-level knowledge of the characteristics and applications of electrical components used in instrumentation and control systems.

q) Discuss the various methods through which a supply voltage is converted and/or reduced for use in an electronic circuit.
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There are many types of power supplies.  Most are designed to convert high-voltage AC mains electricity to a suitable low-voltage supply for electronic circuits and other devices.  A power supply can by broken down into a series of blocks, each of which performs a particular function. 

For example, consider a 5-volt regulated supply: 

A transformer steps down high-voltage AC mains to low-voltage AC.  A rectifier converts AC to DC, but the DC output is varying.  Smoothing stabilizes the DC from varying greatly to making only a small ripple.  A regulator eliminates ripple by setting DC output to a fixed voltage.

r) Given a schematic diagram of a typical instrumentation and control circuit, identify each of the following electrical components in the circuit and discuss its function, parameters, and rating as applicable: 

· Resistors 

· Capacitors 

· Relays 

· Contacts 

· Fuses 

· Switches 

· Diodes 

· Power supplies 

· Solenoids 

· Indicating lights

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

Figure 6 shows the common symbols for relays, contacts, connectors, lines, resistors, and other miscellaneous electrical components.
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Figure 6.  Electric schematic symbols

For additional information, refer to DOE-HDBK-1016/1-93, DOE Fundamentals Handbook, Engineering Symbology, Prints, and Drawings, volumes 1 and 2, January 1993.

s) Discuss the application of the various types of circuit breakers and fuses used in the power supplies to instrumentation and control circuits.  Include in this discussion the circuit requirements for the sizing, ratings, and characteristics of these power-interrupting devices.

Whenever electrical wiring has too much current flowing through it, circuit breakers cut the power until somebody can fix the problem.  Without circuit breakers or fuses, electricity would be impractical because of the potential for fires and other mayhem resulting from simple wiring problems and equipment failures. 

To understand circuit breakers, it helps to know how household electricity works.  Electricity is defined by three major attributes: voltage, current, and resistance 

Voltage is the pressure that makes electric charge move.  Current is the charge’s flow, or the rate at which the charge moves through the conductor, measured at any particular point.  The conductor offers a certain amount of resistance to this flow, which varies depending on the conductor’s composition and size. 

Voltage, current, and resistance are all interrelated.  You can’t change one without changing another.  Current is equal to voltage divided by resistance.  If you increase the pressure working on electric charge, or decrease the resistance, more charge will flow.  If you decrease pressure or increase resistance, less charge will flow. 

A power distribution grid delivers electricity from a power plant to a facility.  Inside the facility, the electric charge moves in a large circuit, which is composed of many smaller circuits.  One end of the circuit, the hot wire, leads to the power plant.  The other end, called the neutral wire, leads to ground.  Because the hot wire connects to a high-energy source, and the neutral wire connects to an electrically neutral source (the earth), there is a voltage across the circuit.  Charge moves whenever the circuit is closed.  The power distribution grid delivers electricity at a consistent voltage, but resistance, and therefore current, varies in a facility.  All of the different instruments and controls offer a certain amount of resistance, also described as the load.  This resistance is what makes the instrument work.  

In building wiring, the hot wire and the neutral wire never touch directly.  The charge running through the circuit always passes through an instrument, which acts as a resistor.  In this way, the electrical resistance in instruments limits how much charge can flow through a circuit.  Instruments and controls are designed to keep current at a relatively low level for safety purposes.  Too much charge flowing through a circuit at a particular time would heat the instrument’s wires and the building’s wiring to unsafe levels, possibly causing a fire. 

Keeping the hot and neutral wires separate ensures that the electrical system will run smoothly most of the time.  Occasionally, however, something will connect the hot wire directly to the neutral wire or to something else leading to ground.  For example, a fan motor might overheat and melt, fusing the hot and neutral wires together.  Or someone might drive a nail into the wall, accidentally puncturing one of the power lines.  When the hot wire is connected directly to ground, there is minimal resistance in the circuit, so the voltage pushes a huge amount of charge through the wire.  If this continues, the wires can overheat and start a fire. 

The circuit breaker’s job is to cut off the circuit whenever the current jumps above a safe level.  The simplest circuit protection device is the fuse.  A fuse is just a thin wire enclosed in a casing that plugs into the circuit.  When a circuit is closed, all charge flows through the fuse wire.  The fuse experiences the same current as any other point along the circuit.  The fuse is designed to disintegrate when it heats up above a certain level.  If the current climbs too high, it burns up the wire.  Destroying the fuse opens the circuit before the excess current can damage the building wiring. 

The problem with fuses is that they only work once.  Every time you blow a fuse, you have to replace it with a new one.  A circuit breaker does the same thing as a fuse.  It opens a circuit as soon as current climbs to unsafe levels, but you can use it over and over again. 

The basic circuit breaker consists of a simple switch, connected to either a bimetallic strip or an electromagnet.  The hot wire in the circuit connects to the two ends of the switch.  When the switch is flipped to the “on” position, electricity can flow from the bottom terminal, through the electromagnet, up to the moving contact, across to the stationary contact, and out to the upper terminal. 

The electricity magnetizes the electromagnet.  Increasing current boosts the electromagnet’s magnetic force, and decreasing current lowers the magnetism.  When the current jumps to unsafe levels, the electromagnet is strong enough to pull down a metal lever connected to the switch linkage.  The entire linkage shifts, tilting the moving contact away from the stationary contact to break the circuit.  The electricity shuts off. 

A bimetallic strip design works on the same principle, except that instead of energizing an electromagnet, the high current bends a thin strip to move the linkage.  Some circuit breakers use an explosive charge to throw the switch.  When current rises above a certain level, it ignites explosive material, which drives a piston to open the switch. 

t) Describe how different types of relays are used in instrumentation and control circuits to accomplish the following functions.  Include in the discussion the relay characteristics required for each application. 

· Logic control 

· Signal isolation 

· Electrical protection 

· Electrical switching 

· Time delays 

· Alarm annunciation 

· Indication actuation

Logic Control

Before the advent of solid-state logic circuits, logical control systems were designed and built exclusively around electromechanical relays.  Relays are far from obsolete in modern design, but have been replaced in many of their former roles as logic-level control devices, relegated most often to those applications demanding high current and/or high-voltage switching. 

Instruments and controls requiring on/off control abound in modern commerce and industry, but such control systems are rarely built from either electromechanical relays or discrete logic gates.  Instead, digital computers fill the need, which may be programmed to do a variety of logical functions. 

In the late 1960s an American company named Bedford Associates released a computing device they called the MODICON.  As an acronym, it meant modular digital controller.  Other engineering firms developed their own versions of this device, and it eventually came to be known in non-proprietary terms as a PLC, or programmable logic controller.  The purpose of a PLC is to directly replace electromechanical relays as logic elements, substituting instead a solid-state digital computer with a stored program able to emulate the interconnection of many relays to perform certain logical tasks. 

A PLC has many input terminals, through which it interprets high and low logical states from sensors and switches.  It also has many output terminals, through which it outputs high and low signals to power lights, solenoids, instruments, controls, and other devices lending themselves to on/off control.  In an effort to make PLCs easy to program, their programming language was designed to resemble ladder logic diagrams.  Thus, an industrial electrician or electrical engineer accustomed to reading ladder logic schematics would feel comfortable programming a PLC to perform the same control functions. 

PLCs are industrial computers, and as such, their input and output signals are typically 120 volts AC, just like the electromechanical control relays they were designed to replace. 

Signal Isolation

Signal isolation is a method of conditioning a signal without having a galvanic connection between the input and the output.  Isolation is often also required between the input, output, and power source.  Isolation is usually achieved by converting the input into a frequency and coupling the frequency signal to the output through a transformer or optical isolator.  Typical isolation circuits can withstand 1000 volts or more common mode signals on the input.

Isolation is useful in breaking ground loops and providing high-voltage common mode rejection.  The need for isolation depends on the signal source wiring and the load on the signal conditioner.  If the signal conditioner is wired in a fixed system in a consistent manner, isolation can probably be avoided through proper wiring practices.  If the signal conditioner is available for other user wiring, isolation should be considered if the other user can create ground loops or apply high common mode signals to the conditioner.

Electrical Protection

A special type of relay is one that monitors the current, voltage, frequency, or any other type of electric power measurement either from a generating source or to a load for the purpose of triggering a circuit breaker to open in the event of an abnormal condition.  These relays are referred to in the electrical power industry as protective relays. 

The circuit breakers that are used to switch large quantities of electric power on and off are actually electromechanical relays, themselves.  Unlike the circuit breakers found in residential and commercial use that determine when to trip (open) by means of a bimetallic strip inside which bends when it gets too hot from overcurrent, large industrial circuit breakers must be told by an external device when to open.  Such breakers have two electromagnetic coils inside: one to close the breaker contacts and one to open them.  The trip coil can be energized by one or more protective relays, as well as by hand switches, connected to switch 125 volt DC power.  DC power is used because it allows for a battery bank to supply close/trip power to the breaker control circuits in the event of a complete (AC) power failure. 

Protective relays can monitor large AC currents by means of current transformers that encircle the current-carrying conductors exiting a large circuit breaker, transformer, generator, or other device.  Current transformers step down the monitored current to a secondary (output) range of 0–5 amps AC to power the protective relay.  The current relay uses this 0–5 amp signal to power its internal mechanism, closing a contact to switch 125 volt DC power to the breaker’s trip coil if the monitored current becomes excessive. 

Likewise, (protective) voltage relays can monitor high AC voltages by means of voltage, or potential, transformers that step down the monitored voltage to a secondary range of 0–120 volts AC, typically.  Like protective current relays, this voltage signal powers the internal mechanism of the relay, closing a contact to switch 125 volt DC power to the breaker’s trip coil as the monitored voltage becomes excessive. 

There are many types of protective relays, some with highly specialized functions.  Not all monitor voltage or current, either.  They all, however, share the common feature of outputting a contact closure signal that can be used to switch power to a breaker trip coil, close coil, or operator alarm panel.

Electrical Switching

There are several types of electrical switching devices.  

Mechanical relays or mechanical contactors.  The cost of a mechanical relay or mechanical contactor is influenced by amperage and usage.  As these increase, so does the price.  A mechanical device typically has two ratings: the number of mechanical cycles (a high number) and the number of electrical cycles (a low number).  Therefore, mechanical devices should be used when the final device is activated infrequently.  Mechanical relays are seldom used for heater applications since the cycle time is too slow and the overall product life is often too short.  A mechanical device turns on or off when the coil is energized, which can result in noise spikes or surges since this is not at the zero crossing point.  An ideal cycle time for a mechanical device is often 30–60 seconds or more.  Some applications will require snubbers across the power terminals to help to suppress the voltage surge upon opening at the non-zero point.

Mercury contactors or mercury displacement relays.  A mercury contactor uses a pool of mercury, inside a glass sealed tube, to electrically connect two contacts.  This pool may contain more than 100 grams of mercury for a single contactor.  Since mercury is considered a cancer hazard in the United States and is banned in some countries, there are restrictions on shipping, storing, or clean up if a contactor should leak or explode.  A mercury contactor is not a zero crossing device, so there will be noise spikes or surges that may affect nearby electrical products or PLCs.  An ideal on/off cycle time for a mercury contactor is often 10–20 seconds, with 3–8 million overall cycles.  Mercury contactors are used frequently for industrial heater control of resistive heaters.  When used 24 hours a day in a heater application, there may be 3 million on/off cycles in a single year.  Therefore, the mercury contactors might be replaced many times during the life of the machine.

Solid state relays (SSRs).  SSR devices are usually packaged in the familiar cube shape and are frequently referred to as “hockey puck relays.”  SSRs can use internal triacs, but the better SSRs will use internal SCRs (a pair of silicon controlled rectifiers).  SSRs turn on and off at the zero crossing mark on a sinewave, so electrical surges and noise spikes are greatly reduced.  Since there are no moving parts in SSRs, they can be cycled on and off many times per second.  SSRs can be ideal products if you pay attention to three important application items: avoid over voltage (surges), over current, and over temperature.  

Solid-state contactors.  When an industrially hardened SSR is assembled onto a properly sized heat sink, the final product is frequently called a solid-state contactor.  As a finished contactor, the device provides the fastest and most convenient way to install a complete solid-state switching product. 

For heater control, solid-state contactors are typically used with programmable logic controllers, program controllers, or network input/output, controllers that generate the pulsing control signal.  This may be called a time proportional output, or pulse wave modulation.  When used with some PLCs, it may be easier to reduce programming time by using an analog output. 

Time Delays

A time delay relay is a relay that stays on for a certain amount of time once activated.  The time delay relay is made up of a simple adjustable timer circuit that controls the actual relay.  The time is adjustable from 0 to about 20 seconds with the parts specified.  The current capacity of the circuit is only limited by the kind of relay used. 

Alarm Annunciation

Every instrument and control system should be provided with an alarm annunciation system that provides both audible and visual signals.  The annunciation system should be designed for operation on an ungrounded 125-volt DC system.  All remote contacts used for trouble annunciation should be electrically independent of contacts used for other purposes so that annunciator circuits are separated from other DC circuits.  Auxiliary relays should be provided where electrically independent contacts couldn’t otherwise be obtained.  The annunciator equipment should use solid-state logic units, lighted window or LED type, designed and tested for surge withstanding.

Indication Actuation 

Hardware alarms should be based on positive indication of actuation or barrier failure (e.g., switch actuation, solenoid position, gas pressure, detection of radiation, or fluid flow), rather than perceived status based on a software command.

u) Describe the methods and devices used in instrumentation and control circuits to provide for protection against electrical transients.  

To safeguard today’s facilities, designers often use a combination of several systems to divert electrical transients.  Structural lightning protection systems are engineered and installed to protect the facility.  Usually mounted on rooftops, these systems are designed to attract lightning and provide a path to ground on which the current can flow.  

Another device, often installed at the service entrance, is the lightning arrestor.  Lightning arrestors are designed to limit the surge current magnitude to a level that is not damaging to transformers, switchgear, or other service entrance equipment; in other words, they must reduce high-magnitude events to 2,000–3,000 volts.  While this voltage range is within the withstand capability of most service entrance equipment, it will likely still be damaging to electronic loads within the facility.

To properly protect both service entrance equipment and electronic loads located deeper within a facility, a device that will clamp service entrance surges to an acceptable level of several hundred volts is required.  Suppression filter systems and other transient voltage surge suppression (TVSS) devices are designed to do exactly this.  While some TVSS offerings provide basic clamping and require module replacement after a given number of transient episodes, suppression filter systems that deliver long-term, repeated impulse protection without requiring component replacement are a more reliable, more cost-effective solution.

Installing surge protection at electrical service entrances has often been compared to protecting the forts of the Old West.  In pioneer times, the most feared enemies were the bad guys outside the walls.  As long as these dangerous elements were kept at bay, everyone inside was protected. 

Transferring this philosophy to today’s modern facilities, the primary goal of electrical transient disturbance protection is to keep lightning and the other externally generated bad guys from getting inside by installing protective devices at the service entrance.  But just like in the Old West, a secondary plan to attack internal transients is also essential to total facility protection.

v) Identify and discuss the use of electrical test equipment used to troubleshoot and analyze instrumentation and control circuit performance.

Logic analyzers are used to characterize and debug hardware, design and test firmware and software, and perform synthesis integration.  General-purpose logic analyzers allow the user to specify the width and depth of the data window that is captured.  The width being the number of points captured simultaneously, and the depth being the total time slices that the captured data represents.  Most logic analyzers combine two instruments: a state analyzer and a timing analyzer.  The timing analyzer approximates an oscilloscope’s time-interval-measurement capabilities.  The state analyzer provides the type of information you would expect to see in a well-behaved, clock-driven sequential digital unit under test (UUT) logic ones and zeros; it does not show glitches, clock skew, or path delays.  Basically, the state analyzer is used to show what happened on the bus, while the timing analyzer demonstrates when it happened.

Timing analyzers are the part of logic analyzers that are analogous to oscilloscopes.  The timing analyzer displays information in the same general form as a scope, with the horizontal axis representing time, and the vertical axis representing high and low logic levels.  Because the waveforms on both instruments are time-dependent, the displays are said to be in the time domain.

State analyzers are used to track logic events in a synchronous form.  They trace values on a bus or track functional problems and code flow.  They can also be used to analyze the execution of computer programs.  

When selecting between logic analyzers, there are a number of important features to consider: the number of input channels, the number of patterns generated, memory depth, sampling rate, and channel bandwidth.

The number of patterns generated refers to the number of patterns (per channel) that logic analyzers can measure.  These patterns can be time, temperature, power, etc.

Memory depth is an expression of the analyzers’ ability to capture and analyze relatively complex data.

Sampling rate, also called the sampling speed, refers to the speed at which sampling information is tracked, extracted, and displayed.  Many manufacturers differentiate between state speed and timing speed. 

Channel bandwidth, in a general sense, describes the logic analyzers’ information-carrying capacity.  It can apply to telephone or network wiring as well as system buses, radio frequency signals, and monitors.  Bandwidth is most accurately measured in cycles per second, or hertz (Hz), which is the difference between the lowest and highest frequencies transmitted.  But it is also common to use bits or bytes per second instead.  

w) Describe the requirements for electrical safety class systems.

Refer to the National Electrical Code, Article 409, Industrial Control Panels, for information regarding this competency.

x) Discuss the factors to be considered when selecting electrical components for use in instrumentation and control circuits.  Include in the discussion any consideration that must be given to the environment in which the circuit is required to perform its design function.

Ambient temperature variations will affect the accuracy and reliability of temperature detection instrumentation.  Variations in ambient temperature can directly affect the resistance of components in a bridge circuit and the resistance of the reference junction for a thermocouple.  In addition, ambient temperature variations can affect the calibration of electric/electronic equipment.  The effects of temperature variations are reduced by the design of the circuitry and by maintaining the temperature detection instrumentation in the proper environment.

The presence of humidity will also affect most electrical equipment, especially electronic equipment.  High humidity causes moisture to collect on the equipment.  This moisture can cause short circuits, grounds, and corrosion, which in turn may damage components.  The effects due to humidity are controlled by maintaining the equipment in the proper environment.

y) Discuss the effects of electromagnetic interference and electrostatic discharge on the performance of components in a typical instrumentation and control circuit.

Electromagnetic interference (EMI) is a naturally occurring phenomenon when the electromagnetic field of one device disrupts, impedes, or degrades the electromagnetic field of another device by coming into proximity with it. 

In computer technology, computer devices are susceptible to EMI because electromagnetic fields are a byproduct of passing electricity through a wire.  Data lines that have not been properly shielded are susceptible to data corruption by EMI.  EMI can result in the magnetic and radio frequency disruption or intermittent failure of electronic, communication, and information systems.

z) Discuss the design requirements for I&C system grounds.

Grounding systems should be designed to meet the following major goals:

· Provide for personnel and equipment protection and life-safety required by various regulatory agencies

· Maintain all equipment and circuits at the same reference ground potential

· Provide a safe, high-ampacity fault return path for those power distribution systems that have the source or generating system referenced to ground

· Maintain a low inductive loop area between the power distribution system and the fault return path for equipment that has a potential for high-fault currents

· Provide a low-impedance leakage path for any static charge that may accumulate on equipment

· Provide a low-impedance discharge path for energy storage devices such as capacitors and inductors that are installed for the suppression of high-voltage transients or electrical noise

· Minimize noise interference in instrumentation systems by providing common reference planes of low relative impedance between devices, circuits, and systems

· Assure that all ground system conductors that must carry high-frequency signals (greater than 10 kHz) are selected for low-inductance characteristics (At 1 MHz, the impedance of an average length ground conductor is around 4,000 ohms.)

Additional information regarding requirements for system grounds is available in Los Alamos National Laboratory, Engineering Standards Manual OST220-03-01-ESM, chapter 8, I&C, November 2003.

4. Instrumentation and control personnel shall demonstrate a working-level knowledge of temperature detection circuitry and components used in instrumentation and control systems.

aa) Discuss the basic functions of temperature detectors.

Although the temperatures that are monitored vary slightly depending on the details of facility design, temperature detectors are used to provide three basic functions: indication, alarm, and control.  The temperatures monitored may normally be displayed in a central location, such as a control room, and may have audible and visual alarms associated with them when specified preset limits are exceeded.  These temperatures may have control functions associated with them so that equipment is started or stopped to support a given temperature condition or so that a protective action occurs.

Because temperature is one of the most important parameters of a material, many instruments have been developed to measure it.  One type of detector used is the resistance temperature detector (RTD).  The RTD is used at many DOE nuclear facilities to measure temperatures of the process or materials being monitored.

ab) Describe the construction of a basic RTD.

The RTD incorporates pure metals or certain alloys that increase in resistance as temperature increases and, conversely, decrease in resistance as temperature decreases.  RTDs act somewhat like an electrical transducer, converting changes in temperature to voltage signals by the measurement of resistance.  The metals that are best suited for use as RTD sensors are pure, of uniform quality, stable within a given range of temperature, and able to give reproducible resistance-temperature readings.  Only a few metals have the properties necessary for use in RTD elements.

RTD elements are normally constructed of platinum, copper, or nickel.  These metals are best suited for RTD applications because of their linear resistance-temperature characteristics, their high coefficient of resistance, and their ability to withstand repeated temperature cycles.

The coefficient of resistance is the change in resistance per degree change in temperature, usually expressed as a percentage per degree of temperature.  The material used must be capable of being drawn into fine wire so that the element can be easily constructed.

RTD elements are usually long, spring-like wires surrounded by an insulator and enclosed in a sheath of metal.  Figure 7 shows the internal construction of an RTD.
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Figure 7.  Internal construction of a typical RTD

This particular design has a platinum element that is surrounded by a porcelain insulator.  The insulator prevents a short circuit between the wire and the metal sheath.  

Inconel, a nickel-iron-chromium alloy, is normally used in manufacturing the RTD sheath because of its inherent corrosion resistance.  When placed in a liquid or gas medium, the Inconel sheath quickly reaches the temperature of the medium.  The change in temperature will cause the platinum wire to heat or cool, resulting in a proportional change in resistance.

This change in resistance is then measured by a precision resistance-measuring device that is calibrated to give the proper temperature reading.  This device is normally a bridge circuit.
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Figure 8 shows an RTD protective well and terminal head.  The well protects the RTD from damage by the gas or liquid being measured.  Protecting wells are normally made of stainless steel, carbon steel, Inconel, or cast iron, and they are used for temperatures up to 1100°C.

Figure 8.  RTD well and terminal head

ac) Explain how RTD resistance varies with changes in sensed temperature.

The resistance of an RTD varies directly with temperature.  As temperature increases, resistance increases.  As temperature decreases, resistance decreases.

ad) Explain how an RTD provides an output representative of the measured temperature.

A change in temperature will cause an RTD to heat or cool, producing a proportional change in resistance.  The change in resistance is measured by a precision device that is calibrated to give the proper temperature reading.

ae) Describe the construction of a basic thermocouple including the materials used.

A thermocouple is constructed of two dissimilar metal wires joined at one end.  When one end of each wire is connected to a measuring instrument, the thermocouple becomes a sensitive and highly accurate measuring device.  Thermocouples may be constructed of several different combinations of materials.  The performance of a thermocouple material is generally determined by using that material with platinum.  The most important factor to be considered when selecting a pair of materials is the thermoelectric difference between the two materials.  A significant difference between the two materials will result in better thermocouple performance.  

Figure 9 shows the internal construction of a typical thermocouple.  The leads of the thermocouple are encased in a rigid metal sheath.  The measuring junction is normally formed at the bottom of the thermocouple housing.  Magnesium oxide surrounds the thermocouple wires to prevent vibration that could damage the fine wires and to enhance heat transfer between the measuring junction and the medium surrounding the thermocouple.
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Figure 9.  Internal construction of a typical thermocouple

af) Explain how a thermocouple provides an output representative of the measured temperature.

Thermocouples will cause an electric current to flow in the attached circuit when subjected to changes in temperature.  The amount of current that will be produced is dependent on the temperature difference between the measurement and reference junction, the characteristics of the two metals used, and the characteristics of the attached circuit.
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Figure 10 illustrates a simple thermocouple circuit.

Figure 10.  Simple thermocouple circuit

Heating the measuring junction of the thermocouple produces a voltage that is greater than the voltage across the reference junction.  The difference between the two voltages is proportional to the difference in temperature and can be measured on the voltmeter (in millivolts).  For ease of operator use, some voltmeters are set up to read out directly in temperature through use of electronic circuitry.

ag) Describe the environmental conditions that can affect the accuracy and reliability of temperature detection instrumentation.

Ambient temperature variations will affect the accuracy and reliability of temperature detection instrumentation.  Variations in ambient temperature can directly affect the resistance of components in a bridge circuit and the resistance of the reference junction for a thermocouple.  In addition, ambient temperature variations can affect the calibration of electric/electronic equipment.  The effects of temperature variations are reduced by the design of the circuitry and by maintaining the temperature detection instrumentation in the proper environment.

The presence of humidity will also affect most electrical equipment, especially electronic equipment.  High humidity causes moisture to collect on the equipment.  This moisture can cause short circuits, grounds, and corrosion, which in turn may damage components.  The effects due to humidity are controlled by maintaining the equipment in the proper environment.

ah) Given a diagram of a basic temperature instrumentation detection and control system, describe the function of the following components: 

· RTD

· Bridge circuit 

· DC-AC converter 

· Amplifier 

· Balancing motor/mechanical linkage

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

ai) Describe the temperature instrument indications for the following faults: 

· Short circuit 

· Open circuit

If the RTD becomes open in either the unbalanced or balanced bridge circuits, the resistance will be infinite, and the meter will indicate a very high temperature.  If it becomes shorted, the resistance will be zero, and the meter will indicate a very low temperature.

aj) Explain the methods of bridge circuit compensation for changes in ambient temperature.

The bridge operates by placing Rx in the circuit, as shown in figure 11, and then adjusting R3 so that all current flows through the arms of the bridge circuit.  When this condition exists, there is no current flow through the ammeter, and the bridge is said to be balanced.  When the bridge is balanced, the currents through each of the arms are exactly proportional.  They are equal if R1 = R2.  Most of the time the bridge is constructed so that R1 = R2.  When this is the case, and the bridge is balanced, then the resistance of Rx is the same as R3, or Rx = R3.

When balance exists, R3 will be equal to the unknown resistance, even if the voltage source is unstable or is not accurately known.  A typical Wheatstone bridge has several dials used to vary the resistance.  Once the bridge is balanced, the dials can be read to find the value of R3.  
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Figure 11.  Bridge circuit

Bridge circuits can be used to measure resistance to tenths or even hundredths of a percent accuracy.  When used to measure temperature, some Wheatstone bridges with precision resistors are accurate to about + 0.1°F.
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Two types of bridge circuits (unbalanced and balanced) are utilized in resistance thermometer temperature detection circuits.  The unbalanced bridge circuit in figure 12 uses a millivoltmeter that is calibrated in units of temperature that correspond to the RTD resistance.

Figure 12.  Unbalanced bridge circuit

The battery in figure 12 is connected to two opposite points of the bridge circuit.  The millivoltmeter is connected to the two remaining points.  The rheostat regulates bridge current.  The regulated current is divided between the branch with the fixed resistor and range resistor R1, and the branch with the RTD and range resistor R.  As the electrical resistance of the RTD changes, the voltage at points X and Y changes.  The millivoltmeter detects the change in voltage caused by unequal division of current in the two branches.  The meter can be calibrated in units of temperature because the only changing resistance value is that of the RTD.

The balanced bridge circuit (figure 13) uses a galvanometer to compare the RTD resistance with that of a fixed resistor.  The galvanometer uses a pointer that deflects on either side of zero when the resistance of the arms is not equal.  The resistance of the slide wire is adjusted until the galvanometer indicates zero.  The value of the slide resistance is then used to determine the temperature of the system being monitored.
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Figure 13.  Balanced bridge circuit

A slidewire resistor is used to balance the arms of the bridge.  The circuit will be in balance whenever the value of the slidewire resistance is such that no current flows through the galvanometer.  For each temperature change, there is a new value; therefore, the slider must be moved to a new position to balance the circuit.

5. Instrumentation and control personnel shall demonstrate a working-level knowledge of pressure detection circuitry and components used in instrumentation and control systems.

ak) Discuss the basic functions of pressure detectors.

Although the pressures that are monitored vary slightly depending on the details of facility design, all pressure detectors are used to provide up to three basic functions: indication, alarm, and control.  Since the fluid system may operate at both saturation and subcooled conditions, accurate pressure indication must be available to maintain proper cooling.  Some pressure detectors have audible and visual alarms associated with them when specified preset limits are exceeded.  Some pressure detector applications are used as inputs to protective features and control functions.

al) Explain how a bellows pressure detector produces an output signal representative of the measured pressure.

The need for a pressure-sensing element that was extremely sensitive to low pressures and which would provide power to activate recording and indicating mechanisms resulted in the development of the metallic bellows pressure-sensing element.  The metallic bellows is most accurate when measuring pressures from 0.5 to 75 psig, or gauge pressure.  However, when used in conjunction with a heavy range spring, some bellows can be used to measure pressures of over 1000 psig. Figure 14 shows a basic metallic bellows pressure-sensing element.

The bellows is a one-piece, collapsible, seamless metallic unit that has deep folds formed from very thin-walled tubing.  The diameter of the bellows ranges from 0.5 to 12 in. and may have as many as 24 folds.  System pressure is applied to the internal volume of the bellows.  As the inlet pressure to the instrument varies, the bellows will expand or contract.  The moving end of the bellows is connected to a mechanical linkage assembly.  As the bellows and linkage assembly move, either an electrical signal is generated or a direct pressure indication is provided.  The flexibility of a metallic bellows is similar in character to that of a helical, coiled compression spring.  Up to the elastic limit of the bellows, the relation between increments of load and deflection is linear.  However, this relationship exists only when the bellows is under compression.  It is necessary to construct the bellows such that all of the travel occurs on the compression side of the point of equilibrium.  Therefore, in practice, the bellows must always be opposed by a spring, and the deflection characteristics will be the resulting force of the spring and bellows.
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Figure 14.  Basic metallic bellows

am) Explain how a bourdon tube pressure detector produces an output signal representative of the measured pressure.

The bourdon tube pressure instrument is one of the oldest pressure-sensing instruments in use today.  The bourdon tube consists of a thin-walled tube that is flattened diametrically on opposite sides to produce a cross-sectional area elliptical in shape, having two long flat sides and two short round sides.  The tube is bent lengthwise into an arc of a circle of 270 to 300 degrees.  Pressure applied to the inside of the tube causes distention of the flat sections and tends to restore its original round cross-section.  This change in cross-section causes the tube to straighten slightly.  Since the tube is permanently fastened at one end, the tip of the tube traces a curve that is the result of the change in angular position with respect to the center.  Within limits, the movement of the tip of the tube can then be used to position a pointer or to develop an equivalent electrical signal to indicate the value of the applied internal pressure.

an) Explain how a strain gauge pressure transducer produces an output signal representative of the measured pressure.

A strain gauge measures the external force (pressure) applied to a fine wire.  The fine wire is usually arranged in the form of a grid.  The pressure change causes a resistance change due to the distortion of the wire.  The value of the pressure can be found by measuring the change in resistance of the wire grid.  

The equation below shows the pressure to resistance relationship:

R=K
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where

R = resistance of the wire grid in ohms

K = resistivity constant for the particular type of wire grid

L = length of wire grid

A = cross-sectional area of wire grid
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As the wire grid is distorted by elastic deformation, its length is increased, and its cross-sectional area decreases.  These changes cause an increase in the resistance of the wire of the strain gauge.  This change in resistance is used as the variable resistance in a bridge circuit that provides an electrical signal for indication of pressure.  Figure 15 illustrates a strain gauge pressure transducer.

Figure 15.  Strain gauge pressure transducer

An increase in pressure at the inlet of the bellows causes the bellows to expand.  The expansion of the bellows moves a flexible beam to which a strain gauge has been attached.  The movement of the beam causes the resistance of the strain gauge to change.  The temperature-compensating gauge compensates for the heat produced by current flowing through the fine wire of the strain gauge.

An exciter that is used in place of a battery to eliminate the need for a galvanometer provides AC.  When a change in resistance in the strain gauge causes an unbalanced condition, an error signal enters the amplifier and actuates the balancing motor.  The balancing motor moves the slider along the slidewire, restoring the bridge to a balanced condition.  The slider’s position is noted on a scale marked in units of pressure.

ao) Describe the environmental concerns that can affect the accuracy and reliability of pressure detection instrumentation.

Pressure instruments are sensitive to variations in the atmospheric pressure surrounding the detector.  This is especially apparent when the detector is located within an enclosed space.  Variations in the pressure surrounding the detector will cause the indicated pressure from the detector to change.  This will greatly reduce the accuracy of the pressure instrument and should be considered when installing and maintaining these instruments.

Ambient temperature variations will affect the accuracy and reliability of pressure detection instrumentation.  Variations in ambient temperature can directly affect the resistance of components in the instrumentation circuitry, and therefore, affect the calibration of electric/ electronic equipment.  The effects of temperature variations are reduced by the design of the circuitry and by maintaining the pressure detection instrumentation in the proper environment.

The presence of humidity will also affect most electrical equipment, especially electronic equipment.  High humidity causes moisture to collect on the equipment.  This moisture can cause short circuits, grounds, and corrosion, which in turn may damage components.  The effects due to humidity are controlled by maintaining the equipment in the proper environment.

ap) Given a diagram of a basic pressure detection device, describe the function of the following components: 

· Sensing element 

· Transducer 

· Pressure detection circuitry 

· Pressure indication

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

aq) Discuss the failure modes of the various types of pressure indication instruments.

If a pressure instrument fails, spare detector elements may be utilized if installed.  If spare detectors are not installed, the pressure may be read at an independent local mechanical gauge, if available, or a precision pressure gauge may be installed in the system at a convenient point.  If the detector is functional, it may be possible to obtain pressure readings by measuring voltage or current values across the detector leads and comparing this reading with calibration curves.

6. Instrumentation and control personnel shall demonstrate a working-level knowledge of level detection circuitry and components used in instrumentation and control systems.

ar) Identify the principle of operation of the following types of level instrumentation: 

· Gauge glass 

· Ball float 

· Chain float 

· Magnetic bond 

· Conductivity probe 

· Differential pressure 

· Sonic probes 

· Capacitance probes 

· Bubblers 

· Radar level sensors

Gauge Glass

In the gauge glass method, a transparent tube is attached to the bottom and top of a tank that is monitored.  The height of the liquid in the tube will be equal to the height of water in the tank.

Ball Float

The ball float method is a direct reading liquid level mechanism.  The most practical design for the float is a hollow metal ball or sphere.  However, there are no restrictions to the size, shape, or material used.  The design consists of a ball float attached to a rod, which in turn is connected to a rotating shaft that indicates level on a calibrated scale.  The operation of the ball float is simple.  The ball floats on top of the liquid in the tank.  If the liquid level changes, the float will follow and change the position of the pointer attached to the rotating shaft.

The travel of the ball float is limited by its design to be within ±30 degrees from the horizontal plane that results in optimum response and performance.  The actual level range is determined by the length of the connecting arm.

Chain Float

This type of float gauge has a float ranging in size up to 12 inches in diameter and is used where small level limitations imposed by ball floats must be exceeded.  The range of level measured will be limited only by the size of the vessel.  The operation of the chain float is similar to the ball float except in the method of positioning the pointer and in its connection to the position indication.  The float is connected to a rotating element by a chain with a weight attached to the other end to provide a means of keeping the chain taut during changes in level.

Magnetic Bond

The magnetic bond method was developed to overcome the problems related to cages and stuffing boxes.  The magnetic bond mechanism consists of a magnetic float that rises and falls with changes in level.  The float travels outside of a non-magnetic tube that houses an inner magnet connected to a level indicator.  When the float rises and falls, the outer magnet will attract the inner magnet, causing the inner magnet to follow the level within the vessel.

Conductivity Probe

A conductivity probe consists of one or more level detectors, an operating relay, and a controller.  When the liquid makes contact with any of the electrodes, an electric current will flow between the electrode and ground.  The current energizes a relay that causes the relay contacts to open or close depending on the state of the process involved.  The relay in turn will actuate an alarm, a pump, a control valve, or all three.  A typical system has three probes: a low-level probe, a high-level probe, and a high-level alarm probe.

Differential Pressure

The differential pressure (DP) detector method of liquid level measurement uses a DP detector connected to the bottom of the tank being monitored.  The higher pressure, caused by the fluid in the tank, is compared to a lower reference pressure (usually atmospheric).  This comparison takes place in the DP detector.

Sonic Probes

Devices such as ultrasonic flow equipment use the Doppler frequency shift of ultrasonic signals reflected from discontinuities in the fluid stream to obtain flow measurements.  These discontinuities can be suspended solids, bubbles, or interfaces generated by turbulent eddies in the flow stream.  The sensor is mounted on the outside of the pipe, and an ultrasonic beam from a piezoelectric crystal is transmitted through the pipe wall into the fluid at an angle to the flow stream.  Signals reflected off flow disturbances are detected by a second piezoelectric crystal located in the same sensor.  Transmitted and reflected signals are compared in an electrical circuit, and the corresponding frequency shift is proportional to the flow velocity.

Capacitance Probes

Capacitance probes consist of two flexible conductive plates and a dielectric.  In this case, the dielectric is the fluid.  As pressure increases, the flexible conductive plates will move farther apart, changing the capacitance of the transducer.  This change in capacitance is measurable and is proportional to the change in pressure. 

Bubblers

Bubbler tubes provide a simple and inexpensive, but less accurate (±1–2 percent), level measurement system for corrosive or slurry-type applications.  Bubblers use compressed air or an inert gas (usually nitrogen) introduced through a dip pipe.  Gas flow is regulated at a constant rate (usually at about 500 cc/min).  A DP regulator across a rotameter maintains constant flow, while the tank level determines the back-pressure.  As the level drops, the back-pressure is proportionally reduced and is read on a pressure gage calibrated in percent level or on a manometer or transmitter.  The dip pipe should have a relatively large diameter (about 2 inches.) so that the pressure drop is negligible.  The bottom end of the dip pipe should be located far enough above the tank bottom so that sediment or sludge will not plug it.  Also, its tip should be notched with a slot or “V” to ensure the formation of a uniform and continuous flow of small bubbles.  An alternative to locating the dip pipe in the tank is to place it in an external chamber connected to the tank. 

In pressurized tanks, two sets of dip pipes are needed to measure the level.  The two back-pressures on the two dip pipes can be connected to the two sides of a u-tube manometer, a DP gage, or a DP cell/transmitter.  The pneumatic piping or tubing in a bubbler system should be sloped toward the tank so that condensed process vapors will drain back into the tank if purge pressure is lost.  The purge gas supply should be clean, dry, and available at a pressure at least 10 psi greater than the expected maximum total pressure required (when the tank is full and the vapor pressure is at its maximum).  An alternative to a continuous bubbler is to use a hand pump (similar to a bicycle tire pump) providing purge air only when the level is being read. 

Bubblers do consume inert gases, which can later accumulate and blanket processing equipment.  They also require maintenance to ensure that the purge supply is always available and that the system is properly adjusted and calibrated.  When all factors are considered, d/p cells typically are preferred to bubblers in the majority of applications. 

Radar Level Sensors

Radar works by measuring the time of flight of a transmitted signal.  Known more accurately as time domain reflectometry, the process entails sending microwave pulses down through the material of interest and all the way to the bottom of the vessel.  When a pulse reaches the product, the beam undergoes a change in impedance caused by the product’s dielectric.  Part of the pulse is reflected back to the receiver, which then measures the exact duration of time between the departing and the returning signal, analyzes it, and displays the product level as a distance in feet, meters, or other units.

as) Explain the process of density compensation in level detection systems.  

Before examining an example that shows the effects of density, the unit “specific volume” must be defined.  Specific volume is defined as volume per unit of mass.  Specific volume is the standard unit used when working with vapors and steam that have low values of density.

For the applications that involve water and steam, specific volume can be found using saturated steam tables, which list the specific volumes for water and saturated steam at different pressures and temperatures.

The density of steam (or vapor) above the liquid level will have an effect on the weight of the steam or vapor bubble and the hydrostatic head pressure.  As the density of the steam or vapor increases, the weight increases and causes an increase in hydrostatic head even though the actual level of the tank has not changed.  The larger the steam bubble, the greater the change in hydrostatic head pressure.

A condensing pot at the top of the reference leg is incorporated to condense the steam and to keep the reference leg filled.  The effect of the steam vapor pressure is cancelled at the DP transmitter due to the fact that this pressure is equally applied to both the low- and high-pressure sides of the transmitter.

at) Given a basic diagram of a differential pressure detector level instrument, discuss the functions of the following: 

· Differential pressure transmitter 

· Amplifier 

· Indication

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

au) Describe the operation and applications of the following types of differential pressure detector level instruments: 

· Open tank differential pressure transmitter 

· Closed tank, dry reference leg 

· Closed tank, wet reference leg

Open Tank Differential Pressure Transmitter

When a tank is open to the atmosphere, it is necessary to use the high-pressure connection on the DP transmitter.  The low-pressure side is vented to the atmosphere; therefore, the pressure differential is the hydrostatic head, or weight, of the liquid in the tank.

The maximum level that can be measured by the DP transmitter is determined by the maximum height of liquid above the transmitter.  The minimum level that can be measured is determined by the point where the transmitter is connected to the tank.

Closed Tank, Dry Reference Leg

Many tanks are totally enclosed to prevent vapors or steam from escaping, or to allow pressurizing the contents of the tank.  When measuring the level in a tank that is pressurized, or the level that can become pressurized by vapor pressure from the liquid, both the high- pressure and low-pressure sides of the DP transmitter must be connected.

The high-pressure connection is connected to the tank at or below the lower range value to be measured.  The low-pressure side is connected to a reference leg that is connected at or above the upper range value to be measured.  The reference leg is pressurized by the gas or vapor pressure, but no liquid is permitted to remain in the reference leg.  The reference leg must be maintained dry so that there is no liquid head pressure on the low-pressure side of the transmitter.

The high-pressure side is exposed to the hydrostatic head of the liquid plus the gas or vapor pressure exerted on the liquid’s surface.  The gas or vapor pressure is equally applied to the low- and high-pressure sides.  Therefore, the output of the DP transmitter is directly proportional to the hydrostatic head pressure, that is, the level in the tank.

Closed Tank, Wet Reference Leg

Where the tank contains a condensable fluid, such as steam, a slightly different arrangement is used.  In applications with condensable fluids, condensation is greatly increased in the reference leg.  To compensate for this effect, the reference leg is filled with the same fluid as the tank.  The liquid in the reference leg applies a hydrostatic head to the high-pressure side of the transmitter, and the value of this level is constant as long as the reference leg is maintained full.  If this pressure remains constant, any change in DP is due to a change on the low-pressure side of the transmitter.

The filled reference leg applies a hydrostatic pressure to the high-pressure side of the transmitter, which is equal to the maximum level to be measured.  The DP transmitter is exposed to equal pressure on the high- and low-pressure sides when the liquid level is at its maximum; therefore, the DP is zero.  As the tank level goes down, the pressure applied to the low-pressure side goes down also, and the DP increases.  As a result, the DP and the transmitter output are inversely proportional to the tank level.

av) Describe the environmental concerns that can affect the accuracy and reliability of level detection instrumentation.

Density of the fluid whose level is to be measured can have a large effect on level detection instrumentation.  It primarily affects level sensing instruments that utilize a wet reference leg.  In these instruments, it is possible for the reference leg temperature to be different from the temperature of the fluid whose level is to be measured.  An example of this is the level detection instrumentation for a boiler steam drum.  The water in the reference leg is at a lower temperature than the water in the steam drum.  Therefore, it is denser, and must be compensated for to ensure the indicated steam drum level is accurately indicated.

Ambient temperature variations will affect the accuracy and reliability of level detection instrumentation.  Variations in ambient temperature can directly affect the resistance of components in the instrumentation circuitry, and, therefore, affect the calibration of electric/electronic equipment.  The effects of temperature variations are reduced by the design of the circuitry and by maintaining the level detection instrumentation in the proper environment.

The presence of humidity will also affect most electrical equipment, especially electronic equipment.  High humidity causes moisture to collect on the equipment.  This moisture can cause short circuits, grounds, and corrosion, which in turn may damage components.  The effects due to humidity are controlled by maintaining the equipment in the proper environment.

aw) Discuss the failure modes of the various types of level indication instruments.

When the level to be measured is in a pressurized tank at elevated temperatures, a number of consequences must be considered.  As the temperature of the fluid in the tank is increased, the density of the fluid decreases.  As the fluid’s density decreases, the fluid expands, occupying more volume.  Even though the density is less, the mass of the fluid in the tank is the same.  The problem encountered is that, as the fluid in the tank is heated and cooled, the density of the fluid changes, but the reference leg density remains relatively constant, which causes the indicated level to remain constant.  The density of the fluid in the reference leg is dependent upon the ambient temperature of the room in which the tank is located; therefore, it is relatively constant and independent of tank temperature.  If the fluid in the tank changes temperature, and therefore density, some means of density compensation must be incorporated in order to have an accurate indication of tank level.  This is the problem encountered when measuring pressurizer water level or steam generator water level in pressurized water reactors, and when measuring reactor vessel water level in boiling water reactors.

7. Instrumentation and control personnel shall demonstrate a working-level knowledge of flow detection circuitry and components used in instrumentation and control systems.

ax) Describe the basic construction and theory of operation of the following types of head flow detectors: 

· Orifice plates 

· Venturi tube 

· Dall flow tube 

· Pitot tube 

· Rotameter 

· Nutating disk 

· Electromagnetic flow meter 

· Ultrasonic flow detector

Orifice Plates

Orifice plates are flat plates 1/16 to 1/4 inch thick.  They are normally mounted between a pair of flanges and are installed in a straight run of smooth pipe to avoid disturbance of flow patterns from fittings and valves.

Three kinds of orifice plates are used: concentric, eccentric, and segmental.  The concentric orifice plate is the most common of the three types.  The orifice is equidistant (concentric) to the inside diameter of the pipe.  Flow through a sharp-edged orifice plate is characterized by a change in velocity.  As the fluid passes through the orifice, the fluid converges, and the velocity of the fluid increases to a maximum value.  At this point, the pressure is at a minimum value.  As the fluid diverges to fill the entire pipe area, the velocity decreases back to the original value.  The pressure increases to about 60–80 percent of the original input value.  The pressure loss is irrecoverable; therefore, the output pressure will always be less than the input pressure.  The pressures on both sides of the orifice are measured, resulting in a DP that is proportional to the flow rate.

Segmental and eccentric orifice plates are functionally identical to the concentric orifice.  The circular section of the segmental orifice is concentric with the pipe.  The segmental portion of the orifice eliminates damming of foreign materials on the upstream side of the orifice when mounted in a horizontal pipe.  Depending on the type of fluid, the segmental section is placed on either the top or bottom of the horizontal pipe to increase the accuracy of the measurement.

Eccentric orifice plates shift the edge of the orifice to the inside of the pipe wall.  This design also prevents upstream damming and is used in the same way as the segmental orifice plate.

Venturi Tube

The venturi tube is the most accurate flow-sensing element when properly calibrated.  The venturi tube has a converging conical inlet, a cylindrical throat, and a diverging recovery cone.  It has no projections into the fluid, no sharp corners, and no sudden changes in contour.

The inlet section decreases the area of the fluid stream, causing the velocity to increase and the pressure to decrease.  The low pressure is measured in the center of the cylindrical throat since the pressure will be at its lowest value, and neither the pressure nor the velocity is changing.  The recovery cone allows for the recovery of pressure such that total pressure loss is only 10–25percent.  The high pressure is measured upstream of the entrance cone.  

Dall Flow Tube

The dall flow tube has a higher ratio of pressure developed to pressure lost than the venturi  tube.  It is more compact and is commonly used in large flow applications.  The tube consists of a short, straight inlet section followed by an abrupt decrease in the inside diameter of the tube.  This section, called the inlet shoulder, is followed by the converging inlet cone and a diverging exit cone.  The two cones are separated by a slot or gap between the two cones.  The low pressure is measured at the slotted throat (area between the two cones).  The high pressure is measured at the upstream edge of the inlet shoulder.

Pitot Tube

The pitot tube is another primary flow element used to produce a DP for flow detection.  In its simplest form, it consists of a tube with an opening at the end.  The small hole in the end is positioned such that it faces the flowing fluid.  The velocity of the fluid at the opening of the tube decreases to zero.  This provides for the high-pressure input to a DP detector.  A pressure tap provides the low-pressure input.

The pitot tube actually measures fluid velocity instead of fluid flow rate.  Pitot tubes must be calibrated for each specific application, as there is no standardization.  This type of instrument can be used even when the fluid is not enclosed in a pipe or duct.

Rotameter

The rotameter is an area flow meter so named because a rotating float is the indicating element.  The rotameter consists of a metal float and a conical glass tube, constructed such that the diameter increases with height.  When there is no fluid passing through the rotameter, the float rests at the bottom of the tube.  As fluid enters the tube, the higher density of the float will cause the float to remain on the bottom.  The space between the float and the tube allows for flow past the float.  As flow increases in the tube, the pressure drop increases.  When the pressure drop is sufficient, the float will rise to indicate the amount of flow.  The higher the flow rate, the greater the pressure drop.  The higher the pressure drop, the farther up the tube the float rises.

The float should stay at a constant position at a constant flow rate.  With a smooth float, fluctuations appear even when flow is constant.  By using a float with slanted slots cut in the head, the float maintains a constant position with respect to flow rate.  This type of flow meter is usually used to measure low flow rates.

Nutating Disk

The most common type of displacement flow meter is the nutating disk, or wobble plate meter.  This type of flow meter is normally used for water service, such as raw water supply and evaporator feed.  The movable element is a circular disk that is attached to a central ball.  A shaft is fastened to the ball and held in an inclined position by a cam or roller.  The disk is mounted in a chamber that has spherical side walls and conical top and bottom surfaces.  The fluid enters an opening in the spherical wall on one side of the partition and leaves through the other side.  As the fluid flows through the chamber, the disk wobbles, or executes a nutating motion.  Since the volume of fluid required to make the disc complete one revolution is known, the total flow through a nutating disc can be calculated by multiplying the number of disc rotations by the known volume of fluid.

Electromagnetic Flow Meter

The electromagnetic flowmeter is similar in principle to the generator.  The rotor of the generator is replaced by a pipe placed between the poles of a magnet so that the flow of the fluid in the pipe is normal to the magnetic field.  As the fluid flows through this magnetic field, an EMF is induced in it that will be mutually normal (perpendicular) to the magnetic field and the motion of the fluid.  This EMF may be measured with the aid of electrodes attached to the pipe and connected to a galvanometer or an equivalent.  For a given magnetic field, the induced voltage will be proportional to the average velocity of the fluid.  However, the fluid should have some degree of electrical conductivity.

Ultrasonic Flow Detector

Devices such as ultrasonic flow equipment use the Doppler frequency shift of ultrasonic signals reflected from discontinuities in the fluid stream to obtain flow measurements.  These discontinuities can be suspended solids, bubbles, or interfaces generated by turbulent eddies in the flow stream.  The sensor is mounted on the outside of the pipe, and an ultrasonic beam from a piezoelectric crystal is transmitted through the pipe wall into the fluid at an angle to the flow stream.  Signals reflected off flow disturbances are detected by a second piezoelectric crystal located in the same sensor.  Transmitted and reflected signals are compared in an electrical circuit, and the corresponding frequency shift is proportional to the flow velocity.

ay) Describe density compensation of a steam flow instrument.  Include a discussion of the reason for density compensation and the parameters used.
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Steam flow detection is normally accomplished through the use of a steam flow nozzle.  The flow nozzle is commonly used for the measurement of steam flow and other high-velocity fluid flow measurements where erosion may occur.  It is capable of measuring approximately 60 percent higher flow rates than an orifice plate with the same diameter.  This is due to the streamlined contour of the throat, which is a distinct advantage for the measurement of high-velocity fluids.  The flow nozzle requires less straight run piping than an orifice plate.  However, the pressure drop is about the same for both.  A typical flow nozzle is shown in figure 16.
Figure 16.  Flow nozzle

For additional information, see DOE-HDBK-1013/192, DOE Fundamentals Handbook, Instrumentation and Control, volume 1, module 4, June 1992.

az) Given a basic diagram of a typical flow detection device, discuss the functions of the following: 

· Differential pressure (D/P) transmitter 

· Extractor 

· Indication

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

ba) Describe the environmental concerns that can affect the accuracy and reliability of flow sensing instrumentation.

The density of the fluid whose flow is to be measured can have a large effect on flow sensing instrumentation.  The effect of density is most important when the flow sensing instrumentation is measuring gas flows, such as steam.  Since the density of a gas is directly affected by temperature and pressure, any changes in either of these parameters will have a direct effect on the measured flow.  Therefore, any changes in fluid temperature or pressure must be compensated for to achieve an accurate measurement of flow.

Ambient temperature variations will affect the accuracy and reliability of flow sensing instrumentation.  Variations in ambient temperature can directly affect the resistance of components in the instrumentation circuitry, and, therefore, affect the calibration of electric/electronic equipment.  The effects of temperature variations are reduced by the design of the circuitry and by maintaining the flow sensing instrumentation in the proper environment.

The presence of humidity will also affect most electrical equipment, especially electronic equipment.  High humidity causes moisture to collect on the equipment.  This moisture can cause short circuits, grounds, and corrosion, which in turn may damage components.  The effects due to humidity are controlled by maintaining the equipment in the proper environment.
bb) Discuss the failure modes of the various types of flow indication instruments.
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Figure 17 shows a block diagram of a typical DP flow detection circuit.  The DP transmitter operation is dependent on the pressure difference across an orifice, venturi, or flow tube.  This DP is used to position a mechanical device such as a bellows.  The bellows acts against spring pressure to reposition the core of a differential transformer.  The transformer’s output voltage on each of two secondary windings varies with a change in flow.

Figure 17.  Differential pressure flow detection block diagram
A loss of DP integrity of the secondary element, the DP transmitter, will introduce an error into the indicated flow.  This loss of integrity implies an impaired or degraded pressure boundary between the high-pressure and low-pressure sides of the transmitter.  A loss of DP boundary is caused by anything that results in the high- and low-pressure sides of the DP transmitter being allowed to equalize pressure.

Flow rate is proportional to the square root of the DP.  The extractor is used to electronically calculate the square root of the DP and provide an output proportional to system flow.  The constants are determined by selection of the appropriate electronic components.

The extractor output is amplified and sent to an indicator.  The indicator provides either a local or a remote indication of system flow.

8. Instrumentation and control personnel shall demonstrate a working-level knowledge of position indication circuitry and components used in instrumentation and control systems.

bc) Describe the basic construction and theory of operation of synchro position indicators.

Remote indication or control may be obtained by the use of self-synchronizing motors, called synchro equipment.  Synchro equipment consists of synchro units which electrically govern or follow the position of a mechanical indicator or device.  An electrical synchro has two distinct advantages over mechanical indicators: (1) greater accuracy, and (2) simpler routing of remote indication.

There are five basic types of synchros that are designated according to their function.  The basic types are: transmitters, differential transmitters, receivers, differential receivers, and control transformers.  If the power required to operate a device is higher than the power available from a synchro, power amplification is required.  Servomechanism is a term that refers to a variety of power-amplifiers.  These devices are incorporated into synchro systems for automatic control rod positioning in some reactor facilities.

The transmitter, or synchro generator, consists of a rotor with a single winding and a stator with three windings placed 120 degrees apart.  When the mechanical device moves, the mechanically attached rotor moves.  The rotor induces a voltage in each of the stator windings based on the rotor’s angular position.  Since the rotor is attached to the mechanical device, the induced voltage represents the position of the attached mechanical device.  The voltage produced by each of the windings is utilized to control the receiving synchro position.

For more information, see DOE-HDBK-1013/192, DOE Fundamentals Handbook, Instrumentation and Control, volume 1 module 5, June 1992.

bd) Describe the basic construction and theory of operation of the following variable output position indicators: 

· Potentiometers 

· Linear variable differential transformers (LVDT)

Potentiometers

Potentiometer valve position indicators (figure 18) provide an accurate indication of position throughout the travel of a valve or control rod.  The extension is physically attached to a variable resistor.  As the extension moves up or down, the resistance of the attached circuit changes, changing the amount of current flow in the circuit.  The amount of current is proportional to the valve position.
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Figure 18.  Potentiometer valve position indicator

LVDT

An LVDT is a device that provides accurate position indication throughout the range of valve or control rod travel.  Unlike the potentiometer position indicator, no physical connection to the extension is required.

The extension valve shaft, or control rod, is made of a metal suitable for acting as the movable core of a transformer.  Moving the extension between the primary and secondary windings of a transformer causes the inductance between the two windings to vary, thereby varying the output voltage proportional to the position of the valve or control rod extension.  If the open and shut position is all that is desired, two small secondary coils could be used at each end of the extension’s travel.

be) Describe the basic construction and theory of operation of the following switch position indicators: 

· Limit switches 

· Reed switches

Limit Switches

A limit switch is a mechanical device that can be used to determine the physical position of equipment.  For example, an extension on a valve shaft mechanically trips a limit switch as it moves from open to shut or shut to open.  The limit switch gives on/off output that corresponds to valve position.  Normally, limit switches are used to provide full open or full shut indications.

Reed Switches

Reed switches are more reliable than limit switches, due to their simplified construction.  The switches are constructed of flexible ferrous strips (reeds) and are placed near the intended travel of the valve stem or control rod extension.

When using reed switches, the extension used is a permanent magnet.  As the magnet approaches the reed switch, the switch shuts.  When the magnet moves away, the reed switch opens.  This on/off indicator is similar to mechanical limit switches.  By using a large number of magnetic reed switches, incremental position can be measured.  This technique is sometimes used in monitoring a reactor’s control rod position.

bf) Given a basic diagram of a position indicator, discuss the functions of the following: 

· Detection device 

· Indicator and control circuit

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

bg) Describe the environmental concerns that can affect the accuracy and reliability of position indication instrumentation.

Ambient temperature variations can affect the accuracy and reliability of certain types of position indication instrumentation.  Variations in ambient temperature can directly affect the resistance of components in the instrumentation circuitry, and therefore, affect the calibration of electric/electronic equipment.  The effects of temperature variations are reduced by the design of the circuitry and by maintaining the position indication instrumentation in the proper environment, where possible.

The presence of humidity will also affect most electrical equipment, especially electronic equipment.  High humidity causes moisture to collect on the equipment.  This moisture can cause short circuits, grounds, and corrosion, which in turn may damage components.  The effects due to humidity are controlled by maintaining the equipment in the proper environment, where possible.

bh) Discuss the failure modes of the various types of position indication instruments.

Potentiometer valve position indicator failures are normally electrical in nature.  An electrical short or open will cause the indication to fail at one extreme or the other.  If an increase or decrease in the potentiometer resistance occurs, erratic indicated valve position occurs.

LVDTs are extremely reliable.  As a rule, failures are limited to rare electrical faults that cause erratic or erroneous indications.  An open primary winding will cause the indication to fail to some predetermined value equal to zero differential voltage.  This normally corresponds to mid-stroke of the valve.  A failure of either secondary winding will cause the output to indicate either full open or full closed.

bi) Discuss the functions and operation of position indication switches in motor operated valves.

The indicating and control circuitry provides for remote indication of valve or rod position and/or various control functions.  Position indications vary from simple indications such as a light to meter indications showing exact position.

Control functions are usually in the form of interlocks.  Pump isolation valves are sometimes interlocked with the pump.  In some applications, these interlocks act to prevent the pump from being started with the valves shut.  The pump/valve interlocks can also be used to automatically turn off the pump if one of its isolation valves shut, or to open a discharge valve at some time interval after the pump starts.

Valves are sometimes interlocked with each other.  In some systems, two valves may be interlocked to prevent both of the valves from being opened at the same time.  This feature is used to prevent undesirable system flow paths.

bj) Describe the methods used to test and adjust the position indication switches in motor operated valves.

Refer to the local maintenance manuals for methods used to test and adjust the position indication switches in motor operated valves.

9. Instrumentation and control personnel shall demonstrate a working-level knowledge of radiation detection equipment.

bk) Describe the operation of a proportional counter.  Include the following elements in this discussion: 

· Radiation detection 

· Quenching 

· Voltage variations
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A proportional counter is a detector that operates in the proportional region.  Figure 19 illustrates a simplified proportional counter circuit.

Figure 19.  Proportional counter

To be able to detect a single particle, the number of ions produced must be increased.  As voltage is increased into the proportional region, the primary ions acquire enough energy to cause secondary ionizations (gas amplification) and increase the charge collected.  These secondary ionizations may cause further ionization.

In this region, there is a linear relationship between the number of ion pairs collected and applied voltage.  A charge amplification of 104 can be obtained in the proportional region.  By proper functional arrangements, modifications, and biasing, the proportional counter can be used to detect alpha, beta, gamma, or neutron radiation in mixed radiation fields.

To a limited degree, the fill-gas will determine what type of radiation the proportional counter will be able to detect.  Argon and helium are the most frequently used fill gases and allow for the detection of alpha, beta, and gamma radiation.  When detection of neutrons is necessary, the detectors are usually filled with boron-triflouride gas.

The simplified circuit, illustrated in figure 19, shows that the detector wall acts as one electrode, while the other electrode is a fine wire in the center of the chamber with a positive voltage applied.

Refer to DOE-HDBK-1013/192, DOE Fundamentals Handbook, Instrumentation and Control, volume 2, module 6, June 1992, for additional information regarding quenching and voltage variation.

bl) Describe the operation of an ionization chamber.  Include the following elements in this discussion: 

· Radiation detection 

· Quenching 

· Gamma sensitivity reduction

Ionization chambers are electrical devices that detect radiation when the voltage is adjusted so that the conditions correspond to the ionization region.  The charge obtained is the result of collecting the ions produced by radiation.  This charge will depend on the type of radiation being detected.  Ionization chambers have two distinct disadvantages when compared to proportional counters: they are less sensitive, and they have a slower response time.

There are two types of ionization chambers: the pulse counting ionization chamber and the integrating ionization chamber.  In the pulse counting ionization chamber, the pulses are detected due to particles traversing the chamber.  In the integrating chamber, the pulses add, and the integrated total of the ionizations produced in a predetermined period of time is measured.  The same type of ionization chamber may be used for either function.  However, as a general rule, the integrating type ionization chamber is used.

Flat plates or concentric cylinders may be used in the construction of an ionization chamber.  The flat plate design is preferred because it has a well-defined active volume and ensures that ions will not collect on the insulators and cause a distortion of the electric field.  The concentric cylinder design does not have a well-defined active volume because of the variation in the electric field as the insulator is approached.  Ionization chamber construction differs from the proportional counter (flat plates or concentric cylinders vice a cylinder and central electrode) to allow for the integration of pulses produced by the incident radiation.  The proportional counter would require such exact control of the electric field between the electrodes that it would not be practical.

Refer to DOE-HDBK-1013/192, DOE Fundamentals Handbook, Instrumentation and Control, volume 2, module 6, June 1992, for additional information.

bm) Given a basic diagram of a proportional counter circuit, discuss the functions of the following: 

· Proportional counter 

· Preamplifier/amplifier 

· Single channel analyzer/discriminator 

· Scaler

· Timer

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

bn) Describe how a compensated ion chamber compensates for gamma radiation.

Compensating for the response to gamma rays extends the useful range of the ionization chamber.  Compensated ionization chambers consist of two separate chambers; one chamber is coated with boron, and one chamber is not.  The coated chamber is sensitive to both gamma rays and neutrons, while the uncoated chamber is sensitive only to gamma rays.  Instead of having two separate ammeters and subtracting the currents, the subtraction of these currents is done electrically, and the net output of both detectors is read on a single ammeter.  If the polarities are arranged so that the two chambers’ currents oppose one another, the reading obtained from the ammeter indicates the difference between the two currents.  One plate of the compensated ion chamber is common to both chambers; one side is coated with boron, while the other side is not.

The boron coated chamber is referred to as the working chamber; the uncoated chamber is called the compensating chamber.  When exposed to a gamma source, the battery for the working chamber will set up a current flow that deflects the meter in one direction.  The compensating chamber battery will set up a current flow that deflects the meter in the opposite direction.  If both chambers are identical, and both batteries are of the same voltage, the net current flow is exactly zero.  Therefore, the compensating chamber cancels the current due to gamma rays.

The two chambers of a compensated ion chamber are never truly identical; in fact, they are often purposely constructed in different shapes.  The chambers are normally constructed as concentric cylinders.

The use of concentric cylinders has an advantage because both chambers are exposed to nearly the same radiation field.  Even though the chambers are not identical, proper selection of the operating voltage eliminates the gamma current.  Working chamber operating voltage is given by the manufacturer and is selected to cause operation on the flat portion of the response curve, where very little recombination occurs.  If working chamber voltage is increased to operating voltage, and compensating voltage is left at zero, the measured current will be due to gammas only in the working chamber.  For this reason, compensating voltage is set while the reactor is shutdown (a minimum number of neutrons are present).

As the compensating chamber voltage is raised, the measured current will decrease as more of the current from the working chamber is canceled by the current from the compensating chamber.  Eventually, the voltage becomes large enough so that the two currents cancel.  When the currents cancel, the chamber is said to be 100 percent compensated, and the measured current is zero.  At 100 percent compensation, the detector will respond to neutrons alone.

The compensating chamber usually has a slightly larger sensitive volume than the working chamber.  Increasing the compensating current to a value greater than the working chamber current results in a net negative current.  In this condition, the chamber is considered to be over-compensated.  The compensating chamber cancels too much current from the working chamber, and the meter reads low.  In this case, the compensating chamber cancels out all of the gamma current and some of the neutron current.

Percent compensation of a compensated ion chamber gives the percentage of the gamma rays that are canceled out.  Percent compensation may be calculated based on measured current when the detector is exposed to gamma rays.

bo) Describe the operation of an electroscope ionization chamber.

The gold-leaf electroscope has been widely used in the past to study ionizing radiation.  The first measurement of the properties of ionizing radiation was accomplished with this instrument.  A microscope containing a graduated scale in the eyepiece is used to observe the gold leaf.

The newest electroscope uses a quartz fiber and has many advantages over the gold-leaf type.  It is portable, less dependent on position, much smaller in size, and more sensitive.  The capacity of the quartz fiber electroscope is about 0.2 pico-farads, and its voltage sensitivity is about one volt per division on the scale.  The sensitive element is a fine gold plated quartz fiber mounted on a parallel metal support.

A small piece of quartz fiber is mounted across the end of the gold-plated quartz fiber and serves as an index that is viewed through a microscope equipped with an eyepiece scale.  The quartz fiber is charged by a battery pressing the charging key.  As the quartz fiber is being charged, it is deflected from the support.  It takes approximately 200 volts to produce full-scale deflection of the fiber.  A glass window at the end of the ionization chamber allows for exposure of the fiber.  As the gas (air) is ionized by the incident radiation, the fiber moves toward the position of zero charge.  Due to the electroscope’s dependability, simplicity, accuracy, and sensitivity, it is widely used in gamma radiation measurement.  A self-reading pocket dosimeter is an example of an electroscope ionization chamber.  Pocket dosimeters provide personnel with a means of monitoring their radiation exposure.  The dosimeters are available in many ranges of gamma exposures from 0 through 200 milliroentgens to 0 through 1000 roentgens.  The sensitivity of the instrument is determined at the time of manufacture.  Appropriate scale markings are provided with each dose range.

bp) Describe the operation of a Geiger-Müller (G-M) detector.  Include the following elements in this discussion: 

· Radiation detection 

· Quenching 

· Positive ion sheath

The Geiger-Müller or G-M detector is a radiation detector that operates in region V, or G-M region, as shown in figure 20.  G-M detectors produce larger pulses than other types of detectors.  However, discrimination is not possible, since the pulse height is independent of the type of radiation.  Counting systems that use G-M detectors are not as complex as those using ion chambers or proportional counters.
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Figure 20.  Gas ionization curve

The number of electrons collected by a gas-filled detector varies as applied voltage is increased.  Once the voltage is increased beyond the proportional region, another flat portion of the curve is reached; this is known as the G-M region.  The G-M region has two important characteristics:

· The number of electrons produced is independent of applied voltage.

· The number of electrons produced is independent of the number of electrons produced by the initial radiation.

This means that the radiation producing one electron will have the same size pulse as radiation producing hundreds or thousands of electrons.  The reason for this characteristic is related to the way in which electrons are collected.

When a gamma produces an electron, the electron moves rapidly toward the positively charged central wire.  As the electron nears the wire, its velocity increases.  At some point its velocity is great enough to cause additional ionizations.  As the electrons approach the central wire, the additional ionizations produce a larger number of electrons in the vicinity of the central wire.

For each electron produced, there is a positive ion produced.  As the applied voltage is increased, the number of positive ions near the central wire increases, and a positively charged cloud (called a positive ion sheath) forms around the central wire.  The positive ion sheath reduces the field strength of the central wire and prevents further electrons from reaching the wire.  It might appear that a positive ion sheath would increase the effect of the positive central wire, but this is not true; the positive potential is applied to the very thin central wire that makes the strength of the electric field very high.  The positive ion sheath makes the central wire appear much thicker and reduces the field strength.  This phenomenon is called the detector’s space charge.  The positive ions will migrate toward the negative chamber picking up electrons.  As in a proportional counter, this transfer of electrons can release energy, causing ionization and the liberation of an electron.  To prevent this secondary pulse, a quenching gas is used, usually an organic compound.

The G-M counter produces many more electrons than does a proportional counter; therefore, it is a much more sensitive device.  It is often used in the detection of low-level gamma rays and beta particles for this reason.  Electrons produced in a G-M tube are collected very rapidly, usually within a fraction of a microsecond.  The output of the G-M detector is a pulse charge and is often large enough to drive a meter without additional amplification.  Because the same size pulse is produced regardless of the amount of initial ionization, the G-M counter cannot distinguish radiation of different energies or types.  This is the reason G-M counters are not adaptable for use as neutron detectors.  The G-M detector is mainly used for portable instrumentation due to its sensitivity, simple counting circuit, and ability to detect low-level radiation.

bq) Describe the operation of a scintillation counter.  Include the following elements in this discussion: 

· Radiation detection 

· Three classes of phosphors 

· Photomultiplier tube operation
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Figure 21.  Electronic energy band of an ionic crystal

The scintillation counter is a solid-state radiation detector that uses a scintillation crystal (phosphor) to detect radiation and produce light pulses.  Figure 21 is important in the explanation of scintillation counter operation.

As radiation interacts in the scintillation crystal, energy is transferred to bound electrons of the crystal’s atoms.  If the energy that is transferred is greater than the ionization energy, the electron enters the conduction band and is free from the binding forces of the parent atom.  This leaves a vacancy in the valence band and is termed a hole.  If the energy transferred is less than the binding energy, the electron remains attached, but exists in an excited energy state.  Once again, a hole is created in the valence band.  By adding impurities during the growth of the scintillation crystal, the manufacturer is able to produce activator centers with energy levels located within the forbidden energy gap.  The activator center can trap a mobile electron, which raises the activator center from its ground state, (G), to an excited state, (E).  When the center de-excites, a photon is emitted.  The activator centers in a scintillation crystal are referred to as luminescence centers.  The emitted photons are in the visible region of the electromagnetic spectrum.

Scintillation counters are constructed by coupling a suitable scintillation phosphor to a light-sensitive photo-multiplier tube.

There are three classes of solid state scintillation phosphors: organic crystals, inorganic crystals, and plastic phosphors.

Inorganic crystals include lithium iodide (LiI), sodium iodide (NaI), cesium iodide (CsI), and zinc sulfide (ZnS).  Inorganic crystals are characterized by high density, high atomic number, and pulse decay times of approximately one microsecond.  Thus, they exhibit high efficiency for detection of gamma rays and are capable of handling high count rates.

Organic scintillation phosphors include naphthalene, stilbene, and anthracene.  The decay time of this type of phosphor is approximately 10 nanoseconds.  This type of crystal is frequently used in the detection of beta particles.

Plastic phosphors are made by adding scintillation chemicals to a plastic matrix.  The decay constant is the shortest of the three phosphor types, approaching one or two nanoseconds.  The plastic has a high hydrogen content; therefore, it is useful for fast neutron detectors.

The photomultiplier is a vacuum tube with a glass envelope containing a photocathode and a series of electrodes called dynodes.  Light from a scintillation phosphor liberates electrons from the photocathode by the photoelectric effect.  These electrons are not of sufficient number or energy to be detected reliably by conventional electronics.  However, in the photomultiplier tube, they are attracted by a voltage drop of about 50 volts to the nearest dynode.

The photoelectrons strike the first dynode with sufficient energy to liberate several new electrons for each photoelectron.  The second-generation electrons are, in turn, attracted to the second dynode where a larger third-generation group of electrons is emitted.  This amplification continues through 10 to 12 stages.  At the last dynode, sufficient electrons are available to form a current pulse suitable for further amplification by transistor circuits.  The voltage drops between dynodes are established by a single external bias, approximately 1000 volts DC, and a network of external resistors to equalize the voltage drops.

The advantages of a scintillation counter are its efficiency and the high precision and counting rates that are possible.  These latter attributes are a consequence of the extremely short duration of the light flashes, from about 10-9 to 10-6 seconds.  The intensity of the light flash and the amplitude of the output voltage pulse are proportional to the energy of the particle responsible for the flash.  Consequently, scintillation counters can be used to determine the energy, as well as the number, of the exciting particles (or gamma photons).  The photomultiplier tube output is very useful in radiation spectrometry (determination of incident radiation energy levels).

br) Describe the operation of a gamma spectrometer.  Include the following elements in this discussion: 

· Type of detector used 

· Multichannel analyzer operation

Gamma spectroscopy is a radiochemistry measurement method that determines the energy and count rate of gamma rays emitted by radioactive substances.  Gamma spectroscopy is an extremely important measurement.  A detailed analysis of the gamma ray energy spectrum is used to determine the identity and quantity of gamma emitters present in a material.

The equipment used in gamma spectroscopy includes a detector, a pulse sorter (multichannel analyzer), and associated amplifiers and data readout devices.  The detector is normally a sodium iodide (NaI) scintillation counter.

The multichannel pulse height analyzer is a device that will separate pulses based on pulse height.  Each energy range of pulse height is referred to as a channel.  The pulse height is proportional to the energy lost by a gamma ray.  Separation of the pulses, based on pulse height, shows the energy spectrum of the gamma rays that are emitted.  Multichannel analyzers typically have 100 or 200 channels over an energy range of 0 to 2 MeV.  The output is a plot of pulse height and gamma activity.  By analyzing the spectrum of gamma rays emitted, the user can determine the elements that caused the gamma pulses.

bs) Describe how the following detect neutrons: 

· Self-powered neutron detector 

· Wide range fission chamber 

· Flux wire

In very large reactor plants, the need exists to monitor neutron flux in various portions of the core on a continuous basis.  This allows for quick detection of instability in any section of the core.  This need brought about the development of the self-powered neutron detector that is small, inexpensive, and rugged enough to withstand the in-core environment.  The self-powered neutron detector requires no voltage supply for operation.

The central wire of a self-powered neutron detector is made from a material that absorbs a neutron and undergoes radioactive decay by emitting an electron (beta decay).  Typical materials used for the central wire are cobalt, cadmium, rhodium, and vanadium.  A good insulating material is placed between the central wire and the detector casing.  Each time a neutron interacts with the central wire it transforms one of the wire’s atoms into a radioactive nucleus.  The nucleus eventually decays by the emission of an electron.  Because of the emission of these electrons, the wire becomes more and more positively charged.  The positive potential of the wire causes a current to flow in the resistor.  A millivoltmeter measures the voltage drop across the resistor.  The electron current from beta decay can also be measured directly with an electrometer.

There are two distinct advantages of the self-powered neutron detector: (1) very little instrumentation is required—only a millivoltmeter or an electrometer, and (2) the emitter material has a much greater lifetime than boron or U235 lining (used in wide range fission chambers).

One disadvantage of the self-powered neutron detector is that the emitter material decays with a characteristic half-life.  In the case of rhodium and vanadium, which are two of the most useful materials, the half-lives are 1 minute and 3.8 minutes, respectively.  This means that the detector cannot respond immediately to a change in neutron flux, but takes as long as 3.8 minutes to reach 63 percent of steady-state value.  This disadvantage is overcome by using cobalt or cadmium emitters that emit their electrons within 10–14 seconds after neutron capture.  Self-powered neutron detectors which use cobalt or cadmium are called prompt self-powered neutron detectors.

Fission chambers use neutron-induced fission to detect neutrons.  The chamber is usually similar in construction to that of an ionization chamber, except that the coating material is highly enriched U235.  The neutrons interact with the U235, causing fission.  One of the two fission fragments enters the chamber, while the other fission fragment embeds itself in the chamber wall.

One advantage of using U235 coating rather than boron is that the fission fragment has a much higher energy level than the alpha particle from a boron reaction.  Neutron-induced fission fragments produce many more ionizations in the chamber per interaction than do the neutroninduced alpha particles.  This allows the fission chambers to operate in higher gamma fields than an uncompensated ion chamber with boron lining.  Fission chambers are often used as current indicating devices and pulse devices simultaneously.  They are especially useful as pulse chambers, due to the very large pulse size difference between neutrons and gamma rays.  Because of the fission chamber’s dual use, it is often used in wide range channels in nuclear instrumentation systems.  Fission chambers are also capable of operating over the source and intermediate ranges of neutron levels.

Whenever it is necessary to measure reactor neutron flux profiles, a section of wire or foil is inserted directly into the reactor core.  The wire or foil remains in the core for the length of time required for activation to the desired level.  The cross-section of the flux wire or foil must be known to obtain an accurate flux profile.  After activation, the flux wire or foil is rapidly removed from the reactor core and the activity counted.  Activated foils can also discriminate energy levels by placing a cover over the foil to filter out (absorb) certain energy level neutrons.  Cadmium covers are typically used for this purpose.  The cadmium cover effectively filters out all of the thermal neutrons.

10. Instrumentation and control personnel shall demonstrate a working-level knowledge of nuclear instrumentation.

bt) Define the following terms: 

· Signal-to-noise ratio 

· Discriminator 

· Analog 

· Logarithm 

· Period 

· Decades per minute (DPM) 

· Scalar

Signal-to-Noise Ratio

Signal-to-noise ratio is the ratio of the electrical output signal to the electrical noise generated in the cable run or in the instrumentation.

Discriminator

Discrimination in radiation detection circuits refers to the process of distinguishing between different types of radiation on the basis of pulse height.  A discriminator circuit selects the minimum or maximum pulse height that is to be counted.

Analog

Analog is defined as a mechanism in which data is represented by continuously variable physical quantities.  As it applies to the intermediate range, the output of the intermediate range is an analog current.  Due to the wide range of the flux measured, use of logarithmic circuitry is required for indication on a single scale instrument.  Analog is used in contrast to digital to refer to circuits in which the magnitude of the signal carries the information.

Logarithm

Logarithm is defined as the exponent that indicates the power to which a number is raised to produce a given number (i.e., the logarithm of 100 to the base 10 is 2).  When discussing nuclear instrumentation, this term refers to the electronic circuitry of the source and intermediate ranges.  These ranges utilize logarithms due to the wide range of measured flux and the necessity to measure that flux on a single meter scale.

Period

In many applications it is essential to know the rate of change of power.  This rate normally increases or decreases exponentially with time.  The time constant for this change is referred to as the period.  A period of five seconds means that the value changes by a factor of e (2.718) in five seconds.

Decades per Minute

Rate circuits are important in the source and intermediate ranges.  Rate information is displayed on a meter in decades per minute.  These meters indicate how fast reactor power is changing in decades (power of 10) each minute.

Scalar

This term refers to a measurement or quantity that is capable of being represented on a scale (i.e., neutron flux on source range, intermediate range, and power range meters).

bu) Describe the operation of the detectors used in each of the following nuclear instrument applications: 

· Source range 

· Intermediate range 

· Power range

Source Range

Source range instrumentation normally consists of two redundant count rate channels, each composed of a high-sensitivity proportional counter and associated signal measuring equipment.  These channels are typically used over a counting range of 0.1 to 106 counts per second, but vary based on reactor design.  Their outputs are displayed on meters in terms of the logarithm of the count rate.

Source range instrumentation also measures the rate of change of the count rate.  The rate of change is displayed on meters in terms of the startup rate from -1 to +10 decades per minute.  Protective functions are not normally associated with source range instrumentation because of inherent limitations in this range.  However, interlocks may be incorporated.

Many reactor plants have found it necessary to place source range proportional counters in lead shielding to reduce gamma flux at the detectors.  This serves two functions: (1) it increases the low-end sensitivity of the detector, and (2) it adds to detector life.  Another means by which detector life is extended is to disable the high-voltage power supply to the detector and short the signal lead when neutron flux has passed into the intermediate range.  There are some reactor plants that have made provisions for moving the source range detectors from their operating positions to a position of reduced neutron flux level once the flux level increases above the source range.

Intermediate Range

Intermediate-range nuclear instrumentation consists of a minimum of two redundant channels.  Each of these channels is made up of a boron-lined or boron gas-filled compensated ion chamber and associated signal measuring equipment of which the output is a steady current produced by the neutron flux.

The compensated ion chamber is used in the intermediate range because the current output is proportional to the relatively stable neutron flux, and it compensates for signals from gamma flux.  This range of indication also provides a measure of the rate of change of neutron level.  This rate of change is displayed on meters in terms of startup rate in decades per minute (-1 to +10 decades per minute).  High startup rate on either channel may initiate a protective action.  This protective action may be in the form of a control rod withdrawal inhibit and alarm, or a high startup rate reactor trip.

Power Range

Power range nuclear instrumentation normally consists of four identical linear power level channels that originate in eight uncompensated ion chambers.  The output is a steady current produced by the neutron flux.  Uncompensated ion chambers are used in the power range because gamma compensation is unnecessary; the neutron-to-gamma flux ratio is high.  Having a high neutron-to-gamma flux ratio means that the number of gammas is insignificant compared to the number of neutrons.

The output of each power range channel is directly proportional to reactor power and typically covers a range from 0 to 125 percent of full power, but varies with each reactor.  The output of each channel is displayed on a meter in terms of power level in percent of full rated power.  The gain of each instrument is adjustable, which provides a means for calibrating the output.  This adjustment is normally determined by using a plant heat balance.  Protective actions may be initiated by high power level on any two channels; this is termed coincidence operation.

bv) Given a basic diagram of a typical source range instrument, discuss the functions of the following components: 

· Linear amplifier 

· Discriminator 

· Pulse integrator 

· Log count rate amplifier 

· Differentiator

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

bw) Given a basic diagram of a typical intermediate range instrument, discuss the functions of the following components: 

· Log amplifier 

· Differentiator 

· Reactor protection interface

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

bx) Discuss the reason gamma compensation is not required in the power range.

Gamma compensation is not required in the power range because the neutron-to-gamma flux ratio is high.  Having a high neutron-to-gamma flux ratio means that the number of gammas is insignificant compared to the number of neutrons.

by) Given a basic diagram of a typical power range instrument, discuss the functions of the following components: 

· Linear amplifier 

· Reactor protection interface

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

bz) Discuss the failure modes of fission chambers, ion chambers, and proportional counters.

When using an ionization chamber for detecting neutrons, beta particles can be prevented from entering the chamber by walls thick enough to shield out all of the beta particles.  Gamma rays cannot be shielded from the detector; therefore, they always contribute to the total current read by the ammeter.  This effect is not desired because the detector responds not only to neutrons, but also to gamma rays.

ca) Discuss the various nondestructive assay (NDA) instruments (e.g., gamma counters, neutron multiplicity counters, etc.) available for measuring isotopic content, fissile material content, activity concentration for materials accountability of special nuclear materials and/or nuclear waste.

The term nondestructive assay (NDA) is applied to a series of measurement techniques for nuclear fuel materials.  The techniques measure radiation induced or emitted spontaneously from the nuclear material.  The measurements are nondestructive in that they do not alter the physical or chemical state of the nuclear material.  In some cases, the emitted radiation is unique to the isotope of interest and the radiation intensity can often be related to the mass of the isotopes.  Other techniques to measure nuclear material involve sampling the material and analyzing the sample with destructive chemical procedures.  NDA obviates the need for sampling, reduces operator exposure, and is much faster than chemical assay.  Unfortunately, however, NDA is usually less accurate than chemical assay.  The development of NDA reflects a trend toward automation and workforce reduction that is occurring throughout our society.  NDA measurements are applied in all fuel-cycle facilities for material accounting, process control, criticality control, and perimeter monitoring.

The original impetus for NDA development was the need for increased nuclear material safeguards.  As safeguards agencies throughout the world needed more nuclear material measurements, it became clear that rapid measurement methods were required that would not alter the state of nuclear material items.  Development efforts to address these needs were supported by the US Nuclear Regulatory Commission, DOE, and the International Atomic Energy Agency.  Rapid nondestructive measurement techniques are required by the safeguards inspectors who must verify the inventories of nuclear material held throughout the world.

NDA techniques are characterized as passive or active depending on whether they measure radiation from the spontaneous decay of the nuclear material or radiation induced by an external source.  The principal NDA techniques are classified as gamma-ray assay, neutron assay, and calorimetry.

Additional information regarding NDA measurement instruments is available in United States Nuclear Regulatory Commission, Passive Nondestructive Assay of Nuclear Material, March 1991.

11. Instrumentation and control personnel shall demonstrate a working-level knowledge of refractometers (as applicable to their facilities).

cb) Discuss the use of refractometers in various facility applications.

A refractometer is a simple instrument used for measuring concentrations of aqueous solutions.  It requires only a few drops of liquid, and is used throughout the food, agricultural, chemical, and manufacturing industries.

cc) Discuss how the refractive index of a solution varies with the density of the solution. 

cd) Discuss critical angle of refraction and how fully reflected light rays and partially reflected light rays form an image to derive the measurement.

When light enters a liquid it changes direction; this is called refraction.  Refractometers measure the degree to which the light changes direction, called the angle of refraction.  A refractometer takes the refraction angles and correlates them to refractive index values that have been established.  The concentrations of solutions can be determined using these values.  For example, solutions have different refractive indexes depending on their concentration.

The prism in the refractometer has a greater refractive index than the solution.  Measurements are read at the point where the prism and solution meet.  With a low concentration solution, the refractive index of the prism is much greater than that of the sample, creating a large refraction angle and a low reading.  The reverse would happen with a high concentration solution.

12. Instrumentation and control personnel shall demonstrate a working-level knowledge of sensor characteristics and instrument loop signal types.

ce) Define and discuss the following sensor characteristics: 

· Range 

· Response time 

· Accuracy 

· Precision 

· Sensitivity 

· Dead-band

Range

Two factors limit the useful range of a sensor.  First, the physical phenomena responsible for the temperature dependence of the property being measured must occur at a measurable level in absolute signal and sensitivity to temperature change.  Second, the materials used in construction of the temperature sensor must be appropriate to the temperature range of use.  Materials such as epoxies, solders, and insulators that are very useful at low temperatures can break down at higher temperatures.  Exposure to extreme temperatures (either high or low) can induce strains in the sensor due to changes in the packaging materials or in the leads; the resulting strain can cause a shift in the low temperature calibration for that sensor.

Response Time

Thermal response times are determined by physical construction material and mass of the temperature-sensing element.  Strain-free mounted sensors tend to have longer thermal response times.  Diode sensors that are mounted directly on a sapphire substrate will be in very good thermal contact with the surroundings and hence have short thermal response times.

Accuracy

The term “accuracy” has been almost universally used in literature when presenting specifications, and is often used interchangeably with uncertainty.  However, from a strict metrology viewpoint, a distinction does exist between accuracy and uncertainty.  Accuracy refers to the closeness of agreement between the measurement and the true value of the measured quantity.  Accuracy is a qualitative concept and should not have numbers associated with it.  This can be understood since, in practice, one does not have a prior knowledge of the true value of the measured quantity.  What one knows is the measured value and its uncertainty, i.e., the range of values which contain the true value of the measured quantity.  The uncertainty is a quantitative result and the number typically presented in specifications.

In any proper measurement, an estimate of the measurement uncertainty should be given with the results of the measurement.  There are often many sources that contribute uncertainties in a given measurement, and rigorous mathematical methods exist for combining the individual uncertainties into a total uncertainty for the measurement.  Temperature sensors, installation, environment, instrumentation, thermal cycling, and thermal EMFs can all contribute to the measurement uncertainty.

A sensor calibration is a method to assign voltage or resistance measurements to a defined temperature scale.  The level of confidence at which this can be done is defined by the uncertainty of the calibration.

It is possible to degrade the accuracy specification by as much as one or two orders of magnitude with improper installation and/or poor shielding and measurement techniques.

Precision

Precision is the capacity of a measuring instrument to give the same reading when repetitively measuring the same quantity under the same prescribed conditions.  Precision implies agreement between successive readings, not closeness to the true value.  Precision is a necessary but not sufficient condition for accuracy.  Two terms closely related to precision are repeatability, which is the precision of a set of measurements taken over a short time interval, and reproducibility, which is the precision of a set of measurements but taken over a long time interval, or performed by different operators, or with different instruments, or in different laboratories

Sensitivity

Sensitivity can be presented in a variety of ways.  Typically, it is given in terms of the signal sensitivity, which is the change in a measured parameter per change in temperature (Ω/K or V/K).  These sensitivities can be a very strong function of temperature.  Diodes have sensitivities that range from 2 mV/K to 180 mV/K.  Resistor sensitivities can range from less than 0.001 Ω/K to 1,000,000 Ω/K, depending on the device type and temperature.

Dead-Band

Dead-band is most easily understood as a thermostat that keeps a house warm.  When it is cold, the heat comes on until the house is warm, at which point it stops.  This is the stop point.  Then, as time goes by, the house cools off and the furnace needs to restart.  This would be the start point. 

If the start and stop points have the same value, the furnace would go on and off every 30 seconds, causing wear and tear on the fan and wasting fuel.  By spreading the start and stop points, the furnace runs longer.  The difference between the start and stop points is the dead-band of the control loop.  

Instrument Loop Signal Types

Figure 22 shows two examples of simple instrument loops.  Figure 22 (A) shows a temperature transmitter (TT) that generates two electrical signals.  One signal goes to a board-mounted temperature recorder (TR) for display.  The second signal is sent to a proportional-integral-derivative (PID) controller, the output of which is sent to a current-to-pneumatic (I/P) modifier.  In the I/P modifier, the electric signal is converted into a pneumatic signal, commonly 3 psi to 15 psi, which in turn operates the valve.  The function of the complete loop is to modify flow based on process fluid temperature.  Note that there is not enough information to determine how flow and temperature are related and what the setpoint is, but in some instances the setpoint is stated on a piping and instrumentation diagram.  Knowing the setpoint and purpose of the system will usually be sufficient to allow the operation of the instrument loop to be determined.
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Figure 22.  Instrumentation system examples

cf) Discuss the following signal types used in instrumentation loops: 

· pneumatic (3–15 pounds) 

· electrical (4–20 milliamps) 

· electrical (1–5 Volts)

Pneumatic

The pneumatic level transmitter (LT) illustrated in figure 22 (B) senses tank level.   The output of the level transmitter is pneumatic and is routed to a board-mounted level modifier (LM).  The level modifier conditions the signal and uses the modified signal for two purposes.  The modifier drives a board-mounted recorder (LR) for indication, and it sends a modified pneumatic signal to the diaphragm-operated level control valve.

Electrical (4–20 milliamps)

It is possible, through the use of electronic amplifiers, to design a circuit outputting a constant amount of current rather than a constant amount of voltage.  This collection of components is collectively known as a current source.  A current source generates as much or as little voltage as needed across its leads to produce a constant amount of current through it.  This is just the opposite of a voltage source (an ideal battery), which will output as much or as little current as demanded by the external circuit in maintaining its output voltage constant.  

The most common current signal standard in modern use is the 4 to 20 milliamp (4–20 mA) loop, with 4 milliamps representing 0 percent of measurement, 20 milliamps representing 100 percent, 12 milliamps representing 50 percent, and so on.  A convenient feature of the   4–20 mA standard is its ease of signal conversion to 1–5 volt indicating instruments.

Electrical (1–5 volts)

DC voltage can be used as an analog signal to relay information from one location to another.  A major disadvantage of voltage signaling is the possibility that the voltage at the indicator (voltmeter) will be less than the voltage at the signal source, due to line resistance and indicator current draw.  This drop in voltage along the conductor length constitutes a measurement error from transmitter to indicator.

Despite this inherent disadvantage, voltage signals are still used in many applications because of their extreme design simplicity.  One common signal standard is 0–10 volts, meaning that a signal of 0 volts represents 0 percent of measurement, 10 volts represents 100 percent of measurement, 5 volts represents 50 percent of measurement, and so on.  A more common voltage range is 1–5 volts, which makes use of the “live zero” concept for circuit fault indication. 

13. Instrumentation and control personnel shall demonstrate a working-level knowledge of process control systems.

cg) Define and discuss the following process control terms: 

· Control system 

· Control system input 

· Control system output 

· Open loop system 

· Closed loop system 

· Feedback 

· Controlled variable

· Manipulated variable

Control System

A control system is a system of integrated elements whose function is to maintain a process variable at a desired value or within a desired range of values.  The control system monitors a process variable or variables, then causes some action to occur to maintain the desired system parameter.  In the example of the central heating unit, the system monitors the temperature of the house using a thermostat.  When the temperature of the house drops to a preset value, the furnace turns on, providing a heat source.  The temperature of the house increases until a switch in the thermostat causes the furnace to turn off.  Two terms which help define a control system are input and output.  

Control System Input

Control system input is the stimulus applied to a control system from an external source to produce a specified response from the control system.  In the case of the central heating unit, the control system input is the temperature of the house as monitored by the thermostat.

Control System Output

Control system output is the actual response obtained from a control system.  In the example above, the temperature dropping to a preset value on the thermostat causes the furnace to turn on, providing heat to raise the temperature of the house.

In the case of nuclear facilities, the input and output are defined by the purpose of the control system.  Knowledge of the input and output of the control system enables the components of the system to be identified.  A control system may have more than one input or output.

Control systems are classified by the control action, which is the quantity responsible for activating the control system to produce the output.  The two general classifications are open-loop and closed-loop control systems.

Open Loop System

An open-loop control system is one in which the control action is independent of the output.  An example of an open-loop control system is a chemical addition pump with a variable speed control.  The feed rate of chemicals that maintain proper chemistry of a system is determined by an operator, who is not part of the control system.  If the chemistry of the system changes, the pump cannot respond by adjusting its feed rate (speed) without operator action.

Closed Loop System
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A closed-loop control system is one in which control action is dependent on the output.  Figure 23 is an example of a closed loop system.

Figure 23.  Closed loop system

The control system maintains the water level in a storage tank.  The system performs this task by continuously sensing the level in the tank and adjusting a supply valve to add more or less water to the tank.  The desired level is preset by an operator, who is not part of the system.

Feedback

Feedback is information in a closed-loop control system about the condition of a process variable.  This variable is compared with a desired condition to produce the proper control action on the process.  Information is continually fed back to the control circuit in response to control action.  In the previous example, the actual storage tank water level, sensed by the level transmitter, is feedback to the level controller.  This feedback is compared with a desired level to produce the required control action that will position the level control as needed to maintain the desired level.

Controlled Variable

A controlled variable is the process variable that is maintained at a specified value or within a specified range.  In the previous example, the storage tank level is the controlled variable.

Manipulated Variable

A manipulated variable is the process variable that is acted on by the control system to maintain the controlled variable at the specified value or within the specified range.  In the previous example, the flow rate of the water supplied to the tank is the manipulated variable.

ch) Given a diagram of a process control system, describe its operation including the function of the following basic components: 

· Controller 

· Controlled device 

· Feedback elements and signal 

· Setpoint/reference signal 

· Actuating signal 

· Manipulated variable

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

ci) Discuss the factors in a process control system that contribute to process control time lags.

Process control time lags are caused by three properties of the process: capacitance, resistance, and transportation time.

Capacitance is the ability of a process to store energy.  In figure 24, for example, the walls of the tubes in the lube oil cooler, the cooling water, and the lube oil can store heat energy.  This energy-storing property provides the ability to retard change.  Even if the cooling water flow rate is increased, it will take a period of time for more energy to be removed from the lube oil to reduce its temperature.

Resistance is that part of the process that opposes the transfer of energy between capacities.  In figure 24, the walls of the lube oil cooler oppose the transfer of heat from the lube oil inside the tubes to the cooling water outside the tubes.

Transportation time is time required to carry a change in a process variable from one point to another in the process.  If the temperature of the lube oil (figure 24) is lowered by increasing the cooling water flow rate, some time will elapse before the lube oil travels from the lube oil cooler to the temperature transmitter.  If the transmitter is moved farther from the lube oil cooler, the transportation time will increase.  This time lag is not just a slowing down or retardation of a change.  It is an actual time delay during which no change occurs.
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Figure 24.  Lube oil cooler temperature control system and equivalent block diagram

cj) Discuss stability in a process control system.  Include in the discussion an explanation of converging and diverging oscillations and hunting.

All control modes can return a process variable to a steady value following a disturbance.  This characteristic is called stability. 

Stability is the ability of a control loop to return a controlled variable to a steady, non-cyclic value, following a disturbance.

Control loops can be either stable or unstable.  Instability is caused by a combination of process time lags, discussed earlier (i.e., capacitance, resistance, and transport time), and inherent time lags within a control system.  This results in slow response to changes in the controlled variable.

Consequently, the controlled variable will continuously cycle around the setpoint value.

Oscillation is the term used to describe this cyclic characteristic.  There are three types of oscillations that can occur in a control loop:  decreasing amplitude, constant amplitude, and increasing amplitude. 

Decreasing amplitude.  These oscillations decrease in amplitude and eventually stop with a control system that opposes the change in the controlled variable.  This is the condition desired in an automatic control system.

Constant amplitude.  Action of the controller sustains oscillations of the controlled variable.  The controlled variable never reaches a stable condition; therefore, this condition is not desired.

Increasing amplitude.  The control system not only sustains oscillations but also increases them.  The control element reaches its full travel limits and causes the process to go out of control.

ck) Discuss the following process control system characteristics and terms: 

· Reset control 

· Rate control 

· Proportional band 

· Offset 

· Span 

· Deviation 

· Cascading

Reset Control 

Reset or integral control describes a controller in which the output rate of change is dependent on the magnitude of the input.   Specifically, a smaller amplitude input causes a slower rate of change of the output.  This controller is called an integral or reset controller because it approximates the mathematical function of integration.  

The major advantage of reset controllers is that they have the unique ability to return the controlled variable back to the exact setpoint following a disturbance.

Disadvantages of the reset control mode are that it responds relatively slowly to an error signal and that it can initially allow a large deviation at the instant the error is produced.  This can lead to system instability and cyclic operation.  For this reason, the reset control mode is not normally used alone, but is combined with another control mode.

Rate Control (Derivative Control)

A device that produces a derivative signal is called a differentiator.  The differentiator provides an output that is directly related to the rate of change of the input and a constant that specifies the function of differentiation.  The derivative constant is expressed in units of seconds and defines the differential controller output.

The differentiator acts to transform a changing signal to a constant magnitude signal.  As long as the input rate of change is constant, the magnitude of the output is constant.  A new input rate of change would give a new output magnitude.

Derivative control cannot be used alone as a control mode.  This is because a steady-state input produces a zero output in a differentiator.  If the differentiator were used as a controller, the input signal it would receive would be the error signal.  A steady-state error signal corresponds to any number of necessary output signals for the positioning of the final control element.  Therefore, derivative action is combined with proportional action in a manner such that the proportional section output serves as the derivative section input.
Proportional Band

Proportional band is the change in value of the controlled variable that causes full travel of the final control element.  The proportional band of a particular instrument is expressed as a percent of full range.  For example, if full range of an instrument is 200ºF and it takes a 50ºF change in temperature to cause full valve travel, the percent proportional band is 50ºF in 200ºF, or 25 percent.  Proportional bands may range from less than 1 percent to well over 200 percent.  However, proportional bands over 100 percent cannot cause full valve travel even for full range change of the controlled variable.

Offset

Offset, also called droop, is deviation that remains after a process has stabilized.  Offset is an inherent characteristic of the proportional mode of control.  In other words, the proportional mode of control will not necessarily return a controlled variable to its setpoint.

Span

Span is the algebraic difference between limits of the pressure range.

Deviation

Deviation is the difference between the setpoint of a process variable and its actual value.  This is a key term used when discussing various modes of control.

Cascading

Cascading is to combine logic circuitry to get more complex logic or timing control. (Inputs and outputs are wired in series). 

cl) Describe the operation of the following types of automatic control systems: 

· Two-position control system 

· Proportional control system 

· Integral control system 

· Proportional plus reset control system 

· Proportional plus reset plus rate control system

Two-Position Control System

A two-position controller is a device that has two operating conditions: completely on or completely off.  This device provides an output determined by whether the error signal is above or below the setpoint.  The magnitude of the error signal is above or below the setpoint.  The magnitude of the error signal past that point is of no concern to the controller.

Proportional Control System

In the proportional control system, there is a continuous linear relation between the value of the controlled variable and the position of the final control element.  In other words, the amount of valve movement is proportional to the amount of deviation.

Integral Control System

Integral control describes a controller in which the output rate of change is dependent on the magnitude of the input.  Specifically, a smaller amplitude input causes a slower rate of change of the output.  This controller is called an integral controller because it approximates the mathematical function of integration.  The integral control method is also known as reset control.

Proportional Plus Reset Control System

Proportional plus reset control is actually a combination of proportional and integral controls.  Combining the two modes results in gaining the advantages and compensating for the disadvantages of the two individual modes.

The main advantage of the proportional control mode is that an immediate proportional output is produced as soon as an error signal exists at the controller.  The proportional controller is considered a fast-acting device.  This immediate output change enables the proportional controller to reposition the final control element within a relatively short period of time in response to the error.

The main disadvantage of the proportional control mode is that a residual offset error exists between the measured variable and the setpoint for all but one set of system conditions.

The main advantage of the integral control mode is that the controller output continues to reposition the final control element until the error is reduced to zero.  This results in the elimination of the residual offset error allowed by the proportional mode.

The main disadvantage of the integral mode is that the controller output does not immediately direct the final control element to a new position in response to an error signal.  The controller output changes at a defined rate of change, and time is needed for the final control element to be repositioned.

The combination of the two control modes is called the proportional plus reset control mode.  It combines the immediate output characteristics of a proportional control mode with the zero residual offset characteristics of the integral mode.

Proportional Plus Reset Plus Rate Control System

Proportional plus rate describes a control mode in which a derivative section is added to a proportional controller.  This derivative section responds to the rate of change of the error signal, not the amplitude.  This derivative action responds to the rate of change the instant it starts.  This causes the controller output to be initially larger in direct relation with the error signal rate of change.  The higher the error signal rate of change, the sooner the final control element is positioned to the desired value.  The added derivative action reduces initial overshoot of the measured variable, and therefore aids in stabilizing the process sooner.

This control mode is called proportional plus rate control because the derivative section responds to the rate of change of the error signal.

cm) Discuss the function and operation of the following components of a typical control station: 

· Setpoint indicator 

· Setpoint adjustment 

· Deviation indicator 

· Output meter 

· Manual-automatic transfer switch 

· Manual output adjust knob

Setpoint Indicator

The setpoint indicator, located in the center of the upper half of the controller, indicates the setpoint (desired value) selected for the controller.  The scale may be marked from 0 to 100 percent or it may correspond directly to the controlled variable (e.g., 0–1000 psig or -20°F to +180°F).

Setpoint Adjustment

The setpoint adjustment, located to the right of the setpoint indicator, is a thumbwheel type adjustment dial that allows the operator to select the setpoint value.  By rotating the thumbwheel, the scale moves under the setpoint index line.

Deviation Indicator

The deviation indicator, located to the left of the setpoint indicator, displays any error (from -10 to +10 percent) between the setpoint value and the actual controlled variable value.  With no error, the deviation pointer stays at mid-scale, in line with the setpoint index mark.  If the controlled variable is lower than the setpoint, the deviation indicator deflects downward, and if it is higher, the indicator deflects upward.

Output Meter

The output meter is the horizontally positioned meter below the deviation and setpoint indicators.  It indicates controller output signal in percent.  This particular controller ranges from 0 to 100 percent current.  However, this will correspond to an air signal for pneumatic controllers.

Manual-Automatic Transfer Switch

The manual-automatic transfer switch, immediately below the output meter, selects the operating mode of the controller.

Manual Output Adjust Knob

The manual output adjust knob, in the center of the manual automatic transfer switch, varies the controller output signal in the manual mode of operation.  The knob is rotated clockwise to increase the signal and counterclockwise to decrease the signal.

cn) Describe the operation of a self-balancing control station.

The self-balancing control station has several controls and indicators that are basically the same as those shown on a manual automatic control station.  However, there are some controls and indicators that differ.  In addition, the controller does not require a balancing procedure prior to shifting from one mode (manual or automatic) to another.

Self-balancing describes a control station in which the non-operating mode output signal follows (tracks) the operating mode output signal.  When the control station is in the automatic mode, the manual output signal will follow the automatic output signal.  Once the controller is transferred to the manual mode, the output signal will remain at its previous value until one of the manual push buttons is depressed.  Then, the output will vary.  When the controller is in manual mode, the automatic output signal will track the manual output signal.  Once the controller is transferred from the manual to automatic mode, the automatic output signal will initially remain at the manual mode value.  If a deviation did exist in the manual mode, the automatic output signal would change slowly and return the controlled variable to the setpoint.

co) Describe the operation of the following types of actuators: 

· Pneumatic 

· Hydraulic 

· Solenoid 

· Electric motor

Pneumatic

A pneumatic actuator operates by a combination of force created by air and spring force.  The actuator positions a control valve by transmitting its motion through the stem.

A rubber diaphragm separates the actuator housing into two air chambers.  The upper chamber receives supply air through an opening in the top of the housing.  The bottom chamber contains a spring that forces the diaphragm against mechanical stops in the upper chamber.  Finally, a local indicator is connected to the stem to indicate the position of the valve.

The position of the valve is controlled by varying supply air pressure in the upper chamber.  This results in a varying force on the top of the diaphragm.  Initially, with no supply air, the spring forces the diaphragm upward against the mechanical stops and holds the valve fully open.  As supply air pressure is increased from zero, its force on top of the diaphragm begins to overcome the opposing force of the spring.  This causes the diaphragm to move downward and the control valve to close.  With increasing supply air pressure, the diaphragm will continue to move downward and compress the spring until the control valve is fully closed.  Conversely, if supply air pressure is decreased, the spring will begin to force the diaphragm upward and open the control valve.  Additionally, if supply pressure is held constant at some value between zero and maximum, the valve will position at an intermediate position.  Therefore, the valve can be positioned anywhere between fully open and fully closed in response to changes in supply air pressure.

A positioner is a device that regulates the supply air pressure to a pneumatic actuator.  It does this by comparing the actuator’s demanded position with the control valve’s actual position.  The demanded position is transmitted by a pneumatic or electrical control signal from a controller to the positioner.  The controller generates an output signal that represents the demanded position.  This signal is sent to the positioner.  Externally, the positioner consists of an input connection for the control signal, a supply air input connection, a supply air output connection, a supply air vent connection, and a feedback linkage.  Internally, it contains an intricate network of electrical transducers, air lines, valves, linkages, and necessary adjustments.  Other positioners may also provide controls for local valve positioning and gauges to indicate supply air pressure and control air pressure (for pneumatic controllers).

Hydraulic 

Pneumatic actuators are normally used to control processes requiring quick and accurate response, as they do not require a large amount of motive force.  However, when a large amount of force is required to operate a valve (for example, the main steam system valves), hydraulic actuators are normally used.  Although hydraulic actuators come in many designs, piston types are most common.

A typical piston type hydraulic actuator consists of a cylinder, piston, spring, hydraulic supply and return line, and stem.  The piston slides vertically inside the cylinder and separates the cylinder into two chambers.  The upper chamber contains the spring and the lower chamber contains hydraulic oil.

The hydraulic supply and return line is connected to the lower chamber and allows hydraulic fluid to flow to and from the lower chamber of the actuator.  The stem transmits the motion of the piston to a valve.  Initially, with no hydraulic fluid pressure, the spring force holds the valve in the closed position.  As fluid enters the lower chamber, pressure in the chamber increases.  This pressure results in a force on the bottom of the piston opposite to the force caused by the spring.  When the hydraulic force is greater than the spring force, the piston begins to move upward, the spring compresses, and the valve begins to open.  As the hydraulic pressure increases, the valve continues to open.  Conversely, as hydraulic oil is drained from the cylinder, the hydraulic force becomes less than the spring force, the piston moves downward, and the valve closes.  By regulating the amount of oil supplied or drained from the actuator, the valve can be positioned between fully open and fully closed.

Solenoid

An electric solenoid actuator consists of a coil, armature, spring, and stem.  The coil is connected to an external current supply.  The spring rests on the armature to force it downward.  The armature moves vertically inside the coil and transmits its motion through the stem to the valve.  When current flows through the coil, a magnetic field forms around the coil.  The magnetic field attracts the armature toward the center of the coil.  As the armature moves upward, the spring collapses and the valve opens.  When the circuit is opened and current stops flowing to the coil, the magnetic field collapses.  This allows the spring to expand and shut the valve.

A major advantage of solenoid actuators is their quick operation.  Also, they are much easier to install than pneumatic or hydraulic actuators.  However, solenoid actuators have two disadvantages.  First, they have only two positions: fully open and fully closed.  Second, they do not produce much force, so they usually only operate relatively small valves.

Electric Motor 

Electric motor actuators vary widely in their design and applications.  Some electric motor actuators are designed to operate in only two positions (fully open or fully closed).  Other electric motors can be positioned between the two positions.  An electric motor actuator’s major parts include an electric motor, clutch and gear box assembly, manual handwheel, and stem connected to a valve.

The motor moves the stem through the gear assembly.  The motor reverses its rotation to either open or close the valve.  The clutch and clutch lever disconnect the electric motor from the gear assembly and allow the valve to be operated manually with the handwheel.  Most electric motor actuators are equipped with limit switches, torque limiters, or both.  Limit switches de-energize the electric motor when the valve has reached a specific position.  Torque limiters de-energize the electric motor when the amount of turning force has reached a specified value.  The turning force normally is greatest when the valve reaches the fully open or fully closed position.  This feature can also prevent damage to the actuator or valve if the valve binds in an intermediate position.

cp) Discuss controller tuning.

To be able to use a controller, it must first be tuned to the system.  This tuning synchronizes the controller with the controlled variable, thus allowing the process to be kept at its desired operating condition.  Two common ways of choosing controller settings are the Cohen-Coon and the Ziegler-Nichols methods.

The Cohen-Coon (C-C) method is used for first-order plus time delay models only.  The C-C method uses the transfer function:

G(s) = Ke-s/(s + 1)

For a PID controller, the following settings are chosen:

Kc = (16 + 3)/12K
= [32 + 6(/)]/[13 + 8(/)]

D = 4/[11 + 2(/)]

These settings are designed to give a decay ratio of one-fourth.  That is, a C-C tuned controller will have a response with the second oscillation having one-fourth the amplitude of the first.

The Ziegler-Nichols (Z-N) method is more robust because it does not require a specific process model.  To tune a controller using the Z-N method, the integral and derivative elements of the PID controller are ignored.  The proportional element is used to find a Kc that will sustain oscillation.  This value is considered the Kcu, or the ultimate gain.  The period of oscillation is the Pu, or ultimate period.  The following settings are chosen for a PID controller:

	 
	P
	PI
	PID

	Kc
	.5Kcu
	.45Kcu
	.6Kcu

	I
	-
	Pu/1.2
	Pu/2

	D
	-
	-
	Pu/8


Instrumentation and control personnel shall demonstrate a working-level knowledge of the characteristics and applications of pneumatic/hydraulic components used in instrumentation and control systems.
Note:  The standard has two competency statements numbered 13.
cq) Describe the operation of a basic pneumatic transmitter.

Pneumatic transmitters are used to measure pressure or liquid level and convert the measured value into a standardized pneumatic signal from 0.2 to 1 bar or 3 to15 psi.  The transmitter is suitable for liquids, gases, and vapors with measuring spans between 0.016 and 6 bar.  They are particularly suitable for

· liquid level measurement of open tanks;

· pressure measurement of media, which readily crystallize, accrete, or contain suspended matter, and particularly corrosive or highly viscous fluids;

· pressure measurement of food and beverages or pharmaceuticals that do not allow the use of connecting tubes for hygienic reasons.

With a pneumatic transmitter, the DP to be measured is applied across a pair of metal diaphragms welded to opposite sides of a capsule.  The space between the diaphragms and the core member is filled with liquid.  The force developed on the diaphragm by DP is brought out of the transmitters by a rigid rod passing through a metal seal diaphragm.  This force is opposed by a balancing force developed by pneumatic bellows.  Imbalance between capsule force and pneumatic bellows force is sensed by a pneumatic nozzle-baffle.  A simple pneumatic servomechanism responsive to nozzle pressure re-establishes the balance.  As a result, pneumatic pressure is maintained exactly proportional to DP and is used as output signal.  A more or less standardized signal is 3 to 15 psi.

cr) Given a diagram of a typical pneumatic control circuit, describe the operation of the control system and explain the function of its components.

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

cs) Explain the term “live zero” as it applies to pneumatic control circuits.

Live zero is a standard way of scaling a signal so that an indication of 0 percent can be discriminated from the status of a dead system.  Take the pneumatic signal system as an example.  If the signal pressure range for transmitter and indicator was designed to be 0 to 12 psi, with 0 psi representing 0 percent of process measurement and 12 psi representing 100 percent, a received signal of 0 percent could be a legitimate reading of 0 percent measurement or it could mean that the system was malfunctioning (an air compressor stopped, tubing is broken, a transmitter is malfunctioning, etc.).  With the 0 percent point represented by 0 psi, there would be no easy way to distinguish one from the other. 

If, however, the instruments were scaled to use a scale of 3 to 15 psi, with 3 psi representing 0 percent and 15 psi representing 100 percent, any kind of a malfunction resulting in zero air pressure at the indicator would generate a reading of -25 percent (0 psi), which is clearly a faulty value.  The person looking at the indicator would then be able to immediately tell that something was wrong. 

ct) Discuss the function and application of the following types of signal converters: 

· I/P converter 

· P/I converter

I/P Converter

An I/P converter, also called a current-to-pressure converter, converts an analog signal (4–20 mA) to a proportional linear pneumatic output (3–15 psig).  Its purpose is to translate the analog output from a control system into a precise, repeatable pressure value to control pneumatic actuators/operators, pneumatic valves, dampers, vanes, etc. 

P/I Converter

A P/I converter is a microprocessor-based pneumatic-electric current signal converter that employs a silicon pressure sensor.  It converts a pneumatic signal to a 4–20 mA DC current signal.

cu) Describe the operation of a pneumatic actuator used in the following applications: 

· Air-operated open/close valve 

· Air-operated throttle valve 

· Air-operated damper

Pneumatic actuators operate by a combination of force created by air and spring force.  The actuator positions a control valve by transmitting its motion through the stem.

A rubber diaphragm separates the actuator housing into two air chambers.  The upper chamber receives supply air through an opening in the top of the housing.  The bottom chamber contains a spring that forces the diaphragm against mechanical stops in the upper chamber.  Finally, a local indicator is connected to the stem to indicate the position of the valve.

The position of the valve is controlled by varying supply air pressure in the upper chamber.  This results in a varying force on the top of the diaphragm.  Initially, with no supply air, the spring forces the diaphragm upward against the mechanical stops and holds the valve fully open.  As supply air pressure is increased from zero, its force on top of the diaphragm begins to overcome the opposing force of the spring.  This causes the diaphragm to move downward and the control valve to close.  With increasing supply air pressure, the diaphragm will continue to move downward and compress the spring until the control valve is fully closed.  Conversely, if supply air pressure is decreased, the spring will begin to force the diaphragm upward and open the control valve.  Additionally, if supply pressure is held constant at some value between zero and maximum, the valve will position at an intermediate position.  Therefore, the valve can be positioned anywhere between fully open and fully closed in response to changes in supply air pressure.

The supply air pressure to a pneumatic actuator is regulated by a device called a positioner.  The positioner does this by comparing the actuator’s demanded position with the control valve’s actual position.  The demanded position is transmitted by a pneumatic or electrical control signal from a controller to the positioner.  

The controller generates an output signal that represents the demanded position.  This signal is sent to the positioner.  Externally, the positioner consists of an input connection for the control signal, a supply air input connection, a supply air output connection, a supply air vent connection, and a feedback linkage.  Internally, it contains an intricate network of electrical transducers, air lines, valves, linkages, and necessary adjustments.  Other positioners may also provide controls for local valve positioning and gauges to indicate supply air pressure and control air pressure (for pneumatic controllers).  From an operator’s viewpoint, a description of the complex internal workings of a positioner is not needed.  Therefore, this discussion will be limited to inputs to and outputs from the positioner.

The controller responds to a deviation of a controlled variable from the setpoint and varies the control output signal accordingly to correct the deviation.  The control output signal is sent to the positioner, which responds by increasing or decreasing the supply air to the actuator.  Positioning of the actuator and control valve is fed back to the positioner through the feedback linkage.  When the valve has reached the position demanded by the controller, the positioner stops the change in supply air pressure and holds the valve at the new position.  This, in turn, corrects the controlled variable’s deviation from the setpoint.

For example, as the control signal increases, a valve inside the positioner admits more supply air to the actuator.  As a result, the control valve moves downward.  The linkage transmits the valve position information back to the positioner.  This forms a small internal feedback loop for the actuator.  When the valve reaches the position that correlates to the control signal, the linkage stops supply air flow to the actuator.  This causes the actuator to stop.  On the other hand, if the control signal decreases, another valve inside the positioner opens and allows the supply air pressure to decrease by venting the supply air.  This causes the valve to move upward and open.  When the valve has opened to the proper position, the positioner stops venting air from the actuator and stops movement of the control valve.

An important safety feature is provided by the spring in an actuator.  It can be designed to position a control valve in a safe position if a loss of supply air occurs.  On a loss of supply air, the actuator will fail open.  This type of arrangement is referred to as “air-to-close, spring-to-open” or simply “fail-open.”  Some valves fail in the closed position.  This type of actuator is referred to as “air-to-open, spring-to-close” or “fail-closed.”  This “fail-safe” concept is an important consideration in nuclear facility design.

Air-operated valves and dampers have similar functions.  Valves regulate the flow rate of a liquid while dampers regulate the flow of air and gases.  

cv) Describe the operation of an electrohydraulic control system.

An electrohydraulic control system and hydraulic valve actuators convert fluid pressure supply pressure into motion.  A valve actuator is a device mounted on a valve that, in response to a signal, automatically moves the valve to the desired position using an outside power source.

14. Instrumentation and control personnel shall demonstrate a working-level knowledge of the characteristics and applications of electronic components used in instrumentation and control systems.

cw) Describe the operation and application of the following components found in instrumentation and control circuits: 

· Summer

· Root extractor 

· Gate 

· Integrator 

· Multiplier 

· Proportional device

Summer

A summer circuit is one that sums, or adds, multiple analog voltage signals together.  There are two basic varieties of op-amp summer circuits: noninverting and inverting.

Root Extractor

The root extractor is used to electronically calculate the square root of the DP and provide an output proportional to system flow.  The constants are determined by selection of the appropriate electronic components.  The extractor output is amplified and sent to an indicator.  The indicator provides either a local or a remote indication of system flow.

Gate

Gates depict the operation/start/stop circuits of components and systems.

Integrator

The integrator provides an output signal proportional to the logarithm of the count rate.

Multiplier

Multipliers serve as a way of producing very high voltages that would be unpractical to obtain from transformers due to the bulk of the insulation required.  By using only capacitors and diodes, voltage multipliers can step up relatively low voltages to extremely high values, while at the same time being far lighter and cheaper than transformers.  They are used in x-ray tubes, particle accelerators, electrostatic devices, and many other devices making use of very high voltages at DC values.

Proportional Device

A proportional device is a system that corrects the deviation of a process from the set level back toward the set point.  The correction is proportional to the amount of error.

cx) Discuss the uses and applications for microprocessors in an instrumentation and control system.

A microprocessor executes a collection of machine instructions that tell the processor what to do.  Based on the instructions, a microprocessor does three basic things: 

· Using its arithmetic/logic unit (ALU), a microprocessor can perform mathematical operations like addition, subtraction, multiplication and division.  Modern microprocessors contain complete floating-point processors that can perform extremely sophisticated operations on large floating-point numbers. 

· A microprocessor can move data from one memory location to another. 

· A microprocessor can make decisions and jump to a new set of instructions based on those decisions.

cy) Discuss each of the following terms including their application to instrumentation and control systems. 

· Computer memory (Random Access Memory (RAM)/Read-Only Memory (ROM) 

· Discreet logic 

· Discreet semiconductors 

· Analog integrated circuits 

· Comparitor circuits 

· Combinatorial logics 

· Signal conditioning 

Computer Memory

RAM is the best-known form of computer memory.  RAM is considered random access because you can access any memory cell directly if you know the row and column that intersect at that cell.

ROM, also known as firmware, is an integrated circuit programmed with specific data when it is manufactured.  ROM chips are used not only in computers, but in most instruments and controls.

Discreet Logic

Discreet logic is an individual gate on a single chip.  Although up to hundreds of thousands of gates are routinely placed on a single chip, discrete logic chips that contain only one or two gates are also manufactured.  These chips are used as glue chips between application-specific integrated circuits and other integrated circuits typically to reshape and transfer signals.

Discreet Semiconductors

A discreet semiconductor is a substance or material that conducts electricity better than an insulator, but not as well as a conductor.  Semiconductors include silicon and germanium.

Analog Integrated Circuits

Analog circuits are circuits dealing with signals free to vary from zero to full power supply voltage.  This stands in contrast to digital circuits, which almost exclusively employ all or nothing signals: voltages restricted to values of zero and full supply voltage, with no valid state in between those extreme limits.  Analog circuits are often referred to as linear circuits to emphasize the valid continuity of signal range forbidden in digital circuits.

Analog integrated circuits are actually networks of interconnected components manufactured on a single wafer of semiconducting material.  Most integrated circuits provide the same functionality as discrete semiconductor circuits at higher levels of reliability and at a fraction of the cost.  Usually, discrete-component circuit construction is favored only when power dissipation levels are too high for integrated circuits to handle. 

Comparator Circuits

Comparator circuits are designed to compare the voltages that appear at their inputs and to output a voltage representing the sign of the net difference between them.  In a comparator circuit, if the differential input voltage is higher than the input offset voltage, plus the required overdrive, the output swings to a voltage representing logic 1.  In effect, a comparator can be thought of as a one-bit analog-to-digital converter (A/D).  Besides being key components of A/D converters, comparators are also widely used in level detection, on/off controls, and clock-recovery circuits.

Combinatorial Logics

In digital circuit theory, combinatorial logic is a type of logic circuit whose output is a function of only the present input.  This is in contrast to sequential logic, in which the output depends not only on the present input, but also on the history of the input.  In other words, sequential logic has memory while combinatorial logic does not.

Combinatorial logic is used in computer circuits to do Boolean algebra on input signals and on stored data.  Practical computer circuits normally contain a mixture of combinatorial and sequential logic.  For example, the part of an arithmetic logic unit (ALU) that does mathematical calculations is made from combinatorial logic, although the ALU is controlled by a sequencer that is made from sequential logic.

Signal Conditioning

Signal conditioning occurs in the interface between the transducers and the electrical circuit.  A low-level signal amplifier and a low-pass filter are common signal conditioners after the input transducer.  The output signal is usually conditioned by a low-pass filter and some type of power amplifier. 

15. Instrumentation and control personnel shall demonstrate a working-level knowledge of systems integration to achieve performance, effectiveness, and cost objectives.

cz) Given a design package for an instrumentation and control system, evaluate its application within an integrated system for the following criteria: 

· Instruments and controls meet the general human factors criteria and considerations for safe and efficient system operation. 

· Instruments and controls perform within the parameters required for safe and efficient system operation. 

· Instrument and control response times are adequate for safe and efficient system operation. 

· Instruments and controls are physically configured for safe and efficient maintenance. 

· Instruments and controls meet the general design criteria for the system in which they are to be used. 

da) Given a proposed application of an instrumentation and control system to an integrated system, evaluate the performance of the integrated system to determine that instrument and control performance requirements will be met. 

db) Discuss the problems presented to instrumentation and control systems under various system applications.

These are performance-based competencies.  The qualifying official will evaluate the completion of these competencies.

16. Instrumentation and control personnel shall demonstrate a working-level knowledge of basic thermodynamic concepts and theories used in the design and operation of process control systems.

dc) Define the following terms: 

· Specific volume 

· Density 

· Specific gravity 

· Mass

· Weight

Specific Volume

The specific volume of a substance is the total volume of that substance divided by the total mass of that substance (volume per unit mass).  It has units of cubic feet per pound-mass (ft3/lbm).

Density

The density of a substance is the total mass of that substance divided by the total volume occupied by that substance (mass per unit volume).  It has units of pound-mass per cubic feet (lbm/ft3).  The density of a substance is the reciprocal of its specific volume.

Specific Gravity

Specific gravity is a measure of the relative density of a substance as compared to the density of water at a standard temperature.  Physicists use 39.2°F (4°C) as the standard, but engineers ordinarily use 60°F.  In the International System of Units (SI Units), the density of water is 1.00 g/cm3 at the standard temperature.  Therefore, the specific gravity (which is dimensionless) for a liquid has the same numerical value as its density in units of g/cm3.  Since the density of a fluid varies with temperature, specific gravities must be determined and specified at particular temperatures.

Mass

The mass of a body is the measure of the amount of material present in that body. 

Weight

The weight of a body is the force exerted by that body when its mass is accelerated in a gravitational field.

dd) Describe the thermodynamic properties of temperature and pressure.

Temperature is a measure of the molecular activity of a substance.  The greater the movement of molecules, the higher the temperature will be.  It is a relative measure of how hot or cold a substance is and can be used to predict the direction of heat transfer.

Pressure is a measure of the force exerted per unit area on the boundaries of a substance (or system).  It is caused by the collisions of the molecules of the substance with the boundaries of the system.  As molecules hit the walls, they exert forces that try to push the walls outward.  The forces resulting from all of these collisions cause the pressure exerted by a system on its surroundings.  Pressure is frequently measured in units of lbf/in2 (psi).

de) Compare and contrast the Fahrenheit, Celsius, Kelvin, and Rankine temperature scales, and discuss the concept of “absolute zero.”

The two temperature scales normally employed for measurement purposes are the Fahrenheit (F) and Celsius (C) scales.  These scales are based on a specification of the number of increments between the freezing point and boiling point of water at standard atmospheric pressure.  The Celsius scale has 100 units between these points, and the Fahrenheit scale has 180 units.  The zero points on the scales are arbitrary.

The freezing point of water was selected as the zero point of the Celsius scale.  The coldest temperature achievable with a mixture of ice and salt water was selected as the zero point of the Fahrenheit scale.  The temperature at which water boils was set at 100 on the Celsius scale and 212 on the Fahrenheit scale.  The relationship between the scales is represented by the following equations:

F = 32.0 + (9/5) C

C = (F - 32.0)(5/9)

It is necessary to define an absolute temperature scale having only positive values.  The absolute temperature scale that corresponds to the Celsius scale is called the Kelvin (K) scale, and the absolute scale that corresponds to the Fahrenheit scale is called the Rankine (R) scale.  The zero points on both absolute scales represent the same physical state.  This state is where there is no molecular motion of individual atoms.  The relationships between the absolute and relative temperature scales are shown in the following equations:

R = F + 460

K = C + 273

df) Describe the relationship between absolute pressure, gauge pressure, and vacuum.

When pressure is measured relative to a perfect vacuum, it is called absolute pressure (psia), and when measured relative to atmospheric pressure (14.7 psi), it is called gauge pressure (psig).  The latter pressure scale was developed because almost all pressure gauges register zero when open to the atmosphere.  Therefore, pressure gauges measure the difference between the pressure of the fluid to which they are connected and that of the surrounding air.

If the pressure is below that of the atmosphere, it is designated as a vacuum.  A perfect vacuum would correspond to absolute zero pressure.  All values of absolute pressure are positive, because a negative value would indicate tension, which is considered impossible in any fluid.  Gauge pressures are positive if they are above atmospheric pressure and negative if they are below atmospheric pressure.

dg) Define the following and describe their relationship: 

· Energy 

· Potential energy 

· Kinetic energy 

· Work 

· Heat

Energy

Energy is defined as the capacity of a system to perform work or produce heat.

Potential Energy

Potential energy (PE) is defined as the energy of position.  Using English system units, it is defined by the following equation:

PE = mgz/gc

where

PE = potential energy (ft-lbf)

m = mass (lbm)

z = height above some reference level (ft)

g = acceleration due to gravity (ft/sec2)

gc = gravitational constant = 32.17 ft-lbm/lbf-sec2

In most practical engineering calculations, the acceleration due to gravity (g) is numerically equal to the gravitational constant (gc); thus, the potential energy (PE) in foot-pounds-force is numerically equal to the product of the mass (m) in pounds-mass times the height (z) in feet above some reference level.

Kinetic Energy

Kinetic energy (KE) is the energy of motion.  Using English system units, it is defined by the following equation:

KE mv2/2gc

where

KE = kinetic energy (ft-lbf)

m = mass (lbm)

v = velocity (ft/sec)

gc = gravitational constant = 32.17 ft-lbm/lbf-sec2

Work

Work is a form of energy, but it is energy in transit.  Work is not a property of a system.  Work is a process done by or on a system, but a system contains no work.

This distinction between the forms of energy that are properties of a system and the forms of energy that are transferred to and from a system is important to the understanding of energy transfer systems.

Work is defined for mechanical systems as the action of a force on an object through a distance.  It equals the product of the force (F) times the displacement (d).

In dealing with work in relation to energy transfer systems, it is important to distinguish between work done by the system on its surroundings and work done on the system by its surroundings.  Work is done by the system when it is used to turn a turbine and thereby generate electricity in a turbine-generator.  Work is done on the system when a pump is used to move the working fluid from one location to another.  A positive value for work indicates that work is done by the system on its surroundings; a negative value indicates that work is done on the system by its surroundings.

Heat

Heat, like work, is energy in transit.  The transfer of energy as heat, however, occurs at the molecular level as a result of a temperature difference.  The symbol (Q) is used to denote heat.  In engineering applications, the unit of heat is the British thermal unit (Btu).  Specifically, this is called the 60 degree Btu because it is measured by a one degree temperature change from 59.5°F to 60.5°F.

As with work, the amount of heat transferred depends upon the path and not simply on the initial and final conditions of the system.  Also, as with work, it is important to distinguish between heat added to a system from its surroundings and heat removed from a system to its surroundings.  A positive value for heat indicates that heat is added to the system by its surroundings.  This is in contrast to work that is positive when energy is transferred from the system and negative when transferred to the system.  The symbol (q) is sometimes used to indicate the heat added to or removed from a system per unit mass.  It equals the total heat (Q) added or removed divided by the mass (m).  

dh) Describe the following types of thermodynamic systems: 

· Isolated system 

· Open system 

· Closed system

Isolated System

An isolated system is one that is not influenced in any way by the surroundings.  This means that no energy in the form of heat or work may cross the boundary of the system.  In addition, no mass may cross the boundary of the system.

Open System

An open system is one that may have a transfer of both mass and energy with its surroundings.

Closed System

A closed system has no transfer of mass with its surroundings, but may have a transfer of energy (either heat or work) with its surroundings.

di) Discuss the application of Bernoulli's principle to a process control system.

Bernoulli’s equation results from the application of the general energy equation and the first law of thermodynamics to a steady flow system in which no work is done on or by the fluid, no heat is transferred to or from the fluid, and no change occurs in the internal energy (i.e., there is no temperature change) of the fluid.  

17. Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of basic heat transfer and fluid flow concepts and theories.

dj) Explain the following terms: 

· Static head 

· Velocity head 

· Friction head

· Head loss

Static Head

Static head is defined as that part of the total head which is equal to the static level difference between the inlet and the outlet of a pipe system.

Velocity Head

The velocity head represents the kinetic energy of the fluid.  It is the height in feet that a flowing fluid would rise in a column if all of its kinetic energy were converted to potential energy.

Friction Head

Friction head is the energy lost from the movement of a fluid in a conduit (pipe) due to the disturbances created by the contact of the moving fluid with the surfaces of the conduit, or the additional pressure that a pump must provide to overcome the resistance to fluid flow created by or in a conduit.

Head Loss

Head loss is the combination of two major components: friction losses and minor losses.  Friction losses are head losses due to the friction that the walls of the pipe impose on a liquid.  Friction losses are dependent on the viscosity of the fluid and the turbulence of the flow.  Minor losses are losses due to the change in flow patterns of the liquid, i.e., bends, valves, sudden changes in pipe diameter, etc.  Minor losses are usually negligible compared to friction losses in larger pipe systems.

dk) Describe the relationship between pressure and flow in a process system.

A form of energy that is important in understanding energy transfer systems is P-V energy.  This form of energy is called P-V energy because it arises from the pressure (P) and the volume (V) of a fluid.  It is numerically equal to PV, the product of pressure and volume.  Because energy is defined as the capacity of a system to perform work, a system where pressure and volume are permitted to expand performs work on its surroundings.  Therefore, a fluid under pressure has the capacity to perform work.  In engineering applications, the units of P-V energy, also called flow energy, are the units of pressure times volume (pounds-force per square foot times cubic feet), which equals foot-pounds force (ft-lbf).

dl) Using the ideal gas law, discuss the relationship between pressure, temperature, and volume.

The ideal gas constant is designated by (R), and the ideal gas equation is:

Pv = RT

where

P = pressure

V = volume

T = temperature, and the pressure and temperature are absolute values.

The individual gas constant (R) may be obtained by dividing the universal gas constant (Ro) by the molecular weight (MW) of the gas.  The units of (R) must always be consistent with the units of pressure, temperature, and volume used in the gas equation.  No real gases follow the ideal gas law or equation completely.  At temperatures near a gas’s boiling point, increases in pressure will cause condensation to take place and cause drastic decreases in volume.  At very high pressures, the intermolecular forces of a gas are significant.  However, most gases are in approximate agreement at pressures and temperatures above their boiling point.

The ideal gas law is used by engineers working with gases because it is simple to use and approximates real gas behavior.  Most physical conditions of gases used by man fit the above description.  Perhaps the most common use of gas behavior studied by engineers is that of the compression process using ideal gas approximations.  Such a compression process may occur at constant temperature (pV = constant), constant volume, or under adiabatic conditions (no heat transfer).  Whatever the process, the amount of work that results from it depends upon the process.

dm) Describe the effects of pressure and temperature changes on confined fluids.  

The predominant effect of an increase in pressure in a compressible fluid, such as a gas, is an increase in the density of the fluid.  An increase in the pressure of an incompressible fluid will not have a significant effect on the density.  For example, increasing the pressure of 100°F water from 15 psia to 15,000 psia will only increase the density by approximately 6 percent.  Therefore, in engineering calculations, it is assumed that the density of incompressible fluids remains constant.

An increase in temperature will tend to decrease the density of any fluid.  If the fluid is confined in a container of fixed volume, the effect of a temperature change will depend on whether the fluid is compressible.

If the fluid is a gas, it will respond to a temperature change in a manner predicted by the ideal gas laws.  A 5 percent increase in absolute temperature will result in a 5 percent increase in the absolute pressure.

If the fluid is an incompressible liquid in a closed container, an increase in the temperature will have a tremendously greater and potentially catastrophic effect.  As the fluid temperature increases, it tries to expand, but expansion is prevented by the walls of the container.  Because the fluid is incompressible, this results in a tremendous increase in pressure for a relatively minor temperature change.  The change in specific volume for a given change in temperature is not the same at various beginning temperatures.  Resultant pressure changes will vary.  A useful rule for water is that pressure in a water-solid system will increase about 100 psi for every 1°F increase in temperature.

dn) Describe how the density of a fluid varies with temperature.

An increase in temperature will tend to decrease the density of any fluid.  

do) Describe the relationship between the pressure in a fluid column and the density and depth of the fluid.

Pressure can be measured with reference to the force that exists in a column of fluid at a certain height.  The most common of these are inches of water, inches of mercury, millimeters of mercury, and microns of mercury.  Conversion factors are listed below.

14.7 psia = 408 inches of water

14.7 psia = 29.9 inches of mercury

1 inch of mercury = 25.4 millimeters of mercury

1 millimeter of mercury = 103 microns of mercury

dp) Define the terms “mass flow rate” and “volumetric flow rate.”

Mass Flow Rate

The mass flow rate (m) of a system is a measure of the mass of fluid passing a point in the system per unit time.  The mass flow rate is related to the volumetric flow rate as shown in the equation below where ρ is the density of the fluid and V is the volumetric flow rate.

m = ρV

If the volumetric flow rate is in cubic feet per second and the density is in pounds-mass per cubic foot, the above equation results in mass flow rate measured in pounds-mass per second.  Other common units for measurement of mass flow rate include kilograms per second and pounds-mass per hour.

Volumetric Flow Rate

The volumetric flow rate (V) of a system is a measure of the volume of fluid passing a point in the system per unit time.  The volumetric flow rate can be calculated as the product of the cross-sectional area (A) for flow and the average flow velocity (v).

V = Av

If area is measured in square feet and velocity in feet per second, the above equation results in volumetric flow rate measured in cubic feet per second.  Other common units for volumetric flow rate include gallons per minute, cubic centimeters per second, liters per minute, and gallons per hour.  

dq) Describe the phenomenon of water hammer, pressure spike, and steam hammer.

Water Hammer

Water hammer is a liquid shock wave resulting from the sudden starting or stopping of flow.  It is affected by the initial system pressure, the density of the fluid, the speed of sound in the fluid, the elasticity of the fluid and pipe, the change in velocity of the fluid, the diameter and thickness of the pipe, and the valve operating time.

Pressure Spike

A pressure spike is the resulting rapid rise in pressure above static pressure caused by water hammer.  The highest pressure spike attained will be at the instant the flow changed.

Steam Hammer

Steam hammer is similar to water hammer except it is for a steam system.  Steam hammer is a gaseous shock wave resulting from the sudden starting or stopping of flow.  Steam hammer is not as severe as water hammer for three reasons:

· The compressibility of the steam dampens the shock wave.

· The speed of sound in steam is approximately one third the speed of sound in water.

· The density of steam is approximately 1600 times less than that of water.

The items of concern that deal with steam piping are thermal shock and water slugs (i.e., condensation in the steam system) as a result of improper warm up.

18. Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of mechanical engineering, theories, principles, and techniques.

dr) Describe the basic construction and operation of the following types of valves used in a process system: 

· Gate valve 

· Globe valve 

· Flow control valve 

· Butterfly valve 

· Diaphragm valves 

· Check valve 

· Relief and safety valves

Gate Valve

A gate valve is a linear motion valve used to start or stop fluid flow.  However, it does not regulate or throttle flow.  The name “gate” is derived from the appearance of the disk in the flow stream. 

The disk of a gate valve is completely removed from the flow stream when the valve is fully open.  This characteristic offers virtually no resistance to flow when the valve is open.  Hence, there is little pressure drop across an open gate valve.  When the valve is fully closed, a disk-to-seal ring contact surface exists for 360 degrees, and good sealing is provided.  With the proper mating of a disk to the seal ring, very little or no leakage occurs across the disk when the gate valve is closed.

On opening the gate valve, the flow path is enlarged in a highly nonlinear manner with respect to percent of opening.  This means that flow rate does not change evenly with stem travel.  Also, a partially open gate disk tends to vibrate from the fluid flow.  Most of the flow change occurs near shutoff with a relatively high fluid velocity causing disk and seat wear and eventual leakage if used to regulate flow.  For these reasons, gate valves are not used to regulate or throttle flow.

A gate valve can be used for a wide variety of fluids and provides a tight seal when closed.  The major disadvantages to the use of a gate valve are listed below:

· It is not suitable for throttling applications.

· It is prone to vibration in the partially open state.

· It is more subject to seat and disk wear than a globe valve.

· Repairs, such as lapping and grinding, are generally more difficult to accomplish.

Globe Valve

A globe valve is a linear motion valve used to stop, start, and regulate fluid flow.  The globe valve disk can be totally removed from the flow path or it can completely close the flow path.  The essential principle of globe valve operation is the perpendicular movement of the disk away from the seat.  This causes the annular space between the disk and seat ring to gradually close as the valve is closed.  This characteristic gives the globe valve good throttling ability, which permits its use in regulating flow.  Therefore, the globe valve may be used for both stopping and starting fluid flow and for regulating flow.

When compared to a gate valve, a globe valve generally yields much less seat leakage.  This is because the disk-to-seat ring contact is more at right angles, which permits the force of closing to tightly seat the disk.

Globe valves can be arranged so that the disk closes against or in the same direction of fluid flow.  When the disk closes against the direction of flow, the kinetic energy of the fluid impedes closing but aids opening of the valve.  When the disk closes in the same direction of flow, the kinetic energy of the fluid aids closing but impedes opening.  This characteristic is preferable to other designs when quick-acting stop valves are necessary.

Globe valves also have drawbacks.  The most evident shortcoming of the simple globe valve is the high head loss from two or more right angle turns of flowing fluid.  Obstructions and discontinuities in the flow path lead to head loss.  In a large high-pressure line, the fluid dynamic effects from pulsations, impacts, and pressure drops can damage trim, stem packing, and actuators.  In addition, large valve sizes require considerable power to operate and are especially noisy in high-pressure applications.

Other drawbacks of globe valves are the large openings necessary for disk assembly, heavier weight than other valves of the same flow rating, and the cantilevered mounting of the disk to the stem.

Flow Control Valve

Flow control valves are used to maintain a constant predetermined flow in a system.  They must be installed in the correct flow direction (indicated by label) to work properly.  They use a diaphragm that changes shape with inlet pressure changes, thus maintaining a constant flow rate.  They are normally used to replace more costly flow control devices.

Butterfly Valve

A butterfly valve is a rotary motion valve that is used to stop, regulate, and start fluid flow.  Butterfly valves are easily and quickly operated because a 90 degree rotation of the handle moves the disk from a fully closed to a fully opened position.  Larger butterfly valves are actuated by hand wheels connected to the stem through gears that provide mechanical advantage at the expense of speed.

Butterfly valves possess many advantages over gate, globe, plug, and ball valves, especially for large valve applications.  Savings in weight, space, and cost are the most obvious advantages.  The maintenance costs are usually low because there are a minimal number of moving parts and there are no pockets to trap fluids.

Diaphragm Valves

A diaphragm valve is a linear motion valve that is used to start, regulate, and stop fluid flow.  The name is derived from its flexible disk, which mates with a seat located in the open area at the top of the valve body to form a seal.  

Diaphragm valves are, in effect, simple “pinch clamp” valves.  A resilient, flexible diaphragm is connected to a compressor by a stud molded into the diaphragm.  The compressor is moved up and down by the valve stem.  Hence, the diaphragm lifts when the compressor is raised.  As the compressor is lowered, the diaphragm is pressed against the contoured bottom in a straight-through valve, or against the body weir in the weir-type valve.

Diaphragm valves can also be used for throttling service.  The weir-type is the better throttling valve, but it has a limited range.  Its throttling characteristics are essentially those of a quick-opening valve because of the large shutoff area along the seat.

A weir-type diaphragm valve is available to control small flows.  It uses a two-piece compressor component.  Instead of the entire diaphragm lifting off the weir when the valve is opened, the first increments of stem travel raise an inner compressor component that causes only the central part of the diaphragm to lift.  This creates a relatively small opening through the center of the valve.  After the inner compressor is completely open, the outer compressor component is raised along with the inner compressor and the remainder of the throttling is similar to the throttling that takes place in a conventional valve.

Diaphragm valves are particularly suited for the handling of corrosive fluids, fibrous slurries, radioactive fluids, or other fluids that must remain free from contamination.

Check Valve

Check valves are designed to prevent the reversal of flow in a piping system.  These valves are activated by the flowing material in the pipeline.  The pressure of the fluid passing through the system opens the valve, while any reversal of flow will close the valve.  Closure is accomplished by the weight of the check mechanism, by back pressure, by a spring, or by a combination of these means.  The general types of check valves are swing, tilting-disk, piston, butterfly, and stop.

Relief and Safety Valves

Relief and safety valves prevent equipment damage by relieving accidental over-pressurization of fluid systems.  The main difference between a relief valve and a safety valve is the extent of opening at the setpoint pressure.

A relief valve gradually opens as the inlet pressure increases above the setpoint.  A relief valve opens only as necessary to relieve the over-pressure condition.  A safety valve rapidly pops fully open as soon as the pressure setting is reached.

A safety valve will stay fully open until the pressure drops below a reset pressure.  The reset pressure is lower than the actuating pressure setpoint.  The difference between the actuating pressure setpoint and the pressure at which the safety valve resets is called blowdown.  Blowdown is expressed as a percentage of the actuating pressure setpoint.

ds) Discuss how valve operation controlled by a process control system can cause water hammer or pressure spiking if the system is not designed properly.  

During the closing of a valve, kinetic energy of the moving fluid is converted into potential energy.  The elasticity of the fluid and pipe wall produces a wave of positive pressure back toward the fluid’s source.  When this wave reaches the source, the mass of fluid will be at rest, but under tremendous pressure.  The compressed liquid and stretched pipe walls will now start to release the liquid in the pipe back to the source and return to the static pressure of the source.  This release of energy will form another pressure wave back to the valve.  When this shockwave reaches the valve, due to the momentum of the fluid, the pipe wall will begin to contract.  This contraction is transmitted back to the source, which places the pressure in the piping below that of the static pressure of the source.  These pressure waves will travel back and forth several times until the fluid friction dampens the alternating pressure waves to the static pressure of the source.  Normally, the entire hammer process takes place in under one second.

The initial shock of suddenly stopped flow can induce transient pressure changes that exceed the static pressure.  If the valve is closed slowly, the loss of kinetic energy is gradual.  If it is closed quickly, the loss of kinetic energy is very rapid.  A shock wave results because of this rapid loss of kinetic energy.  The shock wave caused by water hammer can be of sufficient magnitude to cause physical damage to piping, equipment, and personnel.  Water hammer in pipes has been known to pull pipe supports from their mounts, rupture piping, and cause pipe whip.

dt) Describe the basic operation and pressure/flow characteristics of the following types of pumps: 

· Centrifugal pump 

· Positive displacement pump

Centrifugal Pump

Fluid entering a centrifugal pump is immediately directed to the low-pressure area at the center or eye of the impeller.  As the impeller and blading rotate, they transfer momentum to incoming fluid.  A transfer of momentum to the moving fluid increases the fluid’s velocity.  As the fluid’s velocity increases, its kinetic energy increases.  Fluid of high kinetic energy is forced out of the impeller area and enters the volute.

The volute is a region of continuously increasing cross-sectional area designed to convert the kinetic energy of the fluid into fluid pressure.  The mechanism of this energy conversion is the same as that for subsonic flow through the diverging section of a nozzle.  The mathematical analysis of flow through the volute is based on the general energy equation, the continuity equation, and the equation relating the internal properties of a system.  The key parameters influencing the energy conversion are the expanding cross-sectional area of the volute, the higher system back pressure at the discharge of the volute, and the incompressible, subsonic flow of the fluid.  As a result of the interdependence of these parameters, the fluid flow in the volute, similar to subsonic flow in a diverging nozzle, experiences a velocity decrease and a pressure increase.

Positive Displacement Pump

A positive displacement pump is one in which a definite volume of liquid is delivered for each cycle of pump operation.  This volume is constant regardless of the resistance to flow offered by the system the pump is in, provided the capacity of the power unit driving the pump or the pump component strength limits are not exceeded.  The positive displacement pump delivers liquid in separate volumes with no delivery in between, although a pump having several chambers may have an overlapping delivery among individual chambers, which minimizes this effect.  The positive displacement pump differs from centrifugal pumps, which deliver a continuous flow for any given pump speed and discharge resistance.

Positive displacement pumps can be grouped into three basic categories based on their design and operation.  The three groups are reciprocating pumps, rotary pumps, and diaphragm pumps.

Additional information is available in DOE-HDBK-1018/1-93, DOE Fundamentals Handbook, Mechanical Science, volume 1, January 1993.

du) Describe the basic design and operation of a compressed air system used to supply instrument air, including a discussion of the function of the following components: 

· Compressor 

· Moisture separator 

· Intercooler 

· After cooler 

· Receiver 

· Air dryer

Compressor

The type of compressor most likely to be used to supply instrument air depends largely on size, cost, and reliability requirements.  Rotary screw compressors in sizes up to 500–600 hp are very popular because of their high reliability and low maintenance requirements.  Centrifugal compressors are often used in sizes ranging from about 150 hp up to over 10,000 hp.  The larger size models are relatively low in cost and small in physical size compared to reciprocating compressors.  Reciprocating compressors are one of the oldest air compressor technologies, but are commonly used today only in sizes up to 25 hp or so.  These compressors are often used for light-duty applications or in startup industrial enterprises because of their reliability and low cost. 

Moisture Separator

A moisture separator installed at the discharge of the aftercooler removes most of the liquid moisture and solids from the compressed air.  Utilizing centrifugal force, moisture and solids collect at the bottom of the moisture separator.

Intercooler

An intercooler is a heat exchanger.  That means there are two or more fluids that do not physically touch each other, but a transfer of heat or energy takes place between them.

At wide open throttle and full boost, the hot compressed air coming from a turbocharger is probably between 250°F and 350ºF depending on the particular turbo, boost pressure, outside air temperature, etc.  The air must be cooled down to reduce its volume so more air molecules fit into the cylinders, which reduces the engine’s likelihood of detonation.

Hot air from the turbo flows through tubes inside the intercooler.  The turbo air transfers heat to the tubes, warming the tubes and cooling the turbo air.  Outside air (or water) passes over the tubes and between fins that are attached to the tubes.  Heat is transferred from the hot tubes and fins to the cool outside air.  This heats the outside air while cooling the tubes.  This is how the turbo air is cooled down.  Heat goes from the turbo air to the tubes to the outside air.

Aftercooler

During compression, air gets heated and then cools during its transit and delivery.  It is during this time that condensation occurs leading to the corrosion of mild steel pipelines, which results in malfunction of equipment.  Compressed atmospheric air contains water vapor that may be removed by a cooling process.  This may be done by air, water, or a refrigeration medium.  This process must be efficient to keep the subsequent condensation to the minimum.  The humidity should be such that the dew point of air supplied is less than 40°C. 

Receiver

The air receiver acts as a reservoir for the compressed air.  It maintains a constant pressure and ensures that an uninterrupted non-pulsatile air flow is delivered.  Ideally each compressor should have its own reservoir or receiver.  Air receivers should be fitted with automatic drain traps with valves which allow condensed water to drain away to an outside drain.  Each receiver should also be fitted with safety valves, a pressure gauge, and an inspection window to check that the drain is working.  Receivers should also be fitted with non-return and isolation valves and bypasses to permit servicing without shutting down the piped air system.

Air Dryer

Compressed air dryers use technologies such as refrigeration, desiccant absorption, and membrane filtration to remove contaminants, particularly water, from the air.

dv) Describe the function and operation of vibration monitoring equipment used to monitor large motors, pumps, and compressors.

The machinery vibration monitor for hazardous areas provides continuous machinery screening by detecting, evaluating, and announcing vibration problems to operators as they develop.  This system learns and compares vibration spectrums, allowing it to detect even subtle, incremental, sustained changes.  The system can shut down malfunctioning equipment to help prevent catastrophic breakdown, costly repairs, and downtime.  The vibration monitor is designed to monitor large motors, pumps, and compressors.

dw) Describe the basic operation of pressure regulating valves and flow control valves in a process system.

Pressure regulating valves manage flow by adjusting the flow area available to the fluid.  Most designs incorporate a plug or similar element that occupies a portion of a stationary orifice while throttling.  In an action often called modulation, the plug or similar element is shifted to increase or decrease the available flow area. 

Flow through a particular size of open orifice area is primarily dependent on the available pressure difference.  However, a real-world valve incorporates more geometry than just the orifice.  While following the available passages through the valve, fluid velocity does not maintain a consistent distribution.  Local pressures and momentum may be considerably different than those measured at a straight run of adjacent piping where velocities are well developed.  With compressible or two-phase fluids, these effects will be accompanied by changes in the fluid density.  Thus, the turns, contractions, and expansions built into a valve’s internal flow passages play a strong role in determining a regulating valve’s maximum flow capacity and its minimum stable control capability. 

Where the managed parameter is pressure, flow and pressure are interdependent.  While the pressure being maintained may be at a location remote from the valve, there must always be an immediate and inherent relationship maintained among the managed flow, the pressure to which the regulator is responding, and the regulator’s response mode.  Essentially, the regulator must be able to influence pressure at the measured point and must exercise that influence in the appropriate direction of response.

Flow Control Valves

Flow control valves control the amount of power produced by the cylinders in an air compressor that convert the potential energy of the compressed air into kinetic energy at the output.

dx) Describe the basic theory of operation of a heat exchanger used in a process system.

The transfer of thermal energy between fluids is one of the most important and frequently used processes in engineering.  The transfer of heat is usually accomplished by means of a device known as a heat exchanger.  Common applications of heat exchangers in the nuclear field include boilers, fan coolers, cooling water heat exchangers, and condensers.

The basic design of a heat exchanger normally has two fluids of different temperatures separated by some conducting medium.  The most common design has one fluid flowing through metal tubes and the other fluid flowing around the tubes.  On either side of the tube, heat is transferred by convection.  Heat is transferred through the tube wall by conduction.  Heat exchangers may be divided into several categories or classifications.  In the most commonly used type of heat exchanger, two fluids of different temperature flow in spaces separated by a tube wall.  They transfer heat by convection and by conduction through the wall.  This is referred to as an “ordinary heat exchanger,” as compared to the other two types classified as “regenerators” and “cooling towers.”

An ordinary heat exchanger is single-phase or two-phase.  In a single-phase heat exchanger, both of the fluids (cooled and heated) remain in their initial gaseous or liquid states.  In two-phase exchangers, either of the fluids may change its phase during the heat exchange process.  The steam generator and main condenser of nuclear facilities are of the two-phase, ordinary heat exchanger classification.

Single-phase heat exchangers are usually of the tube-and-shell type; that is, the exchanger consists of a set of tubes in a container called a shell.  At the ends of the heat exchanger, the tube-side fluid is separated from the shell-side fluid by a tube sheet.  The design of two-phase exchangers is essentially the same as that of single-phase exchangers.

dy) Describe the various methods and characteristics of heat transfer that may occur in a process system.   

Heat is always transferred when a temperature difference exists between two bodies.  There are three basic modes of heat transfer:

· Conduction involves the transfer of heat by the interactions of atoms or molecules of a material through which the heat is being transferred.

· Convection involves the transfer of heat by the mixing and motion of macroscopic portions of a fluid.

· Radiation, or radiant heat transfer, involves the transfer of heat by electromagnetic radiation that arises due to the temperature of a body.

Additional information is available in DOE-HDBK-1012/2-92, DOE Fundamentals Handbook, Thermodynamics, Heat Transfer, and Fluid Flow, volume 2.

dz) Describe the basic design and operation of a typical heating, ventilation, and air conditioning (HVAC) system, including a discussion of the control system used to maintain habitability.

Information is available in Lawrence Livermore National Laboratory, UCRL-AR-133353, rev. 1, HVAC Systems in Nonreactor Nuclear Facilities, May 1999.

ea) Given a process and instrumentation diagram and the technical specifications for a process system, describe the purpose of the system and the major flowpaths.

eb) Given a process and instrumentation diagram and the technical specifications for a process system, describe the function of each of the major components of the system

Competencies j and k are performance-based competencies.  The qualifying official will evaluate the completion of these competencies.

19. Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of the geoseismic/civil engineering theories, principles, and techniques that apply to instrumentation and control systems.

ec) Discuss the seismic design constraints imposed on instrumentation and control systems important to safety.

Instrumentation and control system design must consider the following seismic factors.  First, the potential seismic loading on the system must be identified.  This will include an examination of the probability of a seismic event and a conservative estimate of the severity of the event (these two factors define the design basis earthquake (DBE)).  Once the DBE is characterized, the response to the earthquake must be determined.  The amplitude (maximum ground movement) and frequency (how often the ground moves) is calculated.  The response level, which is the movement of the structure relative to ground movement, will then be determined.  Dissipation and damping due to the materials and mass of the structure in which the instrumentation and control system is housed are the two primary variables that affect the response level.  The elastic properties of the structure are then determined.  With these parameters, the particular system design can then be determined.

Equipment used in the safety systems must be able to withstand the resulting forces determined by the methodology presented above.  Particular equipment response can be determined from testing data or experience data (performance response data available on equipment from past earthquakes and from past qualification testing).  The other major consideration is equipment anchor design.  This is vital to ensure that the force seen by the equipment is not amplified due to wave action.

ed) Describe the function and operation of instrumentation systems used to measure and annunciate seismic events at defense nuclear facilities.

Facilities or sites that have systems, structures, and components (SSCs) in performance category (PC) 2 (with hazardous material), PC 3, or PC 4 shall have instrumentation or other means to detect and record the occurrence and severity of seismic events.  These systems measure ground acceleration and provide an alarm when it measures acceleration above a threshold value.  The purpose of this is to provide an indication and a record of seismic events so that a thorough damage inspection may be completed.

ee) Discuss the effects of vibration on instrumentation and control system performance and reliability, including the methods used to mitigate those effects.

Vibration may affect the operation of instrument and control systems by the introduction of calibration or setpoint errors on mechanical and analog electrical components.  Additionally, it may also cause failure in wiring connections and at pin connections in solid state or digital systems.  Vibration effects may be mitigated by using vibration or shock mounts.  Two factors must be considered.  From a seismic design perspective, a rigid coupling is necessary to properly anchor the equipment during low-frequency vibrations associated with earthquakes.  The single most important factor for survivability of instrumentation and control systems during an earthquake is rigid anchoring of the system components.  However, rigid anchors transmit high-frequency vibrations directly to equipment, possibly producing the effects discussed above.  Semi-rigid or vibration damping mounts may be used to anchor the equipment without transmitting vibrations.

ef) Discuss the general factors that affect the seismic qualification of a system, component, or structure.

Seismic qualification is the documented assurance that a system, component, or structure can continue to perform its required function following a seismic event.  The level of qualification is affected by the facility hazard classification and structure, system or component safety classification.  For example, a safety related instrument in a high hazard category facility may require a higher level of qualification and quality assurance than the same instrument in a lower hazard category facility.

20. Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of the chemical engineering theories, principles, and techniques that apply to instrumentation and control systems.

eg) Discuss the design elements that must be considered when applying instrumentation and control systems for use with chemical processes.  

This is a site-specific competency as chemical processes and instrumentation vary from site to site.  The local qualifying official will evaluate the completion of this competency.

eh) Discuss the application of instrumentation and control system components used to measure and control level, flow, temperature, and pressure in chemical process systems that contain corrosive chemicals.

This is a site-specific competency as chemical processes and instrumentation vary from site to site.  The local qualifying official will evaluate the completion of this competency.

21. Instrumentation and control personnel shall demonstrate the ability to read and interpret electrical diagrams, including: 

· One-line diagrams 

· Schematics 

· Logic diagrams 

· Printed wiring board diagrams

ei) Given an electrical diagram, identify electrical component symbology. 

ej) Given a logic diagram for a control circuit, identify and describe the effects of an action taken.

Competencies a and b are performance-based competencies.  The qualifying official will evaluate the completion of these competencies.

ek) Identify the symbols used on logic diagrams to represent the components.
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Logic diagrams and prints can be used to depict several types of information.  The most common use is to provide a simplified functional representation of an electrical circuit, as illustrated in figure 25.  For example, it is easier and faster to figure out how a valve functions and responds to various input signals by representing a valve circuit using logic symbols, rather than by using the electrical schematic with its complex relays and contacts.  These drawings do not replace schematics, but they are easier to use for certain applications.

Figure 25.  Example of a logic diagram

el) Explain the operation of the three types of time delay devices.

The type-one time delay device delays the output (on) for the specified period of time, but the output will stop (off) as soon as the input signal is removed.

The type-two time delay device provides an output signal (on) immediately upon receipt of the input signal, but the output is maintained only for a specified period of time once the input signal (off) has been removed.

Upon receipt of an input signal, type-three time delay devices provide an output signal for a specified period of time, regardless of the duration of the input.

em) Identify the symbols used to denote a logical “1” (or high) and a logical “0” (or low) as used in logic diagrams.

Information regarding logic diagrams and symbols is available in DOE-HDBK-1016/2-93, DOE Fundamentals Handbook, Engineering Symbology, Prints, and Drawings, vol. 2.

en) Given a logic diagram and appropriate information, determine the output of each component and the logic circuit.

eo) Given a one-line diagram, identify power sources and loads.

ep) Given a one-line diagram or schematic diagram, analyze the effects of a component failure in a system.

eq) Given a construction diagram, identify the power supplies.

Competencies f through i are performance-based competencies.  The qualifying official will evaluate the completion of these competencies.

er) Discuss the origin and purpose of “as-built” drawings.

As-built drawings have provided significant improvements in the various excavation activities/programs across the DOE complex.  Configuration management of buried/‌embedded utilities has improved at every facility which implements the as-built drawing requirement.  It is a tool that is strongly recommended.  As-built drawings should not be relied upon as the only source for the accurate location of underground/embedded utilities.

es) Describe printed wiring board fabrication and assembly.

Printed wiring boards (PWB) are categorized in several ways.  When overall complexity is being considered, they are often categorized in terms of layer-counts, or the number of circuit layers present on a single PWB.  PWBs are usually broken down along layer-count lines into three categories: multilayer, double-sided, and single-sided.  Multilayer PWBs contain more than two layers of circuitry, i.e., at least one layer is imbedded in the substrate beneath the surface of the board.  A multilayer board may consist of 20 or more interconnected layers, but more common are 4, 6, and 8 layers.  Double-sided boards have two interconnected layers and are generally easier to produce than multilayer PWBs, while single-sided PWBs have only one layer of circuitry.

PWBs are also categorized by substrate, or base material, type and fall into three basic categories.  Rigid PWBs typically are constructed with glass-reinforced epoxy-resin systems that produce a rigid board at thicknesses of less than 0.1 in. (0.062 in. is the most common rigid PWB thickness, although there is a trend toward thinner PWBs).  Flexible (or flex) circuits are manufactured on polyimide and polyester substrates that remain flexible at finished thicknesses.  Ribbon cables are common flexible circuits.  A third category of PWBs consists of boards that are essentially combinations or assemblies of the first two: rigid-flex combinations of one or more rigid PWBs that have one or more flexible circuits laminated to them during the manufacturing process.  Three-dimensional circuit assemblies can be created with rigid-flex combinations.

Manufacturing methods can be boiled down to two types, although hybrid methods exist.  Most common is subtractive processing, in which copper is selectively removed from a PWB to form a circuit.  Within this process, however, copper and other metals are also added during plating steps.  The term “subtractive” refers to the method of image transfer from a photo-tool or image file to a copper circuit on a PWB.  Additive processing refers to a process in which an image is formed by selectively adding copper (electrolessly plating onto a substrate an image of a circuit).  In a fully additive process, no etching or removal of copper occurs.

22. Instrumentation and control personnel shall demonstrate the ability to read and interpret mechanical diagrams associated with instrumentation and control systems, including: 

· Construction drawings 

· As-built drawings 

· Piping and Instrumentation Diagrams (P&ID) 

· Assembly drawings

et) Identify the symbols used for:  

· Types of valves 

· Types of valve operators 

· Types of instrumentation 

· Types of instrument signal controllers and modifiers 

· Types of system components (pumps, etc.) 

· Types and sizes of piping

eu) Identify the symbols used to denote the location of instruments, indicators, and controllers. 

ev) Identify how valve conditions are depicted. 

ew) Determine the system flow path for a given valve lineup.

Information for this competency is available in DOE-HDBK-1016/1-92, DOE Fundamentals Handbook, Engineering Symbology, Prints, and Drawings, volumes 1 and 2.

23. Instrumentation and control personnel shall demonstrate the ability to read and interpret engineering fabrication, construction, and architectural drawings associated with instrumentation and control systems.

ex) Given the above drawings, read and interpret the following symbology: 

· Basic dimensional and tolerance  

· Basic fabrication 

· Basic construction  

· Basic architectural  

ey) Given a drawing and a completed product, compare the product against the specifications on the drawing.

These are performance-based competencies.  The qualifying official will evaluate the completion of these competencies.

24. Instrumentation and control personnel shall demonstrate a working-level knowledge of the various uses of computers and digital devices used in instrumentation and control systems.

ez) Discuss analog to digital (A/D) and digital to analog (D/A) converters.

In electronics, an A/D converter is a device that converts continuous signals to discrete digital numbers.  Typically, an A/D converts a voltage to a digital number.  The digital to analog converter, or D/A, performs the reverse operation.

fa) Discuss programmable logic controllers (PLC) and distributed control systems (DCS), including use, operation, program control, etc.

When a process is controlled by a PLC it uses inputs from sensors to make decisions and update outputs to drive actuators, as shown in figure 26.  The process is a real process that will change over time.  Actuators will drive the system to new states (or modes of operation).  This means that the controller is limited by the sensors available; if an input is not available, the controller will have no way to detect a condition.


Figure 26.  The separation of controller and process

The control loop is a continuous cycle of the PLC reading inputs, solving the ladder logic, and then changing the outputs.  As with any computer, this does not happen instantly.  When power is initially turned on, the PLC does a quick sanity check to ensure that the hardware is working properly.  If there is a problem, the PLC will halt and indicate there is an error.  For example, if the PLC backup battery is low and power was lost, the memory will be corrupt and this will result in a fault.  If the PLC passes the sanity check, it will then scan (read) all the inputs.  After the input values are stored in memory, the ladder logic will be scanned (solved) using the stored values — not the current values.  This is done to prevent logic problems when inputs change during the ladder logic scan.  When the ladder logic scan is complete, the outputs will be scanned (the output values will be changed).  After this, the system goes back to do a sanity check, and the loop continues indefinitely.  Unlike normal computers, the entire program will be run every scan.  The typical time required for each of the stages is milliseconds.

A DCS is a control system method that is spread, or distributed, among several different unit processes.  These processes may be related, as in a water treatment facility, or unrelated, as in a manufacturing plant where many different products are fabricated.

The DCS is typically a hard-wired system that exists within finite boundaries, such as a process plant or within a factory.  Wired systems are reliable and are well suited for the typical process environment where flexibility is not an issue.  Wireless systems are starting to become popular and hold the promise of improved flexibility for both physical and logical layout of a facility.  An entire process may be retooled to the extent that several parts of the process will be physically moved or removed.  Using wireless technology, system reconfiguration is as simple as disabling the station address or downloading the suitable database.

Whether wired or wireless, DCSs offer the advantage of centralized control, while retaining the capability of distributed, or local, control.  True DCSs use localized control, which is in turn controlled by the operator at a central location.

fb) Discuss digital instrumentation and control scan rates.

Scan rate is determined by adding together the time required for reading inputs, the logic execution time, and the time required for updating outputs. 

Scan rates for automation systems (either PLC or DCS) are required to define and implement process requirements.  For example, if a process is a fast, varying one, scan rates should be faster to have better control over the process. 

If a process requires faster scan rates of digital inputs and outputs, it is better to use a PLC since it will be cheaper when compared to a DCS.  In the case of emergency shutdown applications, it is always better to use a  PLC because of faster scan rate capability (typically 100 ms).

25. Instrumentation and control personnel shall demonstrate a working-level knowledge of analytical equipment used to measure process chemistry.

fc) List the types of instrumentation used to measure the following process chemistry parameters: 

· Conductivity 

· pH 

· Total dissolved solids 

· Silica 

· Turbidity 

· Chlorine 

· Moisture/humidity 

· Hydrogen

· Oxygen

Conductivity

Conductivity or specific conductance is the measure of water’s ability to conduct an electric current.  Conductivity depends upon the number of ions or charged particles in the water.  The ease or difficulty of the flow of electrical current through liquids makes it possible to divide them into two broad categories: electrolytes and nonelectrolytes.  Electricity passes easily through water that is high in electrolytes or ions, and poorly through low-electrolyte materials such as pure water or many organic solvents such as alcohol or oil.  The opposition to the flow of electricity is called resistance and it is measured in units called ohms.  Substances with low resistance and high conductivity pass electricity easily. 

A conductivity meter is used to measure the ability of the water sample to conduct electricity.  The specific conductance is measured by passing a current between two electrodes (one centimeter apart) that are placed into a sample of water.  The unit of measurement for conductivity is expressed in micromhs.  

pH

There are three methods for measuring pH; using a probe and meter, litmus paper, or a field kit.  The most accurate and reliable method is to use the probe and meter.  This method is no less convenient than the other methods, but requires a more expensive piece of equipment. 

Litmus paper is simply a strip of colored paper that is soaked in sample water.  The paper turns a different color depending upon the pH of the solution.  It provides a very coarse measurement of pH.  It is fine for making simple determinations, but it is too coarse a measurement for allowing comparisons between sampling dates or stations.

Total Dissolved Solids

Dissolved solids may be measured in either a rough or a precise fashion.  Electrical conductivity (rough) is measured through the use of a meter and is usually about 100 times the total cations or anions expressed as equivalents.  Total dissolved solids (TDS) in ppm usually range from 0.5 to 1.0 times the electrical conductivity. 

Measuring TDS through evaporation (precise) requires a sample of water that is evaporated to dryness so the remaining residue can be weighed.  Drying temperature may be anywhere from 105 to 180 degrees. 

Silica

The amount of reactive and unreactive silica in water can be determined by various analytical methods, including gravimetry, colorimetry, graphite furnace atomic absorption spectroscopy, scanning electron microscopy, ion chromatography, inductively coupled plasma-mass spectroscopy, and inductively coupled plasma-atomic emission spectroscopy. 

Turbidity

Turbidity is a measure of how much of the light traveling through water is scattered by suspended particles.  The scattering of light increases with increasing suspended solid and plankton content.  Turbidity in slow-moving, deep waters can be measured using a device called a Secchi disk.  A Secchi disk is a black and white, 20-cm diameter disk.  The disk is lowered into the water until it just disappears from sight.  The depth at which the disk disappears is called the Secchi depth, and is recorded in meters. 

Chlorine

Rotameters can be configured to measure chlorine.  Other meters have also been used successfully to measure chlorine, including target meters and vortex-shedding flowmeters.  Target meters have been used for decades in sizes up to at least six inches in diameter to measure chlorine gas.  The target is made of chlorinated poly vinyl chloride, the arm is made of Hastelloy C, and the meter body can either be plastic or Hastelloy.  All Hastelloy vortex meters have also been used in two-inch and three-inch sizes, and probably larger.  Liquified chlorine gas can also be measured using transit-time ultrasonic flowmeters on a Hastelloy or Tantalum spool section, and there is even a new clamp-on transit-time meter for gases, including chlorine.

Moisture/Humidity

Relative humidity can be estimated using a hygrometer, which is a device that uses the property of human hair to change its length as it becomes drier or wetter.  A continuous record of the relative humidity can be obtained using a hair hygrograph.

Hydrogen

To measure hydrogen gas both qualitatively and quantitatively, two prominent techniques are available: Clark-type electrodes and gas chromatography.  The Clark-type electrode is a sensitive instrument for studying hydrogen metabolism and allows measurements in the gas phase as well as in aqueous solution.  

A gas chromatograph can be hooked up to a small external cell in which metal samples can be heated up to 1000ºC.  Any hydrogen released from the metal is injected straight into the gas chromatograph, producing a clear peak on the resultant chromatogram.

Oxygen

Fiber-optic sensors can detect oxygen through changes in color.  A sensor of this type includes an optical fiber coated with an oxygen-conducting polymer matrix.  Specific metal complexes that exhibit rapid and reversible binding of oxygen with associated changes in optical absorption spectra are immobilized in the polymer matrix.  In operation, the coated fiber is immersed in water at a test site, and by use of optoelectronic components coupled with the optical fiber, the absorption spectrum of the metal complexes in the coating is measured.  The absorption spectrum is then translated into the concentration of dissolved oxygen. 

fd) Explain how each of the following process chemistry parameters is measured and converted to a usable signal for alarm, indication, and control: 

· Conductivity 

· pH 

· Total dissolved solids (TDS)

· Silica 

· Turbidity 

· Chlorine 

· Moisture/humidity 

· hydrogen

· oxygen

Conductivity

Conductivity measurements provide quantitative rather than qualitative information because it is possible to determine the total conductivity of the ions present, but not the specific types of ions present.  Because many ions such as iron, chromium, copper, and aluminum are susceptible to forming oxides and plating out as scale on heat transfer surfaces, reactor coolant conductivity is normally controlled at a level as low as practicable and consistent with pH.  By monitoring conductivity levels, the operator is able to cross check the chemistry of these systems, thereby achieving a higher confidence level in the parameters measured.

Excessively high conductivity levels are an indication of the presence of undesired ions.  This condition warrants further investigation to locate the source of the impurity because, in addition to other chemistry problems, it contributes to general corrosion by increasing the reaction rates of the electrochemical cells.  The purity of the makeup water, and any pH control agents added, should be verified to determine the cause.  The pH should also be checked because of the relationship of these parameters.  After the cause of high conductivity has been determined, appropriate steps should be taken to return conductivity to its normal value.  One method that is often used is a feed and bleed procedure whereby water is added to and drained from the facility at the same time.  If this method is used, verification of makeup water purity must be ensured to prevent compounding the problem.  Low conductivity is also an indicator of a potential problem because, in high-purity basic systems, the only possible cause of low conductivity is a low pH.

pH

The reason for controlling pH is to minimize and control corrosion.  The presence of excess H+ ions in solution results in an acidic condition.  Acidic conditions are detrimental to the materials of construction in a number of ways.  An acidic condition in coolant results in processes that are potentially harmful to the system as follows.  First, a low pH promotes rapid corrosion by deteriorating or stripping off the protective corrosion film, and second, corrosion products such as ferrous oxide (Fe3 O4 ), which is predominant in the corrosion film, are highly soluble in an acidic solution. 

Total Dissolved Solids

TDS is a common measurement of freshwaters.  When TDS is determined by summing the results of separate analyses for all major ions, it is analogous to salinity.  When TDS is measured by weight, it can be greater or less than salinity, depending on whether loss of bicarbonate (H2CO3) in the analysis is more than offset by the presence and, consequently, measurement of dissolved organic carbon.  A gravimetric measurement of TDS in water in an alkaline lake would probably indicate lower TDS than if TDS were measured by summation, or salinity, because not enough organic matter would be present in the water to make up the H2CO3 weight loss.  In contrast, a mountain bog lake would have few ions but its high organic matter would contribute to TDS measured gravimetrically, and the TDS reading would likely be higher than that estimated by the summation method. 

Silica

Silica can exist in three physical/chemical forms: monomeric (dissolved/soluble/reactive), polymeric (colloidal/unreactive), and granular (particulate).  Ultrapure water may contain silica in any of these three forms, and the forms may change from one to another, depending on the water's acidity/alkalinity.  Dissolved silica affects the thermal oxidation process on the water surface.  Colloidal silica, which is defined as having a particle size of less than 100 nm, can act as an unwanted bridge between conducting surfaces.  Dissolved silica may also interfere with gate composition and change the electrical characteristics of a device, rendering it useless.  Deposits of colloidal silica can also act as nucleation sites for other particles.

Turbidity

Turbidity can be measured in the laboratory with a meter, called a nephelometer, which measures the amount of light scattered by particles in the water in nephelometric turbidity units.

Increased turbidity will limit the amount of light that can enter a waterbody, and may therefore limit plant photosynthesis, and thus, oxygen production.  This means that the water may have less ability to support aquatic life with increased turbidity.

Chlorine

Chlorine residuals can be measured using continuous on-line monitors at fixed points in the system, or by taking grab samples at any point in the system and using chlorine test kits or portable sensors to determine chlorine concentrations. 

Correct placement of residual chlorine monitoring points within a system is crucial to early detection of potential threats.  For example, while dead ends and low-pressure zones are common trouble spots that can show low residual chlorine concentrations, these zones are generally not of great concern for water security purposes because system hydraulics will limit the circulation of any contaminants present in these areas of the system. 

Monitoring points and monitoring procedures for Safe Drinking Water Act (SDWA) compliance versus system security purposes may be different, and utilities must determine the best use of on-line, fixed monitoring systems versus portable sensors/test kits to balance their SDWA compliance and security needs.

Moisture/Humidity

One of the most widely used instrument types is based on electronic impedance or capacitive  sensors that respond to varying levels of partial water vapor pressure.  Their output is  predominantly in the form of percentage relative humidity, which can be easily converted  into other measurement variables such as dewpoint, mixing ratio, or wet-bulb temperature.  They provide measurements over wide humidity and temperature ranges and are supplied in user friendly configurations such as hand-held instruments, analogue or digital transmitters, and data-loggers.

As with any electronic sensor, a limitation is their instability with respect to time (drift), caused in particular by wide variations in temperature and humidity or by the presence of chemical pollutants.  Regular checks of calibration must therefore form an integral part of their effective use and maintenance.  Recent developments in the technology used in today’s electronic hygrometers has led to gains in precision, reliability, maintenance, and user convenience, and has gone a long way to counteract the effect of sensor drift.

Hydrogen

To measure hydrogen gas both qualitatively and quantitatively, two prominent techniques are available:  Clark-type electrodes and gas chromatography.  The Clark-type electrode is a sensitive instrument for studying hydrogen metabolism and allows measurements in the gas phase as well as in aqueous solution.

Gas chromatography is a chromatographic technique that can be used to separate volatile organic compounds.  A gas chromatograph consists of a flowing mobile phase, an injection port, a separation column containing the stationary phase, and a detector.  The organic compounds are separated due to differences in their partitioning behavior between the mobile gas phase and the stationary phase in the column.

Oxygen

Control of the dissolved oxygen content in a reactor facility system is of paramount importance because of its contribution to increased corrosion.  The base reactions of concern regarding high concentrations of dissolved oxygen are the following:

3Fe + 2O2 = Fe3O4

4FE + 3O2 = 2Fe2O3
These reactions are dependent on the concentration of oxygen and temperature.  The first reaction is predominant at high temperatures (above 400ºF) in the presence of lower oxygen concentrations.

This corrosion film, ferrous oxide, is also known as magnetite and is a black, generally tightly-adherent film that provides a protective function to surfaces within the facility.

The second reaction occurs at temperatures below about 400ºF in the presence of higher oxygen concentrations.  Ferric oxide (Fe2 O3) is more commonly known as rust and is generally a reddish color.  This corrosion product adheres loosely to surfaces and is therefore easily removed and transported throughout the system for subsequent deposition and possible irradiation.  In either of the reactions, the corrosion rate is accelerated by increased concentrations of dissolved O2 and can be aggravated further by the presence of other substances that may be present in the system.

fe) Describe the environmental concerns that can affect the accuracy and reliability of analytical equipment used to measure process chemistry.

Ambient temperature variations will affect the accuracy and reliability of analytical equipment used to measure process chemistry.  Variations in ambient temperature can directly affect the resistance of components in a bridge circuit and the resistance of the reference junction for a thermocouple.

In addition, ambient temperature variations can affect the calibration of electric/electronic equipment.  The effects of temperature variations are reduced by the design of the circuitry and by maintaining the equipment in the proper environment.

The presence of humidity will also affect most analytical equipment, especially electronic equipment.  High humidity causes moisture to collect on the equipment.  This moisture can cause short circuits, grounds, and corrosion, which in turn may damage components.  The effects due to humidity are controlled by maintaining the equipment in the proper environment.

ff) Discuss the failure modes of the various types of analytical equipment used to measure process chemistry.

The types of analytical equipment used to measure process chemistry varies from site to site.  The local qualifying official will evaluate the completion of this competency.

fg) Describe the methods used to test each of the different types of instruments used to measure process chemistry.

The methods used to test instruments to measure process chemistry vary from site to site.  The local qualifying official will evaluate the completion of this competency.

26. Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of maintenance management practices related to instrumentation and control activities.

fh) Define each of the following maintenance-related terms and explain their relationship to each other. 

· Corrective 

· Preventive 

· Predictive 

· Reliability centered

Corrective

Corrective maintenance refers to the repair of failed or malfunctioning equipment, systems, or facilities to restore the intended function or design condition.  This maintenance does not result in significant extension of expected useful life.

Preventive

Preventive maintenance refers to predictive, periodic, and planned maintenance actions taken to maintain a piece of equipment within design operating conditions and extend its life.

Predictive

Predictive maintenance refers to maintenance activities involving continuous or periodic monitoring and diagnosis to forecast equipment failure.

Reliability Centered

Reliability centered maintenance refers to a method for establishing a scheduled maintenance program that can effectively and economically realize the inherent reliability and safety levels of equipment.

fi) Discuss the importance of maintaining a proper balance of maintenance strategies to optimize cost-effective maintenance that achieves high equipment reliability.

A proper balance of corrective and preventive maintenance should be employed to provide a high degree of confidence that property degradation is identified and corrected, that equipment life is optimized, and that the maintenance program is cost-effective.

fj) Discuss the importance of maintaining a maintenance history and identify typical maintenance performance indicators.

Surveillance, inspecting, and testing activities should provide assurance that the equipment needed for safe and reliable facility operation performs within required limits and that preventive maintenance, defined as including periodic and planned maintenance, is utilized to maintain a piece of equipment within design operating conditions and to realize its maximum reasonable useful life.  The potential impact of seasonal variations should be considered.

A predictive maintenance performance program should be established and utilized to monitor equipment and determine trends.  The program should also analyze parameters, properties, and performance characteristics or signatures of equipment to forecast equipment degradation so that “as-needed” planned maintenance can be performed prior to equipment failure.

Corrective maintenance should be performed in a manner ensuring that quality repairs are performed and that equipment failing or malfunctioning during service is restored in a timely manner.

Additional information regarding performance criteria is available in DOE Order 4330.4B, Maintenance Management Program (Canceled).

fk) Discuss the relationship between maintenance and conduct of operations, quality assurance, and configuration management.

Maintenance has a primary role in preserving DOE property and ensuring safe and reliable operation of facilities.  The purpose of maintenance guidelines is to describe the 32 key elements of an overall DOE maintenance management program.  Key elements include material that incorporates the concepts included in other DOE Orders associated with matters related to the maintenance program.  For example, the discussion on procedures is consistent with the direction of DOE Order 5480.19, Conduct of Operations Requirements for DOE Facilities.

Similarly, there is considerable carry over from DOE O 414.1, Quality Assurance.  The maintenance guidance, in many cases, repeats the information from the referenced Orders.  The material from these Orders is retained in maintenance guidelines to facilitate the maintenance organizations’ incorporation of the elements and their criteria into the program.  In many cases the objectives and criteria of all applicable Orders are consistent and can be met by one program.

fl) Discuss the requirements for the receipt and inspection of parts, materials, and equipment.

Policies should be established for the procurement of parts, materials, and equipment.  These policies must be understood by stores and purchasing personnel and other personnel who interface with the stores and purchasing operations, such as maintenance supervisors and planning and scheduling personnel.

Procedures should be prepared to specifically describe the responsibilities of personnel involved in the procurement function.  Specific procurement actions should be included in these procedures.

A system should be established as part of the design change process to update spare parts needs and remove outdated/obsolete materials from the stock system.

Timely procurement of parts, materials, and equipment for maintenance activities can be enhanced by considering items such as the following:

· Early identification of “long lead-time” items

· Selection of procurement sources based on approved vendors and past vendor performance

· Identification of appropriate quality, engineering, environmental, shelf life, preventive maintenance, and vendor technical manual requirements

· Update of spare parts inventory following design modifications

· Participation in a “pooled” spare parts system with other facilities that share common or nearby sites

Controls should be developed and maintained throughout the procurement process to help obtain parts, materials, and services in a timely manner.  Controls such as the following should be provided:

· Reliability of supplier performance should be verified.  This can be accomplished by audits, inspections, or surveillance of supplier facilities, processes, methods, or records relevant to the part, material, or service provided.

· Deficient or nonconforming items should be resolved in an effective and timely manner.  Technical reviews should be initiated promptly to aid in the resolution of these items.

· Quality assurance records need to be controlled and maintained to provide documentation for qualified parts and materials and to ensure traceability of parts and materials.

· A process should be provided to qualify nonqualified material.  An effective upgrade process will result in improved availability of quality parts and materials.

· A process for acceptable substitution should be provided to obtain parts that are no longer available from the original supplier, that have new identification numbers, or that have different material specifications.  Engineering and maintenance experience should be provided to support this process.  Change approval documentation and substitution information should be maintained in a retrievable form.

fm) Describe the difference between temporary and permanent repairs/work and the requirements and controls in place to prevent inadvertent modifications (consider both the hardware and software control elements of the configuration management program).

Temporary repairs are temporary modifications to the facility that allow equipment to remain in or be returned to service in a condition that is not the same as the original design specification.  Prior to implementation, temporary repairs should receive a safety review in accordance with the facility temporary modification program to ensure the adequacy of the repair and its effect on personnel and equipment safety and reliability.  Temporary repairs should be tracked after their completion for consideration of permanent repairs.  Permanent corrective action should be taken as soon as practicable.

fn) Describe the mechanisms for feedback of relevant information, such as trend analysis and instrumentation performance/reliability data, to identify necessary program modifications.

A maintenance history and trending program should be maintained to document data, provide historical information for maintenance planning, and support maintenance and performance trending of nuclear facility systems and components.  All records and documentation should be maintained according to the approved site-specific records retention and disposition schedule.

fo) Review a contractor preventive maintenance activity and describe the preventive maintenance factors to be considered as the activity is planned.

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

fp) Discuss the importance of post-maintenance testing and the elements of an effective post-maintenance testing program. 

Before returning equipment to service following maintenance, the equipment should be tested to demonstrate that it is capable of performing its intended function.  This serves two purposes.  The testing should verify that the maintenance was performed correctly.  It should also prove that no problems were introduced as a result of the maintenance activities.

The maintenance work control package or maintenance procedure should specify the type and duration of post-maintenance testing required.  For some facilities, the specific requirements to prove operability of safety-related systems are identified in the technical safety requirements (TSRs).  An engineering evaluation should determine whether additional testing or different methods are required whenever the scope of work is changed, e.g., when additional work is performed to correct a previously undisclosed problem that is discovered during maintenance.  All equipment functions that may have been affected by the maintenance should be tested.

Operation of the equipment for testing should be performed by qualified operations personnel in accordance with approved procedures.  Maintenance personnel should monitor the testing.  The operations supervisor is ultimately responsible for ensuring that the testing proves the operability of the equipment.

27. Instrumentation and control personnel shall demonstrate the ability to evaluate the adequacy of local compliance of I&C systems with applicable design criteria (such as ISA 84.01, ISA 67.04.01, IEEE 603-1998, NEC or the Uniform Building Code) used by site/facility.

fq) Discuss the purpose and application of the criteria contained in the applicable I&C design standards.

American National Standards Institute (ANSI)/ Instrumentation, Systems, and Automation Society (ISA)-84.00.01-2004 Part 2 provides guidance on the specification, design, installation, operation, and maintenance of safety instrumented functions and related safety instrumented systems.

ANSI/ISA-67.04.01-2000, Setpoints for Nuclear Safety-Related Instrumentation, develops a basis for establishing nuclear safety-related instrumentation setpoints.  The standard addresses known contributing errors in the channel from the process (including the primary element and the sensor) through and including the final setpoint device.

ANSI/Institute of Electrical and Electronic Engineers (IEEE) 603-1998, IEEE Standard Criteria for Safety Systems for Nuclear Power Generating Stations, establishes minimum functional design criteria for the power, instrumentation, and control portions of nuclear power generating station safety systems.  These criteria are established to provide a means for promoting safe practices for design and evaluation of safety system performance and reliability.

However, adhering to these criteria will not necessarily fully establish the adequacy of any safety system’s functional performance and reliability; nonetheless, omission of any of these criteria will, in most instances, be an indication of safety system inadequacy.

Additional information may be obtained from the Uniform Building Codes used at the site.

fr) Discuss what constitutes a safety-class or safety-significant item as represented by the various I&C design standards.

Safety-class is a term used to describe SSCs, including portions of process systems, whose preventive and mitigative function is necessary to limit radioactive hazardous material exposure to the public, as determined from the safety analyses. 

Safety-significant is used to describe SSCs that are not designated as safety-class SSCs but whose preventive or mitigative function is a major contributor to defense in depth and/or worker safety as determined from safety analyses.  

As a general rule of thumb, safety-significant SSC designations based on worker safety are limited to those SSCs whose failure is estimated to result in a prompt worker fatality or serious injuries or significant radiological or chemical exposures to workers.  The term, serious injuries, as used in this definition, refers to medical treatment for immediately life-threatening or permanently disabling injuries.

fs) Discuss the application of single-failure criteria to instrumentation and control systems.

IEEE STD-379-2000, Application of the Single-Failure Criterion to Nuclear Power Generating Station Safety Systems, was prepared on September 21, 2000.  The standard provides guidance on the application of the single-failure criterion to the electrical power, instrumentation, and control portions of nuclear power plant safety systems.

The systems include the actuation and protection systems, as well as the sense, command, and execute features of the power system.  The guidance in this standard has been developed for electrical systems.  However, where the interface with mechanical systems is unavoidable (e.g., sensing lines), the mechanical portions are considered to be a part of the electrical system with which they interface.

ft) Discuss the environmental qualification criteria for instrumentation and control system equipment.

The instrumentation and control system equipment environmental qualification program must include and be based on the following considerations:

· Temperature and pressure.  The time-dependent temperature and pressure at the location of the equipment important to safety must be established for the most severe design basis accident during or following which this equipment is required to remain functional.

· Humidity.  Humidity during design basis accidents must be considered.

· Chemical effects.  The composition of chemicals used must be at least as severe as that resulting from the most limiting mode of plant operation (e.g., containment spray, emergency core cooling, or recirculation from containment sump).  If the composition of the chemical spray can be affected by equipment malfunctions, the most severe chemical spray environment that results from a single failure in the spray system must be assumed.

· Radiation.  The radiation environment must be based on the type of radiation, the total dose expected during normal operation over the installed life of the equipment, and the radiation environment associated with the most severe design basis accident during or following which the equipment is required to remain functional, including the radiation resulting from recirculating fluids for equipment located near the recirculating lines and including dose-rate effects.

· Aging.  Equipment qualified by test must be preconditioned by natural or artificial (accelerated) aging to its end-of-installed life condition.  Consideration must be given to all significant types of degradation that can have an effect on the functional capability of the equipment.  If preconditioning to an end-of-installed life condition is not practicable, the equipment may be preconditioned to a shorter designated life.  The equipment must be replaced or refurbished at the end of this designated life unless ongoing qualification demonstrates that the item has additional life.

· Submergence (if equipment will be subject to being submerged).

· Synergistic effects.  Synergistic effects must be considered when these effects are believed to have a significant effect on equipment performance.

· Margins.  Margins must be applied to account for unquantified uncertainty, such as the effects of production variations and inaccuracies in test instruments.  These margins are in addition to any conservatisms applied during the derivation of local environmental conditions of the equipment unless these conservatisms can be quantified and shown to contain appropriate margins.

fu) Discuss the requirements for testing capability for instrumentation and control systems as it relates to the applicable design standards.

Each item of instrumentation and control equipment important to safety must be qualified by one of the following methods:

· Testing of an identical item of equipment under identical conditions or under similar conditions with a supporting analysis to show that the equipment to be qualified is acceptable

· Testing of a similar item of equipment with a supporting analysis to show that the equipment to be qualified is acceptable

· Experience with identical or similar equipment under similar conditions with a supporting analysis to show that the equipment to be qualified is acceptable

· Analysis in combination with partial type test data that supports the analytical assumptions and conclusions

fv) Discuss the criteria for generic human factors engineering considerations in the applicable design standards, as they apply to instrumentation and control systems.

Determining the impacts of human factors requires considering the degree to which process safety depends on human performance, whether workers can reasonably be expected to perform the tasks they are assigned, and whether procedures and training adequately guide and prepare workers to perform tasks correctly.  The human factors assessment could include listing potential human-error causes of accidents; examining the location of and access to critical safety instruments, alarms, and equipment; or reviewing critical procedures used by operators and maintenance personnel.  For critical operations, it may be necessary to perform task hazard analyses to analyze the operator/machine interface in process control rooms or other work locations to adequately evaluate human factor impacts.

fw) Discuss criteria for developing the proper setpoints for interlocks and alarms.

For information regarding developing setpoints see ANSI/ISA-67.04.01-2000 Setpoints for Nuclear Safety-Related Instrumentation.

fx) Given a design package for an instrumentation and control system for a mechanical, civil, structural, or electrical application, determine the general design criteria requirements for the instrumentation and controls.

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

28. I&C personnel designated as vital safety systems subject matter experts shall demonstrate an expert-level of knowledge on their level of understanding and approach to overseeing contractor activities by using the requirements of DOE O 420.1, Facility Safety, and the guidance in DOE-STD-1073-93, Guide for Operational Configuration Management Program by performing system assessments addressing the following elements:

Note: DOE-STD-1073-93 has been replaced by DOE-STD-1073-2003, Configuration Management.

fy) Determine that adequate and comprehensive documentation exists for the system design basis and safety basis (e.g., Documented Safety Analysis, Technical Safety Requirements, etc.). 

fz) Assess the adequacy of the system’s ability to perform in accordance with the system design basis and safety basis. 

ga) Determine how system operability and reliability are supported by the maintenance program and system upgrades/modifications. 

gb) Determine if the field installation is maintained consistent with the documented design during maintenance and modifications. 

gc) Confirm that knowledgeable and qualified technical personnel are monitoring, operating and maintaining the safety system in an appropriate manner.

Competencies a–e are performance-based competencies.  The qualifying official will evaluate the completion of these competencies.

29. Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of DOE O 430.1, Life Cycle Asset Management.

Note: DOE O 430.1, Life Cycle Asset Management, has been replace by DOE O 430.1B, Real Property Asset Management.  However, the competencies contained therein may still be applicable at some facilities.  If the competencies are no longer applicable at your facility, you can request an exemption from this competency.

gd) Discuss the purpose, scope, and application of DOE O 430.1A, Life Cycle Asset Management.  Include in this discussion key terms, essential elements, and personnel responsibilities and authorities.

DOE, in partnership with its contractors, shall plan, acquire, operate, maintain, and dispose of physical assets as valuable national resources.  The management of physical assets from acquisition through operations and disposition shall be an integrated and seamless process linking the various life-cycle phases.  Stewardship of these physical assets shall be accomplished in a safe and cost-effective manner to meet the DOE mission, and to ensure protection of workers, the public, and the environment.  This stewardship shall incorporate industry standards, a graded approach, and performance objectives.

Additional information is available in DOE O 430.1A, Life-Cycle Asset Management.

ge) Discuss the project management terminology for which definitions are provided in DOE O 430.1A, Life Cycle Asset Management.

Definitions are available in DOE O 430.1A, Life Cycle Asset Management, attachment 1.

gf) Discuss in detail the roles played by various management levels within the Department as they relate to the project management system.

Role descriptions are available in DOE O 430.1A, Life Cycle Asset Management, section 7.

gg) Discuss the purpose of “critical decisions.”  Include in this discussion the responsible authorities for critical decisions.

A critical decision (CD) is a formal determination at a specific point in a project that allows the project to proceed.  CDs occur in the course of a project, for example, prior to commencement of conceptual design, to commencement of execution, and to turnover.

All major system project CDs must be proposed by the appropriate program Secretarial Officer (PSO), and for NNSA, approved by the Administrator, and approved by the Deputy Secretary as DOE’s designated Secretarial Acquisition Executive before proceeding to the next project phase.  All other project CDs must be approved by the PSO or delegated Acquisition Executive.

gh) Describe the process by which projects are designated.

Projects are designated as major system (MS) projects, other projects, or environmental restoration projects.

An MS project is any project or system of projects with a total project cost of $400 million or greater or any other project so designated by the Office of the Secretary.   A project may be designated as an MS either solely by the Office of the Secretary, or by the Deputy Secretary in response to recommendations from the appropriate PSO or head of a departmental office, that is endorsed by the appropriate Under Secretary.  The Office of Engineering and Construction Management maintains and periodically publishes a list of MS projects.

A project designated as an “other” project is any project with a total project cost less than $400 million and not designated as an MS project, including line-item projects, general plant projects, and capital equipment and information technology projects, whether funded by capital or operating funds.

Environmental restoration and facility disposition projects are driven by the regulatory requirements in the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) or in the Resource Conservation and Recovery Act (RCRA).  Therefore CDs for these projects are different from those of a traditional construction project.

gi) Discuss the phases of a typical project.

Project management is the application of knowledge, skills, and abilities to a variety of activities to successfully complete a project.  In general, a project is a unique effort that supports a program mission, has defined start and end points, is undertaken to create a product, a facility, or a system, and contains interdependent activities planned to meet a common objective or an overall mission.

Phases in a typical project are identified through CDs.  A CD is a formal determination or decision at a specific point in a project phase that allows the project to proceed to the next phase and resources to be committed.  CDs are required during the planning and execution of a project, for example, prior to commencement of conceptual design, commencement of construction, or start of operations.  CDs for traditional construction projects include the following:

· CD-0, Approve mission need

· CD-1, Approve preliminary baseline range

· CD-2, Approve performance baseline

· CD-3, Approve start of construction

· CD-4, Approve start of operations or project closeout

gj) Explain the purpose and use of a project execution plan.

The project execution plan is the primary agreement on project planning and objectives between the Headquarters (HQ) program office and the field that establishes roles and responsibilities and defines how the project will be executed.  The project execution plan, once approved, becomes a significant tool for the project manager through the life of the project.  The HQ or field program manager and/or the federal project manager initiate a project execution plan.

Development of the preliminary project execution plan can be started by the prime contractor at the same time as development of the acquisition plan or shortly after.  The two plans should be synchronized.  If the approved acquisition plan indicates that the contractor has a role in the acquisition of the project as prime contractor/integrator, the contractor may participate with DOE in development of the final project execution plan.

gk) Discuss the role of configuration management as it relates to project management.

Configuration management is the process of identifying and defining items in a project or system, controlling changes of these items throughout their life cycles, recording and reporting the status of items and change requests, and verifying the completeness and correctness of items.  Configuration management consists of a multilayered structure including policy, process, and procedures, with each layer providing an increasing level of detail.  This structure provides high-level configuration management requirements and details for how these requirements are to be met.  Configuration management applies to all systems, subsystems, and components of the project, including key documents such as the project execution plan.  Configuration management control begins with baselining of requirements documentation and ends with decommissioning of equipment.

The configuration management discipline may be applied to hardware, including power systems, software, firmware, documentation, test and support equipment, facility space, spares, training and courseware, and manuals.  A configuration control board ensures that documentation associated with an approved change to a project is updated to reflect the appropriate baseline.  Affected documentation may include training material, courseware, and other documentation.  The activities that constitute the configuration management discipline are planning and management, configuration identification, change management, status accounting, and configuration verification and audit.  Integrated project teams evaluate, select, and tailor specific configuration management activities and develop the processes necessary to perform configuration management in their specific product environment.  All integrated project teams perform the planning, identification, change control, status accounting, and audit activities.

gl) Discuss the use of safety plans in the management of projects.

Delivering a facility or a modification that can meet its mission requirements while maintaining the safety of the public, the workers, and the environment is essential for a successful project.

For those facilities that contain or will contain hazardous materials, continuous development and integration of the safety analysis as an integral part of design is required.  This is accomplished using integrated safety management within the design.  The task of developing the safety basis for the facility often drives design and operational requirements.  The early integration of safety requirements in the design permits the development of timely and cost-effective solutions from the start.  However, providing a design that only meets all of the specified safety requirements may not be adequate for implementing a safety-through-design approach.

gm) Discuss the relationship between work breakdown structure (WBS) and cost and schedule.

Cost estimates are prepared using appropriate estimating methodologies that are integrated with the WBS, and the DOE cost structure as specified by DOE, for all contract work.  All estimates are in accordance with Federal Acquisition Requirements (FAR) 15.804, Cost and Price Data Analysis, as appropriate.

Planning and scheduling is a process that is established and is in operation through the life of the project to identify programmatic, operational, legislative, institutional, and other requirements or constraints that may affect technical, cost, or schedule baselines and ensure that such baselines reflect such potential impacts.

Schedules are developed integrating the WBS and cost estimate, and represent all work scope regardless of funding source.  Activity logic is used to depict all work scope, constraints, and decision points.  Estimates and durations are assigned to activities that represent work accomplishments.  The detailed scheduled activities form the master and intermediate level schedules as required.

gn) Describe the purpose and use of work packages and/or planning packages.

Since the WBS divides the package into work packages, it can also be used to interrelate the schedule and costs.   The work packages or their activities can be used as the schedule’s activities.  This enables resource loading of a schedule, resource budgeting against time, and the development of a variety of cost budgets plotted against time.

go) Describe the purpose of schedules, and discuss the use of milestones and activities.

Critical milestones, in chronological order, provide the key tasks and target dates representing broad events required to correct a problem and its root cause(s).

All critical milestones must list an original target completion date by month and year.  This is the date included in the original action plan as the proposed completion of the milestone, and it must stay the same through closure.  A revised target or actual completion date denoted by month and year must be listed if

· the milestone target completion date has been revised, in which case the most current date must be listed;

· the milestone has been completed, in which case the completion month and year must be listed.

Critical milestones completed during the current year should correspond with planned actions indicated on the prior year’s plan.

gp) Describe the critical path method of scheduling.

The critical path method (CPM) is a project management technique that identifies activities that have the least amount of scheduling flexibility (i.e., are the most mission-critical) and then predicts project duration schedule based on the activities that fall along the critical path.  Activities that lie along the critical path cannot be delayed without delaying the finish time for the entire project.  Projects planned with CPM typically are graphically represented in a diagram showing how each activity is related to the others. 

CPM can be employed in the development of hardware or software, and there are CPM applications available for computerized project management.

gq) Explain the concept of a project management baseline and describe the four baselines used in project management.

Note: DOE Orders, standards, and guides define three baselines used in project management.

A baseline is a quantitative expression of projected costs, schedule, and technical requirements; the established plan against which the status of resources and the progress of a project can be measured.

30. Instrumentation and control personnel shall demonstrate the ability to evaluate the adequacy of local compliance with applicable Instrumentation, Systems, and Automation Society (ISA) standards related to process control instrumentation and I&C systems (consider entire instrument loops, including sensors, transmitters, controllers, final elements): 

gr) Discuss the purpose, scope, general content, and application of the ISA standards.  

The public policy goal of ISA is to serve the public and the automation control professional community by

· promoting automation control excellence through public policy activities;

· developing instrumentation, systems, and automation positions on public policy issues; 

· integrating and focusing local, state, national, and global ISA resources to impact public policy efficiently and effectively;

· maintaining a quick response capability for short notice issues; 

· undertaking agenda-setting and pro-active public policy activities; 

· educating and assisting public policymakers to better understand how the automation and control community impacts legislative and regulatory proposals; 

· providing coalition-building leadership in order to increase the impact of ISA’s public policy positions; 

· promoting the understanding and participation of ISA members in public policy activities.

gs) Given a project involving process control instrumentation, identify the proper ISA standards necessary to effectively evaluate that element of the project.

This is a performance-based competency.  The qualifying official will evaluate the completion of this competency.

gt) Discuss what constitutes acceptable contractor performance consistent with the requirements of the above standards.

gu) Given the design drawings and specifications for a process control system, verify compliance with the appropriate ISA standards. 

Contractor requirements vary from site to site.  The qualifying official will evaluate the completion of these competencies

31. Instrumentation and control personnel shall demonstrate a familiarity-level knowledge of DOE O 414.1A, Quality Assurance, as it applies to instrument and control systems.

Note: DOE O 414.1A, has been replaced by DOE O 414.1B, Quality Assurance.

gv) Describe the types of documents related to instrumentation and control that should be controlled by a document control system.

Documents and records are required to effectively manage, perform, and assess work.  Documents and records should include applicable requirements to indicate that work (including safety) has been properly specified and accomplished.  Management should identify any documents and records that must be developed and controlled.  Management should commit the resources necessary to accomplish the document and record requirements.

Documents are required by organizations, projects, or programs to control policy, administrative, and/or technical information.  A document may describe work to be done, data to be used at different locations or by different people, or, in changing situations, data to be controlled from time to time for reference purposes.  A document control system should be established to supply such documents necessary for personnel to safely and correctly perform their assigned responsibilities.  Document systems ensure that the mechanisms developed to implement the safety management functions of DOE P 450.4 are properly prepared, controlled, and available for managers and workers. 

Knowledge of specific documents that are related to I&C at your facility will be evaluated by the local qualifying official.

gw) Discuss the requirements for revision and distribution of controlled documents.

Many types of documents are important to a configuration management program.  These document types can be grouped into two broad categories: (1) design documents that are used primarily by the design organization, and (2) facility documents that are used primarily by the facility operating organization.

The design documents include the design output documents that define the design requirements, and the design basis documentation, which captures the rationale behind the design requirements.

Design documents include design specifications, design change packages, design drawings, design baseline analyses, set point calculations, design engineering procedures, system descriptions, seismic pipe hanger design and support detail drawings, summary design documents, correspondence with DOE that provides design commitments, and other documents that define the facility design. 

The facility documents include the as-built documentation, facility procedures to support operational activities, and facility operational records.  Facility documents include: emergency and normal operations procedures, maintenance and test procedures, as-built drawings, facility equipment/component lists, vendor manuals and bulletins, TSRs, equipment performance and maintenance records, radiation survey maps, correspondence with DOE that provides operating commitments, and other documents that support facility operations.  Training lesson plans, examinations, and associated material are also important facility documents that should receive attention within the configuration management program.

Each type of document may have different objectives associated with it regarding storage, retrievability, control, and tracking.  As-built drawings of safety systems might have the most stringent objectives for prompt revision and immediate access, reflecting their importance to ongoing operation.  In contrast, certain design basis records might be stored remotely, with the capability of being retrieved within one week of request.

Ownership of documents within a configuration management program is essential for controlling the documents and avoiding unauthorized changes.  The owners are the functional groups assigned responsibility by facility management for developing and maintaining the technical adequacy of these documents.  Typically, the operations organization would be the document owner for normal and emergency operating procedures, the engineering organization might be responsible for facility drawings, and the procurement organization would be responsible for purchase documents.  The document owner, not a central document control organization, establishes the document types to be controlled within the configuration management program.  The owner also establishes a document’s relative importance to users, which influences its storage, retrievability, control, and tracking objectives.  A central document control organization may be established to support the owners by ensuring that documents important to the configuration management program are properly stored, controlled, tracked, and retrieved.  The document owners maintain active involvement in any activity that can affect the technical adequacy of the documents assigned to them.

The terms “document control” and “records management” are sometimes used to differentiate active and historical documents.  Although the objectives, techniques, and emphasis for each of these processes are somewhat different, for the purpose of the DOE configuration management program, many records management functions parallel the document control element functions.  These terms are briefly described as follows:

Document control activities deal with current or working documents such as procedures and drawings.  The objective is to ensure that the latest approved revision is available and used by facility staff in the daily performance of their jobs.  Emphasis is placed on identifying, tracking, and determining the status of controlled documents.

Records management activities deal with historical records (such as test and calibration results) retained to ensure auditability and proof of performance.  Emphasis is placed on indexing (i.e., showing existence and location), storing, and retrieving records for future use.

Since the working documents and historical records can contain design requirement and facility configuration information, their availability, consistency, and accuracy need to be maintained in accordance with the configuration management document control element.

gx) Discuss the determination of calibration frequency for measuring and test equipment.

gy) Describe the effect of using inappropriate calibration standards on test equipment.

Refer to the IEEE Buff Book for information regarding the calibration frequency and calibration standards for electrical test equipment.

gz) Discuss the key elements of the procurement process for instrument and control systems as described in the DOE quality assurance Order.

The following key elements pertain to the procurement process for electrical systems:

· Procure items and services that meet established requirements and perform as specified.

· Evaluate and select prospective suppliers on the basis of specified criteria.

· Establish and implement processes to ensure that approved suppliers continue to provide acceptable items and services.

ha) Discuss calibration techniques for various instrument types.

Measurement and testing equipment should be calibrated using reference standards (secondary or working) whose calibration has a known valid relationship to nationally recognized standards or accepted values of natural physical constants.  If national standards do not exist, the basis for calibration should be documented.  The reference standard used should have an accuracy at least four times greater than the device under test.  If this accuracy ratio cannot be met, analysis of the errors should be estimated to provide a valid uncertainty of the calibration process.

ANSI N323-1978, Radiation Protection Instrumentation Test and Calibration, provides requirements on the calibration of portable instruments.  The reproducibility of the instrument readings should be known prior to making calibration adjustments.  This is particularly important if the instrument has failed to pass a periodic performance test (i.e., the instrument response varies by more than ±20 percent from a set of reference readings using a check source) or if the instrument has been repaired.

The effect of energy dependence, temperature, humidity, ambient pressure, and source-to-detector geometry should be known when performing the primary calibration.  Primary calibration should be performed at least annually.

hb) Discuss the correct actions to be taken for an instrument found out of calibration.

When an instrument is suspected or actually found to be inoperable, unreliable, defective, or out of calibration, all data recorded since the previous calibration by the affected equipment shall be identified through the usage records.  A prompt evaluation shall be performed to determine the need for corrective action.  This evaluation shall be documented on a gross error report.  The validity of all applications and data derived since the previous calibration should be evaluated and dispositioned by the appropriate owner/operator affected.  The owner/‌operator of the affected equipment should establish the nature and timing of corrective actions.
hc) Discuss instrument calibration data trending.

The performance curve in the calibration history program tells how a certain instrument has performed over a certain period of time.  This data allows the user to easily determine whether the calibration cycle should be modified for a certain instrument.

hd) Discuss the quality assurance measures required for each of the following elements of a project: 

· Design control 

· Procurement control 

· Instructions, procedures, and drawings 

· Document control 

· Control of purchased material, equipment, and services 

· Identification, control, and traceability of materials, parts, and components 

· Control of special processes 

· Inspection 

· Test control 

· Calibration and control of test and measurement equipment 

· Handling, storage, shipping, and preservation 

· Inspection, test, and operating status 

· Nonconformity of material, parts, or components 

· Corrective action 

· Quality assurance records 

· Audits

Design Control

The design process should translate design input into design output documents that are technically correct and compliant with the end-user’s requirements.  Aspects critical to the performance, safety, or reliability of the designed items should be identified during the design phase.  Design output documents should be prepared to support other processes, such as dose and risk assessments, procurement, manufacturing, assembly, construction, testing, inspection, maintenance, and decommissioning.

Technical and administrative design interfaces should be identified and methods established for their control.

Computer software used to originate or analyze design solutions during the design process should be validated for the intended use; otherwise, status of the code validation should be identified and documented prior to use.

The design organization should perform design analyses and checks to ensure that design output documents meet design input requirements and that any changes have been approved and documented.

Procurement Control

Procured items and services must meet established requirements and perform as specified.  Prospective suppliers should be evaluated and selected on the basis of specified criteria.  Processes must be established and implemented to ensure that approved suppliers continue to provide acceptable items and services.

Instructions, Procedures, and Drawings

Procedures, work instructions, or other means used to define work processes should be documented.  The scope and detail of documentation should be commensurate with the complexity and importance of the work, the skills required to perform the work, and the hazards and risks or consequences of quality problems in the product, process, or service.

Document Control

Documents are required by organizations, projects, or programs to control policy, administrative, and/or technical information.  A document may describe work to be done, data to be used at different locations or by different people, or, in changing situations, data to be controlled from time to time for reference purposes.  A document control system should be established to supply such documents necessary for personnel to safely and correctly perform their assigned responsibilities.

Control of Purchased Material, Equipment, and Services

The procurement process should ensure that items and/or services provided by suppliers meet the requirements and expectations of the end-user.  The procurement process should be planned and controlled to ensure that

· the end-user’s requirements are accurately, completely, and clearly communicated to the supplier;

· supplier, designer, and end-user requirements are met during the production phase; 

· the proper product is delivered on time and maintained until use.

Identification, Control, and Traceability of Materials, Parts, and Components 

A process for the identification and control of items should be established and implemented to

· prevent the use of incorrect or defective items

· identify and control suspect/counterfeit items 

· provide for the control and maintenance of items

“Item” is a collective term that may include hardware, samples, software, or data.  The identification and control process should apply from manufacture or receipt through delivery, installation, or use.  The process should also provide for the identification and configuration control of installed or replacement items in accordance with specified requirements.  Physical identification of items is preferred.  Suitable identification information includes the unique part, lot, heat, model, version, or serial numbers on the item, or in records traceable to the item, or both.

Control of Special Processes

Process-level assessments involve examination of work controls and verification that they are being implemented effectively.  This level of assessment is critical for ensuring that the worker, the public, and the environment are protected from harm.  Process-level assessments should also assess the effectiveness of the processes from a quality and customer satisfaction perspective.

Inspection and Test Control

Inspections and tests are performed to verify that physical and functional aspects of items, services, and processes meet requirements and are fit for use and acceptance.  Inspections and tests should be identified early in the design process and specified in the design output documents.

For items that are stored, the type of item and the length of time it is expected to remain in storage should be considered during inspection planning.

Personnel should check items prior to their use to ensure that the items are correct and suitable for their intended application.  Personnel should check an item’s process output to verify that it meets or exceeds specified requirements.

The inspection/test process should identify the status of items, services, and processes requiring examination to ensure only those with acceptable inspection and test results are used.  The process should provide for review and reinspection/retest of changed inspection/test parameters.

Final inspections are usually distinct from inspections conducted during the work process.  Final inspection confirms the item, service, or process is ready for acceptance testing and/or operation.  As such, it includes completeness, cleanliness, identification/markings, calibration, alignment/adjustment, adequate records, or other characteristics indicating conformance to requirements.

Inspection/test planning should be performed.  Appropriate sections of approved codes or standards may be used for acceptance requirements and inspection/test methods.  

At a minimum, inspection/test planning should contain provisions for the following:

· Identification of characteristics to be examined

· Required qualifications of individuals who perform the examination

· A description of examination methods, including equipment and calibration requirements

· Acceptance and rejection criteria

· Suitable environmental conditions

· Required safety measures

· Mandatory hold points, when applicable

Inspections/tests should be performed by technically qualified personnel who have the authority to access appropriate information and facilities to verify acceptance.  These qualified personnel should be independent of the activities being inspected/tested and should have the freedom to report the results of the inspections/tests.  Inspection/test results should be evaluated and verified by authorized personnel to document that all requirements have been satisfied.  Final acceptance should be verified and documented by the organization having final responsibility for the item or process.

Inspection and test records should, at a minimum, identify

· the item tested

· the date of the test

· the tester or data recorder

· observations

· results and acceptability

· action taken concerning any quality problems noted

Calibration and Control of Test and Measurement Equipment

Measuring and test equipment (M&TE) used for inspection, tests, and monitoring or data collection should be calibrated and maintained using a documented process.  M&TE should also be checked prior to its use to ensure that it is of the proper type, range, and accuracy, and that it is uniquely identified and traceable to its calibration data.

Handling, Storage, Shipping, and Preservation

Work processes should be established and implemented to protect items in accordance with specified technical standards and administrative controls to prevent their damage, loss, or deterioration.  Work processes should specify protective methods for sensitive or perishable items, such as special handling, shipping, and storage controls for precision instrumentation and limited shelf-life items, and for items requiring special protective environmental controls, such as temperature and humidity controls.

Inspection, Test, and Operating Status

The procurement process should provide for identifying the need for inspections and tests.  Requirements for inspections and tests should be obtained from design documents.  Inspections should be adequate to ensure conformance with purchase requirements, including verification that specified documentation has been provided by the supplier.  The inspection should verify that items were not damaged during shipment.  Inspection may include the following methods:

· Inspections of materials or equipment at the supplier’s plant

· Receipt inspection of the shipped items

· Review of objective evidence such as certifications and reports

· Verification or testing of items prior to or following shipment

Critical or important acceptance parameters and other requirements, such as inspection/test equipment or qualified inspection/test personnel, should be specified in design documentation.  In addition, the risks associated with the possibility of obtaining suspect/counterfeit items should be evaluated and, if appropriate, measures implemented to identify them.  

Nonconformity of Material, Parts, or Components

An item is suspect when visual inspection or testing indicates that it may not conform to established Government or industry-accepted specifications or national consensus standards, or when its documentation, appearance, performance, material, or other characteristics may have been misrepresented by the supplier or manufacturer.  A counterfeit item is one that has been copied or substituted without legal right or authority or whose material, performance, or characteristics have been misrepresented by the supplier or manufacturer.  Items that do not conform to established requirements are not normally considered suspect/counterfeit items (S/CIs) if nonconformity results from one or more of the following conditions (which must be controlled by site procedures as nonconforming items):

· Defects resulting from inadequate design or production quality control

· Damage during shipping, handling, or storage

· Improper installation 

· Deterioration during service

· Degradation during removal

· Failure resulting from aging or misapplication

· Other controllable causes

Corrective Action

The field element manager, in consultation with the appropriate Secretarial Officer, must prepare a comprehensive corrective action plan in writing to address assessment findings and field and HQ corrective actions for each finding.  Guidance for implementing these requirements is outlined in appendix G of DOE G 450.4-1B, Integrated Safety Management System Guide.

Quality Assurance Records

Each DOE organization must develop and implement a quality assurance plan that

· implements quality assurance criteria using a graded approach and describing how the criteria and graded approach are applied;

· uses voluntary national or international consensus standards where practicable and consistent with contractual or regulatory requirements, and identifies the standard used;

· applies additional standards where practicable and consistent with contractual or regulatory requirements, and as necessary to address unique/specific work activities (e.g., for the development and use of safety software or for establishing the competence of a testing and calibration laboratory);

· integrates quality management system requirements, a suspect/counterfeit item prevention process, and a corrective action management program with other quality or management system requirements in DOE directives and external requirements, as applicable.

Audits

Senior management should establish and implement a process to obtain an independent assessment of the organization’s programs, projects, contractors, and suppliers.  The purpose of this type of assessment is to evaluate the performance of work processes with regard to requirements, expectations of customers, and efforts required to achieve the mission and goals of the organization.  The results of independent assessments provide an objective form of feedback to senior management that is useful in confirming acceptable performance and should be used for identifying improvement opportunities.

The independent assessment process should use a performance-based approach to focus on results.  Performance-based assessments are conducted on activities that

· relate directly to final objectives

· emphasize safety and reliability

· measure item or service performance

Independent assessments conducted by DOE and contractor line organizations support implementation of DOE P 450.5, Line Environment, Safety, and Health Oversight.  DOE line organizations should apply the independent assessments to their work and the work of their contractors.  Contractor line organizations should apply the independent assessments to their work and the work of their subcontractors.

Separately, the Secretary of Energy has established the Office of Oversight to conduct independent assessments of DOE and contractor safety performance.  DOE and contractor organizations should not consider the Office of Oversight function as satisfying the QA rule/Order requirements for independent assessment.

he) Discuss the site organizational roles, responsibilities, and authorities for development of process control systems software (i.e., applications software for PLCs, DSCs, etc.). 

hf) Discuss the site requirements and guidance for the software quality assurance process for development of process control systems software. 

hg) Discuss the techniques the site uses to verify and validate process control systems software.

Competencies j–l are performance-based competencies.  The qualifying official will evaluate the completion of these competencies.

32. Instrumentation and control personnel shall demonstrate the ability to apply problem analysis techniques necessary to identify problems, determine potential causes of problems, and identify corrective action.

hh) Given event and/or occurrence data, apply problem analysis techniques, identify the problems, and determine how they could have been avoided. 

hi) Participate in a contractor or DOE problem analysis and critique the results. 

hj) Interpret a fault tree analysis.

Competencies a–c are performance-based competencies.  The qualifying official will evaluate the completion of these competencies.

33. Instrumentation and control personnel shall demonstrate the ability to perform technical reviews of procedures related to instrumentation and controls.

hk) Given one of the listed documents, review it for the following elements:
Note: The standard does not include a list of documents.

· Technical adequacy 

· Technical accuracy 

· Proper format 

· Sufficient level of detail 

· Properly defined responsibilities 

· Concise and easily understood procedural steps

· Accurate and current references

hl) Given an instrumentation and controls surveillance, test, maintenance, or operating procedure, verify procedural adequacy in the following areas: 

· Acceptance criteria is identified and accurate 

· Quality control is addressed 

· Notification requirements are identified 

· Procedural cautions are identified 

· Proper equipment and material are identified 

· Safety concerns are addressed 

· Compliance with technical safety requirements is verified

· Compliance with the safety analysis report  (documented safety analysis) is verified

hm) Given an instrumentation and controls surveillance, test, maintenance, or operating procedure, perform a safety evaluation to determine that an unreviewed safety question is not involved.

Competencies a–c are performance-based competencies.  The qualifying official will evaluate the completion of these competencies

	Acronyms

	A/D
	analog to digital

	AC
	alternating current

	ALU
	arithmetic/logic unit

	ANSI
	American National Standards Institute

	Btu
	British thermal unit

	C
	clesius

	C-C
	Cohen-Coon

	CD
	critical decision

	CEMF
	counter electromotive force

	CERCLA
	Comprehensive Environmental Response, Compensation, and Liability Act

	CMR
	common-mode rejection

	CPM
	critical path method

	D/A
	digital to analog

	DBE
	design basis earthquake

	DC
	direct current

	DCS
	distributed control systems

	DOE
	Department of Energy

	DP
	differential pressure

	DPM
	decades per minute

	E
	excited state

	EMF
	electromotive force

	EMI
	electromagnetic interference

	F
	fahrenheit

	FAR
	federal acquisition requirements

	G
	ground state

	G-M
	Geiger-Muller

	HQ
	Headquarters

	HVAC
	heating, ventilation, and air conditioning

	Hz
	hertz

	I&C
	instrumentation and controls

	I/P
	current to pneumatic

	IEEE
	Institute of Electrical and Electronic Engineers

	ISA
	Instrumentation, Systems, and Automation Society

	K
	Kelvin (scale)

	KE
	kinetic energy

	LED
	Light emitting diods (lighted window)

	LM
	level modifier

	LR
	board-mounted recorder

	LT
	level transmitter

	LVDT
	linear variable differential transformers

	M&TE
	measuring and test equipment

	MODICON
	modular digital controller

	MS
	major system

	MW
	molecular weight

	NDA
	nondestructive assay

	NNSA
	National Nuclear Security Administration

	P
	pressure

	P&ID
	piping and instrumentation diagrams

	PC
	performance category

	PE
	potential energy

	PID
	proportional integral derivative

	PLC
	programmable logic controller

	PSI
	pounds per square inch

	PSIA
	absolute pressure

	PSIG
	gauge pressure

	PSO
	program Secretarial Officer

	PV
	photovoltaic

	PWB
	printed wiring boards

	QA
	quality assurance

	R
	resistor

	R
	Rankine (scale)

	RAM
	random access memory

	RCRA
	Resource Conservation and Recovery Act

	ROM
	read only memory

	RTD
	resistance temperature detector

	SCRs
	silicon controlled rectifiers

	SDWA
	Safe Drinking Water Act

	SI UNITS
	system of units

	SSCs
	systems, structures, and components

	SSRs
	solid state relays

	TDS
	total dissolved solids

	TR
	temperature recorder

	TSRs
	technical safety requirements

	TT
	temperature transmitter

	TVSS
	transient voltage surge suppression

	UPS
	uninterruptible power supply

	UUT
	unit under test

	V
	voltage

	WBS
	work breakdown structure

	Z-N
	Ziegler-Nichols
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