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ABSTRACT 

lll 

The classes of sensors that perform the control and measurement of temperature are known 

as thermal sensors. Resistance-temperature detectors, thermistors and Thermocouples are 

used to develop a voltage which is proportional to the change in temperature. Bimetallic 

strip converts temperature into a physical motion of metal elements. Gas and vapor­ 

pressure temperature sensors convert temperature into gas pressure, which then is converted 

to an electrical signal or is used directly in pneumatic system. 

Position, location, and displacement sensors include the Potentiometric, capacitive and 

L VDTs to convert the displacement linearly into voltage. Strain-gauges convert strain into 

a change of resistance. Accelerometers are used to measure the acceleration of objects 

because of rectilinear motion, vibration and shock. For gas pressure less than 1 atm, purely 

electrical techniques are used. Flow sensors are very important in the manufacturing world. 

Fluid flow through pipes or channels is typically measured by converting the flow 

information into pressure by restriction or obstruction in the flow system. 

In the world of optical sensors there are four photo-detectors: photoconductive, 

photovoltaic, photo-emissive and photodiode. Each has its special characteristics relative to 

spectral sensitivity, detectable power and response time. Applications of optical techniques 

are particularly useful where contact measurement is difficult. Optical encoders play an 

important role in our industrial life to measure the motion of objects with Incremental 

encoders and exact position with Absolute encoders. 
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1. INTRODUCTION 

1 

The component of an instrument that converts an input signal into a quantity that is 

measured by another part of the instrument and changed into a useful signal for an 
infonnation-gathering system is called sensor. 

There are multiple ways of sensing and estimating just about every physical attribute of the 

earth, atmosphere, and aircraft. Physical sensors that provide the raw data vary in quality, 

reliability, and the extent to which their values must be filtered and combined with others to 
obtain useful estimates. 

The second chapter is about thermal sensors. The objective of this chapter stress the 

understanding required for application of measurement and instrumentation sensors. We 

shall be able to know about temperature and thermal energy, design the application of an 

R TD temperature sensor to specific problems in temperature measurements, design the 

application of thermistor to specific temperature measurement problems, design the 

application of thermocouples to specific temperature measurement problems, explanation 

of a bimetal strip for temperature measurement, operation of a gas thermometer and vapor 
pressure thermometer. 

Third chapter is about mechanical sensors. This chapter describes the various types of 

mechanical sensors. We shall be able to know the definition of relationship among 

acceleration, velocity and position, design the application of an L VDT to a displacement 

measurement problem, types of accelerometer and the characteristics of each type, design 

of a system of strain measurements using metal foil strain gauges, definition of two types of 

pressure measurements with electrical signal output and system of flow measurements 
using differential pressure measurement. 

The Fourth chapter is about optical sensors. This chapter describes the EM radiation in 

terms of frequency and spectrum, comparison of photoconductive, photovoltaic and photo­ 

emissive type photo-detectors, incandescent and laser light sources by the characteristics of 

their light and design of the application of optical techniques to process-control 
measurement application. 
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2. THERMAL SENSORS 

2.1 Definition 

Process control is a term used to describe any condition, by which a physical quantity is 

regulated. There is no more widespread evidence of such control than that associated with 

temperature and other thermal phenomena. In our natural surrounding, some of the most 

remarkable techniques of temperature regulation are found in the bodily functions of living 

creatures. On the artificial side, humans have been vitally concerned with temperature 

control since the first fire waves struck for warmth. Industrial temperature regulation has 

always been of paramount important and becomes even more so the advance of technology. 

In this chapter we shall be concerned first with developing an understanding of the 

principles of the thermal energy and temperature and then with developing a working 

knowledge of the various thermal sensors employed for temperature measurements. 

2.2 Temperature 

If we are to measure the thermal energy, we must have some sort of units by which to 

classify the measurement. The original units used were "hot" and "cold". These were 

satisfactory for their time but are inadequate for modem use. The proper unit for energy 

measurement is the Joules of the sample in the SI system, but this would depend on the size 

of the material so it would indicate the total thermal energy. 

0 200 300 
Temperature (°CJ 

Figure 2.1: Metal resistance increases almost linearly with temperature but the slope is very small. 
2 



2.3 Resistance versus Temperature Approximation 

An approximation of the resistance versus temperature curves of figure 2.1 shows that the 

curves are very nearly linear, that is, a straight line. In fact, when only short temperature 

spans are considered, the linearity is even evident. This fact is employed to develop 

approximate analytical equation for the resistance versus temperature of a particular metal. 
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Figure 2.2: Line represents a linear approximation of resistance versus temperature between T 1 and T 2. 

Linear Approximation 

A linear approximation means that we may develop an equation for a straight line that 

approximates the resistance versus temperature (R-T) curve over some specified span. In 

the figure 2.2, we see a typical R-T curve of some material that represent temperature T1 

and T2 as shown, and T0 represents the midpoint temperature. The equation of this straight line is 

the linear approximation to the curve over a span TI to T 2 is written as: 

R(T) = R(To) [1+0-0 ~T] 

Where, R(T) = Approximation of the resistance at temperature T 

R(To) = Resistance at temperature To 

~T=T-To 

0-0 = Fractional change in resistance per degree of temperature at To 

1 
ao= R(T) (slope at To) 

3 
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dratic Approximation 

quadratic approximation to the R-T curve is more nearly accurate representation of R-T 

·e over some span of temperature. It includes both a linear term, as before, and a term 

that varies as the square of the temperature. Such an analytical approximation is usually 

.ritten as: 

Where, u1 = Linear fractional change in resistance with temperature 

<12 = Quadratic fractional change in resistance with temperature 

2.4 Resistance-Temperature Detectors 

A resistance temperature detector (R TD) is a temperature sensor that is based on the 

principle, that is, Metal resistance increases with temperature. Metals used in these devices 

vary from Platinum, which is very repeatable, quite sensitive and very expensive, to Nickel, 

which is not quite as repeatable, more sensitive and less expensive. 

Sensitivity 

An estimate of RTD sensitivity can be noted from typical values of ao. For Platinum, this 

number is typically on the order of 0.004/ "c, and for Nickel a typical value is 0.005/ 0c. 

Thus with platinum, for example, a change of 0.40 would be expressed for a 1000 RTD if 

the temperature is changed by 1 °c. Usually a specification will provide the calibrated 
information either as a graph of resistance versus temperature or as a table of values from 

which the sensitivity can be determined. 

Response Time 

In general, RTD has a response time of 0.5 to 5 seconds or more. The slowness of response 

is due principally to the slowness of thermal conductivity in bringing the devices into 

thermal equilibrium with its environment. Generally, time constants are specified either for 

a "free air" condition (or its equivalent) or an "oil bath" condition (or its equivalent). In the 



er case, there is poor thermal contact and hence slow response, and in the latter, good 

contact and fast response. These numbers yield a range of response times 
ding on the application. 

Construction 

RTD, of course, is simply a length of wire whose resistance is to be monitored as a 

ction of temperature. The construction is typically such that the wire is wound on a form 

in a coil) to achieve small size and improve thermal conductivity to decrease response 

time. In many cases, the coil is protected from the environment by the sheath or protective 

tube that inevitably increases response time but may be necessary in the hostile 

environments. A loosely applied standard sets the resistance at multiples of 1000 for the 
temperature of O 0c. 

Operational 
Amplifier Offset Output 

RTD 

Power Supply 

Figure 2.3: Note the compensation lines in this typical RTD signal conditioning circuit. 

Signal Conditioning 

In view of the very small fractional changes of resistance with temperature (0.4%), the 

RTD is generally used in a bridge circuit. Figure 2.3 illustrates the essential features of such 

a system. The compensation line in the R3 leg of the bridge is required when lead lengths 

are so long that thermal gradients along the R TD leg may cause changes in line resistance. 

These changes show up as false information, suggesting changes in RTD resistance. By 

5 



using the compensation line, the same resistance changes also appear on the R3 side of the 

bridge and cause no net shift in the bridge null. 

Dissipation Constant 

Because the RTD is a resistance, there is an I2R power dissipated by the device itself that 

causes a slight heating effect, self-heating. This may also cause an erroneous reading or 

even upset the environment in delicate measurement conditions. Thus the current though 

the R TD must be kept sufficiently low and constant to avoid self-heating. Typically, 

dissipation constant is provided in RTD specifications. This number relates the power 

required to raise the RTD temperature by one degree of temperature. Thus, 25mW I 0c 
dissipation constant shows that if r2R power losses in the RTD equal to 25mW, then the 

RTD will be heated by r'c 

2.5 Thermistors 

The thermistor represents to another class of temperature sensors that measures temperature 

through changes of material resistances. The characteristics of these devices are very 

different from those of R IDs and depend on the peculiar behavior of semiconductor 

resistances versus temperature. 

2.5.1 Thermistor Characteristics 

A thermistor is a temperature sensor that has been developed from the principles of 

semiconductor resistance change with temperature. The particular semiconductor material 

used varies widely to accommodate temperature ranges, sensitivity, resistance ranges and 

other factors. The devises are usually mass produced for a particular configuration and 

tables or graphs of resistance versus temperature are provided for calibration. 

Sensitivity 

The sensitivity of the thermistor is a significant factor in the application. Changes in 

resistance of 10% per 0c are not uncommon. Thus, a thermistor with a nominal resistance 

of 10 KO at some temperature may change by 1 KO for a 1 °C change in temperature. 
6 
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Figure 2.4: Thermistor resistance versus temperature is highly nonlinear and usually has a negative slope. 

Construction 

Because the thermistor is a bulk semiconductor, it can be fabricated in many forms. Thus, 

common forms include discs, beads and rods, varying in size from a bead of 1mm to a disc 

of several centimeters in diameter and several centimeters thick. By variation of doping and 

use of different semiconductor material, a manufacturer can provide a wide range of 

resistance values at any particular temperature. 

Range 

The temperature range of thermistor depends on the material used to construct the sensor. 

In general, there are three range limitation effects: 

1. Melting or deterioration of the semiconductor 

2. Deterioration of encapsulation material 

3. Insensitivity at higher temperatures 

The semiconductor material melts or deteriorates as the temperature is raised. This 

condition generally limits the upper temperature to less than 300 °c. At the low end, the 

principle limitation is that the thermistor resistance becomes very high, into the MQ' s, 

making practical applications difficult. For thermistor shown in figure 2.4, if extended, the 

lower limit is about -80°C, where its resistance has risen to over 3Mn ! Generally the lower 
limit is -50°C to -100°C. 

7 



Response Time 

8 

The response time of the thermistor depends principally on the quantity of material present 

and the environment. Thus, for the smallest bead thermistor in an oil bath (good thermal 

contact), a response of Yz second is typical. The same thermistor in still air will respond 
with typical response of 1 Oseconds. 

Signal Conditioning 

Because a thermistor exhibits such a large change in resistance with temperature, there are 

many circuit applications. In many cases, however, a bridge circuit is used because the 

nonlinear features of the thermistors make it difficult as an actual measurement device. 

Because these devices are resistances, care must be taken to ensure that power dissipation 

in the thermistor does not exceed limits specified or even interfere with the environment for 

which the temperature is being measured. Dissipation constants are quoted for thermistors 

as the power in milli-watts required to raise a thermistor's temperature 1 °c above its 
environment. 

2.6 Thermocouples 

In previous section we have considered the change in material resistance as a function of 

temperature. Such a resistance change is considered a variable parameter property in the 

sense that the measurement of resistance, and thereby temperature, requires external power 

resources. There exists another dependence of electrical behavior of materials on 

temperature that forms the basis of a large percentage of all temperature measurements. 

This effect is characterized by a voltage-generating sensor in which an electromotive force 

( emf) is produced that is proportional to temperature. Such an emf is found to be almost 

linear with temperature and very repeatable for constant materials. Devices that measure 

temperature on the basis of this thermoelectric principle are called thermocouples (TCs ). 

2.6.1 Thermoelectric Effect 

The basic theory of the thermocouple effect is found from a consideration of the electrical 



and thermal transport properties of different metals. In particular, when a temperature 

differential is maintained across a given metal, the vibration of atoms and motion of 

electrons is affected so that a difference in potential exists across the material. This 

potential difference is related to the fact that electrons in the hotter end of material have 

more thermal energy than those in the cooler end, and thus tend to drift toward the cooler 

end. This drift varies for different metals at the same temperature because of differences in 

their thermal conductivities. If a circuit is closed by connecting the ends through another 
conductor, a current is found to flow on the closed loop. 

The proper description of such an effect is to say that an emf has been established in the 

circuit that is causing the current to flow. In figure 2.5a, we see a pictorial representation of 

this effect where two different metals A and B are used to close the loop with the 
connecting junctions at temperature T 1 and T 2. 

We could not close the loop with the same metal because the potential differences across each leg 

would be the same, and thus no net emf would be present. The emf produced is proportional to the 

difference in temperature between the two junctions. Theoretical treatments of this problem involve 
the thermal activities of the two metals. 

Seebeck Effect 

Using solid state theory, the aforementioned situation may be analyzed to show that its emf can be 
given by integration over temperature 

Ti 

8 = f (QA - QB )dt 
T2 

Where, e = emf produced in volts 

T 1, T 2 = junction temperature. in K 

QA,Q8= thermal transport constants of the two metals 

This equation, which describes the Seebeck effect, shows that the emf produced is 

proportional to the difference in temperature and, further, to the difference in the metallic 
thermal transport constants. 
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Thus, if the metals are the same, the emf is zero, and if the temperature is also same, the 

emf is also zero. In practice it is found that the two constants QA and QB are nearly 

independent of temperature and that an approximate linear relationship exits as 

Where a is a constant in volts/K 

However, the small but finite temperature dependence of QA and QB is necessary for 

accurate consideration. 

Figure 2. 5: The seebeck and peltier effects refer to the relation between emf and temperature in a two wire 
system. 

Peltier Effect 

An interesting and sometimes useful extension of the same thermoelectric properties occurs 

when the reverse of Seebeck effect is considered. In this case, we construct a closed loop of 

two different metals, A and B, as before. However, an external voltage is applied to the 

system to cause a current to flow in the circuit as shown in figure 2.5b. Because of the 
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