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ABSTRACT 

Thermocouples and Resistance Temperature Detectors are widely 

used in nuclear power plants and other industrial processes for tem 

perature measurements. Such measurement is necessary for control and 

safety purposes. Thus temperature sensors and the various factors 

that may affect their speed of response are of great importance to 

manufacturers and users of temperature sensors. 

This work is concerned with the numerical simulation of tem 

perature sensors along with the experimental verification of theoreti 

cally developed correlations to characterize and better understand 

sensor behavior under laboratory and practical conditions. 

A general purpose computer program for two-dimensional simulation 

of industrial temperature sensors has been developed. The program 

permits dynamic simulation of industrial sensors. Effects of porosity 

of the insulator, surface heat transfer coefficient, and physical pro 

perties of the sensor were examined to demonstrate the utility of the 

approach. 

In addition, an extensive set of experiments was carried out to 

verify a theoretically developed correlation. This correlation indica 

tes that the time constant varies inversely as the heat transfer coef 

ficient. Experimentation involved different liquids, different 

velocities, different sensors, and different experimental facilities. 

The results have shown satisfactory validation of the theoretical rela 

tion. 

As a continuation of the experimental program, an apparatus for 
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testing temperature sensors in dry and wet air has been constructed. 

Tests were carried out on four thermocouples. The results show that 

the response times increase dramatically in comparison with the 

response times in liquids. 
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CHAPTER I 

INTRODUCTION 

Reliable temperature measurement is important in a number of pro 

cess industries. It can potentially lead to better product quality 

and proper process performance. It also plays an important role in 

safeguarding power plants. For example, safety system actions may be 

taken based on temperature measurements in a nuclear power plant. 

Since temperature sensors, among other sensors, are so vital to the 

nuclear industry, a regulatory guide entitled, "Periodic Testing of 

Electric Power and Protection Systems" (1) was published by the Nuclear 

Regulatory Commission (NRC). This guide recommends the periodic 

testing of sensors. 

Several methods and test techniques have been developed to study 

the response time characteristics of temperature sensors. 

Mathematical models can also be used to simulate the behavior of 

temperature sensors. They can be used by engineers for performance 

evaluation or by manufacturers as a design tool. 

Successful modelling of an actual sensor depends on the accuracy 

of the information known to the modeller. The necessary information 

includes the physical properties of the sensor's constituents and 

surrounding medium, dimensions, and location of the sensing elements. 

The physical properties include the thermal conductivity (k), spe 

cific heat capacity (Cp), and density (p) of the sensor's consti 

tuents. The necessary physical properties of the fluid are p, k, Cp, 
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and the dynamic viscosity (u). The velocity (u) of the fluid is also 

needed. 

Two sensors of the same type and make may differ in their 

response to the same input because of the differences in their 

construction due to manufacturing tolerances. This indicates that 

modelling alone is not sufficient for evaluating sensor response. 

However, it helps in evaluating trade offs. 

Testing of temperature sensors, however, is more reliable and 

widely used technique than modelling. Three test methods can be used. 

The first is the plunge test which is usually performed in labora 

tories. The second test method is the Loop Current Step Response 

(LCSR) test that can be performed in laboratory and in-situ. This is 

equivalent to introducing a step increase in heat generated inside 

the sensor. The third testing method is used to test for sensor 

degradation. It is referred to as the Self Heating test. 

1.1 Previous Work 

In 1975, the Nuclear Engineering Department, University of 

Tennessee, KnOxville, was involved in the theoretical development of 

LCSR testing. In 1976, the Electric Power Research Institute (EPRI) 

supported and funded a project to develop in-situ testing technology. 

In the period between 1976 and 1978, the LCSR method was confirmed in 

the Laboratory for RTDs. LCSR testing was also confirmed in three 

operating plants: Turkey Point, St. Lucie, and Oconee. 

Test results showed that sensors can degrade and Kerlin(5) was 

involved in developing the Self Heating method to test for sensor 
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degradation. In 1978, a correction factor, for the LCSR method, which 

led to a reduction of the error from a maximum 20% to about 5% was 

developed. This factor accounts for the higher modes as will be 

described later. 

Further analysis was performed recently to explore the effects of 

the medium around an immersion sensor on the sensor's response. A 

theorectical correlation that predicts the sensor response as a func 

tion of the film heat transfer coefficient was developed. Several 

sensors were tested in three testing facilities to verify this corre 

lation. 

1.2 Statement of Research Objectives 

The purpose of this work is to explore dynamic modelling of 

industrial thermometers. Modelling is used to estimate the effects of 

fluid flow conditions on the sensor's response. Sensitivity analyses 

to study end effects, velocity and heat transfer coefficient effects, 

diameter effects, the physical properties effects, etc., are to be 

carried out. 

Results of tests performed on five temperature sensors to verify 

the theoretical correlations, derived to predict the time constant as 

a function of the heat transfer coefficient and velocity, are pre 

sented. Discussion of the various problems encountered while testing 

and analyzing test results is also presented. 

Finally, the physical properties of the most widely used sensor's 

constituents, fluids, and air are summarized in this thesis. 



CHAPTER II 

SYSTEM DESCRIPTION 

2.1 Thermocouples 

2.1.1 Introduction 

In 1821, T. J. Seebeck discovered the thermoelectricity 

phenomenon. That is, if the ends of two dissimilar metals are 

joined together and each end is kept at different temperature, then a 

voltage is created. Thermocouples (TCs) were then developed by making 

use of this "effect." 

In general, a thermocouple consists of two metallic wires joined 

mechanically by welding or brazing to form the measuring junction. 

These wires are typically .5 to 1.0 mm in diameter (some special TCs 

can be made smaller than human hair). These wires are usually insu 

lated electrically and thermally by cement or a powder. The most com 

monly used powders are aluminum oxide (AI2O3) or magnesium oxide 

(MgO). The sensing wires and insulant are usually protected by a 

stainless steel sheath. The most commonly used stainless steels are 

types 304 or 446. Figure 2.1 shows a typical multilayered structure 

of a sheathed thermocouple. 

In general TCs are characterized as being simple, inexpensive, 

versatile, durable, and accurate. They can cover ranges of tem 

peratures between -183'C (cryogenic thermocouples) to 2500 "C 

(3)
(refactory thermocouples). 

2.1.2 Circuit Theory 

As the measuring junction is placed in a temperature gradient, 
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(i.e. there exists a temperature difference between the measuring 

junction and the other end of the wires) an electromotive force (emf) 

is generated and measured at the other end. This emf is proportional 

to the temperature gradient. It can be calculated in terms of the 

difference in Seebeck coefficients, and the temperatures gradient as 

V = (Sa - Sb)(Tm - Tr) (2.1) 

where all the variables are shown in Figure 2.2. 

The Seebeck coefficient of a material is defined as the potential 

difference established along a wire of that material by the applica 

tion of a unit temperature difference (3). This coefficient has the 

units of volts/°C and it is called the thermoelectric power of the 

material. 

Two types of Seebeck coefficients are usually used. The first is 

the absolute Seebeck coefficient, which is a property of the material. 

It is denoted by Sa for material A. The second is the relative 

Seebeck coefficient (Sab) defined as Sab ~ ~ where material B is . 

normally pure platinum. 

Making use of the relative and the absolute Seebeck coefficients, 

and the fact that the voltage at the open end of the thermocouple is 

equivalent to the sum of all voltages in the circuit, one can obtain 

several thermocouple circuits. A selected case is shown in Figure 

2.3. In this case, the wires are assumed to pass through several tem 

perature gradients. And the voltage is given by 

V = Sa(Ti - Tq) + Sa(T2 - T]) + S^ITh - T2) + Sb(T2 - Th) + Sb(Ti - T2) 

+ SblTo - Ti) (2.2) 



Seebeck Coefficient of Wire A 

6 'M 
Measuring 
Junction 
Temperature 

fR 
Seebeck Coefficient of wire B 

Figure 2.2 Basic Thermocouple Circuit 



To Tj S, 

Figure 2.3 Selected TC Circuit 



 V = Sa(TH - Tq) - Stjdn - Tq) 

= (Th - To) (Sa - Sb) 

= (Th - To)Sab. (2.3) 

Equation 2.3 shows that the voltage for the circuit shown in Figure 

2.3 is dependent on Th, Tq, and Sab. 

2.1.3 Types of Thermocouples 

It is obvious that the properties of a thermocouple depend on the 

two metals forming the sensing element. Such metals are chosen on the 

basis of their stability, ductility, and sensitivity. TCs that have 

relatively large Seebeck coefficients and, hence, large emfs are pre 

ferred provided that this emf follows a linear relationship with tem 

perature. 

Thermocouples may be classified into three classes depending on 

the sensing metals (3): 

1. Base-metal thermocouples for temperature ranges up to 1000 

"C. Such TCs employ iron/constantan (copper-nickel alloy) 

(type J TO), copper/constantan (type T), Chrome1/Alumel 

(type K), Chromel/constantan (type E), and other alloys of 

copper, nickel, iron, chromium, manganese, aluminum, and 

other elements. 

2. Noble metal thermocouples that cover up to 2000 °C. These 

include platinum (Pt)-rhodium (type S, R, or B) and other 

alloys of Pt, iridium, ruthenium, niobium, and rhenium. 
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3. Refractory metal TCs that are useful up to 2600 °C. The 

principle elements are tungston-rhenium. Some refractory 

TCs include tantalum TCs, molybdenum and their alloys TC. 

Types S, R and B employ the following sensing elements: 

Type S: Pt-10% rhodium/Pt 

Type R: Pt-13% rhodium/Pt 

Type B: Pt-30% rhodium/Pt-6% rhodium. 

Tables of temperature versus voltages (for the reference junction 

kept at 0°C), are established for all types of TCs. If the reference 

junction is kept at a temperature other than 0°C, one can still use 

those tables to find the temperature of the medium. This is done by 

simply finding the voltage that corresponds to the new reference tem 

perature, using the table, and adding this voltage to the measured 

voltage. Then the temperature that corresponds to the total voltage 

is the medium's temperature. 

The new advances in electronics led to the production of digital 

readout devices that indicate the process temperature directly. Such 

readout devices employ microprocessors and A/D convertors. The 

reference tables for a particular type are usually saved on special 

memory in the device. Some of these devices can be programmed to 

receive signals from any type of TC. 

2.1.4 Thermocouple Styles 

The most commonly manufactured TCs are those which employ one 

measuring junction and a reference junction. The measuring junction 

10 



can be insulated or grounded. Both cases are shown in Figures 2.1 and 

2.4. The grounded sensors are usually faster than the insulated one. 

Other thermocouple styles include the differential and thermopile 

thermocouples. Differential TCs are used to measure the difference in 

temperature between the measuring junctions as shown in Figure 2.5. 

The thermopile TCs employ several measuring junctions that are 

all exposed to one temperature. They are connected in the manner 

shown in Figure 2.6. The advantage of such thermocouples is that they 

increase the output voltage by as many times as there are measuring 

junctions. 

2.2 Resistance Temperature Detectors (RTDs) 

2.2.1 Introduction 

Sir Humphry Davy was probably the first scientist to notice that 

the conductivity of metals decreases with increasing temperature (4). 

In 1887, Hugh Callendar published the first paper on resistance 

thermometers based on an earlier outline of using platinum resistance 

thermometers by Sir William Siemens. In Callendar's paper, a descrip 

tion of a platinum resistance thermometer appeared. Moreover, he pro 

vided an equation that describes the variations in Pt resistance with 

temperature. This equation is still being used to measure temperature 

on the International Practical Temperature Scale from CO to SOO'C (4). 
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2.2.2 Principle of Operation 

The governing principle of operation of RTD is that the metal 

resistance increases with increasing temperature. The electric 

resistance of the metal is expressed as (3) 

R 
(2.4) 

where 

R = electric resistance (ohms) 

r = resistivity (ohm.cm) 

L = Length (cm) 
2 

A = cross sectional area (cm ) 

Metal selection for an RTD is usually based on practical resisti 

vity, chemical inertness with respect to other constituents, large tem 

perature coefficient (fractional change in resistance per °C), and 

freedom from strain effects on resistance. 

A standard equation that describes Pt resistance change with tem 

perature is (4) 

Rt - Rq 3-

T = 100 + 6 [ - il l 1 +0 
100 / 100 100 100•^100'% ̂  

(2.5) 

where T = temperature, °C 

Rj = Pt resistance at temperature T 

Rq = Pt resistance at 0°C 

RlOo = Pt resistance at 100°C 
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5 = constant (characteristic of the particular 
thermometer) 

3 = constant (value is zero for T > 0) 

Equation 2.5 was derived by M.S. Van Dusen as a modification to the 

initial version of Callender's equation. The new version (Equation 

2.5) accounts for temperatures below the ice point. 

2.2.3 Typical RTD's 

There are several types and styles of RTDs depending on their 

uses and the method of the sensing wire support. A tradeoff between 

supporting the sensing wires and strain takes place. Unsupported ele 

ments are usually fragile and expensive. 

One of the different types of the unsupported RTDs is shown in 

Figure 2.7. This RTD is called a bird-cage RTD where the sensing 

wires are allowed to move freely in a gas filled space. Partially 

supported elements designs are shown in Figures 2.8 and 2.9. Figures 

2.10 and 2.11 show fully supported elements which proved to be rugged, 

inexpensive, and satisfactory for most industries. 

Sensors that are directly exposed to a process are called immer 

sion sensors. Such -sensors consist of the sensing wires, insulators, 

(powders or cement), and a protective metallic sheath. Figure 2.12 

shows a typical immersion sensor. 

Sensors that are used to measure temperature of surfaces are 

called surface sensors. Those include clamped, bolted, or cemented 

sensors. Figure 2.13 shows two typical surface sensors. 
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Platinum element 

Figure 2.7 A Bird-Cage PRTD 
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PlaTinum winding 

Platinum leads 

Cercmic body 

Figure 2.8 Partially Supported RTD 
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o6 Cement 

Platinum wire coil 

Figure 2.9 A Wall-Mount, Partially Supported RTD 
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Figure 2.10 Fully Supported RTD 
(Immersion Type Sensor) 
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Figure 2.11 Fully Supported RTD 
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2.2.4 Wheatstone Bridge 

One way to measure the temperature of a medium using an RTD is by 

using a Wheatstone bridge, shown in Figure 2.14. This bridge provides 

a simple way to measure the RTD's resistance. R^g can be varied until 

AV becomes equal to zero. Therefore 

ir)rtd = 

where (2.6) 

I = electrical current 

R = electrical resistance 

DB = decade box 

also 

IR)a = IR)b (2.7) 

Dividing Equation 2.6 by Equation 2.7 and rearranging, we get 

Rrtd =^ 
Ra 

Rob (2.8) 

and 

Rrtd ~ Rqb if Ra " Rb (2 

Once the RTD's resistance is determined, reference tables can be used 

to determine the corresponding temperature. 

To monitor the transient response of an RTD, one first initiali 

zes the voltage across the Wheatstone bridge. That is, make AV equal 

to zero by varying RDB • the transient is started, one moni 

tors AV which follows the relation (5) 
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= E[-i!i45ia-:jL!2L ]. (2.10)
(^A ̂  f^RTo) C^B ^ f^Ds) 

Equation (2.10) is nonlinear. However, the voltage drop across the 

bridge can be approximated by a linear function if Rg and Rqb are 

selected so that 

Rb ^ Rrtd 
and 

Rob = Rrtd. 
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CHAPTER III 

THEORY AND MATHEMATICAL DEVELOPMENT OF MODELS 

3.1 Introduction 

Development of modelling techniques based on numerical heat 

transfer analysis can be involved and complicated. A detailed three 

dimensional finite element approach is an example of such a complex 

technique. Therefore, it is essential to find a technique that is 

relatively inexpensive and adequate to provide useful information 

about the system under consideration. Such a technique is presented in 

this chapter. However, it is important to understand the theory 

behind modelling of industrial thermometers before describing the 

model. 

3.2 Temperature Distribution Inside a Solid Homogeneous Cylinder 

3.2.1 Introduction 

Most industrial temperature sensors are cylindrically shaped. 

Usually, these sensors consist of several concentric layers of dif 

ferent materials. However, for illustrative purposes, the heat 

transfer process to or from a solid homogeneous cylinder is discussed. 

Ideally, the temperature inside a sensor during steady state 

operation is uniform and equal to the monitored temperature. However, 

immersion sensors are often installed in a way that results in heat 

transfer to hotter or colder regions by conduction, convection or 

radiation heat transfer paths. This causes temperature gradients 
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inside the sensor. The internal temperature (where the sensing ele 

ment is usually located) will differ from monitored temperatures. 

When the monitored temperature undergoes a change, the sensor 

responds with an output that lags behind the monitored temperature. 

The lag is greater for positions farther from the surface of the sensor. 

Consequently, the sensor internal temperature varies with position and 

time following a change in monitored temperature. Figure 3.1 shows a 

calculated transient in a homogeneous solid cylinder following a step 

decrease in monitored temperature (3). Note that the temperature was 

uniform initially (t=0). After the change in monitored temperature the 

internal temperature starts to change, but the surface temperature 

changes faster than the center temperature. This gives a time dependent 

temperature profile that proceeds as follows: 

flat - initially 

skewed - during transient 

flat - finally 

3.2.2 Lumped Model 

The solid homogeneous cylinder can be used as a crude represen 

tative of an actual cylindrical temperature sensor. In this represen 

tation, the sensor's internal constituents are represented by a single 

material with uniform properties. Moreover, a single temperature is 

assumed to describe the whole interior of the sensor. This is based on 

the assumption that the spatial variations are small inside the sensor. 
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Such a simple representation is said to be a "lumped model" of the 

sensor. 

The laws of heat conduction needed to develop a heat transfer 

model for a sensor are well known. The most exact model is the par 

tial differential equation for heat conduction (6): 

(3.,) 

where 

T = temperature 

t = time 

a = k/pC 

k = thermal conductivity 

p = density 

C = specific heat capacity 

q = volumetric heat generation 

The following equation is an energy balance equation which is a 

simplification of Equation 3.1 for a lumped parameter model. 

^= q - ^(T-e) 

cWCpT _ ^ (T 0^ 
or -at "^ IT 

dT _ Q 1 .
and dt "MC^'MIp (3^2) 
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where 

E = internal energy. 

Q = volumetric heat generation. 

M = mass of sensor. 

Cp = specific heat capacity at constant pressure. 

R = heat transfer resistance between the sensor 
and the surroundings. 

T = temperature of the sensor. 

0 = medium temperature. 

For no internal heat generation, we obtain 

^ ±(9-T) (3.3) 
dt RMC 

The heat transfer resistance may be written. 

R = — (3.4)
UA 

where 

U = overall heat transfer coefficient 

(internal and surface) 
A = heat transfer area 

Therefore, 

^ ̂ (0-T) 
dt MC 

(3.5) 

For a step change in surrounding temperature, this equation may be 

solved to obtain 

AT(t) = (3.6) 
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The quantity, UA/MC, has the units of inverse time. It is usually 

expressed as a time constant as follows: 

T = MC/UA. (3.7) 

Therefore, Equation 3.6 may be written as 

AT(t) = AGCl-e"''^'''^) (3.8) 

where 

AT(t) = A9 d-e"^) 

and 

AT(t) = A0 X 0.632. (3.9) 

Equation 3.9 indicates that the response at t = x after a step 

increase in monitored temperature is 63.2% of the total change. The 

step response for a lumped model is shown in Figure 3.2. 

3.3 Multinode Model 

3.3.1 Introduction 

It is clear that a typical immersion TC or RTD has multilayers of 

different materials. For such geometry, solving Equation 3.1 to find 

the temperature distribution in the sensor becomes impractical. On 

the other hand, the lumped model is not good enough to describe the 

sensor response because the assumption that one temperature represents 

the whole interior of the sensor is not good for many practical 

situations. 

An alternative may be numerical solutions of finite difference 

approximations to Equation 3.1. Such methods are capable of handling 
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realistic geometries. This technique assumes that the sensor can be 

divided into many sections or "lumps." For each lump, one temperature 

is assumed to represent the whole lump. All lumps are interconnected 

via thermal resistances and have appropriate thermal capacitances. 

3.3.2 Nodal Structure of a Cylindrical Sensor 

The sensing element region of the sensor is usually the region of 

concern except for the case where stem loss analysis is concerned. 

Figure 3.3 shows a typical nodal structure of a sensor. The sensor is 

divided into radial and axial sections as shown in Figure 3.3. Each 

section is bounded by the dashed lines. This configuration is ade 

quate if the sensor is symmetric around its axis. It is possible to 

have as many constituents as the number of nodes. Each node must con 

sist entirely of one material. However, it is possible to have many 

nodes with the same material. The dimensions of the nodes are 

flexible. That is, the dimensions can be chosen to fit the modeller's 

requirements. 

3.3.3 Energy Equations 

To find the transient temperature history at the nodes of 

interest, dynamic energy balances are written for all the nodes. 

Every node is assumed to have a certain thermal capacitance and a cer 

tain thermal resistance between it and the adjacent nodes. An energy 

balance equation for a typical node i,j, shown in Figure 3.4, is of 

the form (7) 
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r 
rate of change 'heat generated ^ energy into 
in stored energy 11 n the node the node 

L 
jenergy out of 
^ the node (3.10) 

dE 
IJ = = Qn X V + 

dt RiCi.j) R2(i.j) 

i.J - "*"1,j-1 ^i.i -- Tj-i, 
(3.11) 

Rad,j) R4(i.j) 

where 

E-j j = MCpT-j^j = energy stored in node i,j (J) 

M = mass of material in node i.j (Kg) 

Cp = specific heat constant (j/kg.°C) 

T-j^j = temperature of node i.j (°C) 

Q = volmetric heat generation (w/m^) 

V = volume (m^) 

Rl.R2»R3»'^4d".j) = forward, downward, backward and upward
thermal resistances (°C/w) 

Assuming that the mass (m) and Cp are constants, and rearranging 

we get 

£ki =-Lx 
dt MC, Rl(i,j) Rad.j) R2(i.j) R4d'.j) 

( y 
(3.12)l̂ Ri(i,j)^ Red.j) Rad'.j) R4(i.j)j 

The term, MCp is the thermal capacitance. The heat transfer resistance 

formulation is different for internal nodes and for surface nodes. 
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For internal nodes, the formulas are (6) 

Forward Resistance (see Figure 3.4) 

Ri(i j) - (3.13)
^ 2irrmZi k(i,j) Zirr^Zi k(i,j + 1) 

If the material on both sides is the same, then 

k(i,j) = k(i,j + 1) 

and 

Rl(i,j) = I (3.14)
k(i,j) 

where 

k(i,j) = thermal conductivity in node i,j 

Downward Resistance (see Figure 3.4) 

Zi/2
R2(i.j) = 

^(«^m - i^m - l) k(i,j) 

Zi + 1/2 
(3.15) 

^("^m - i^m - l) + I'j) 

For surface node the forumulas are 

Side surface (see Figure 3.5) 

Rl(i.j) = l/h2TrrjZ.j (3.16) 

Zi/2
R2(i.j) = 

i^m - 1^) k(i,j) 

Zi + 1/2 
(3.17) 

Trrj2 - rm - 1^) k(i + l,j) 
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Bottom Surface (see Figure 3.6) 

M, 1)l' "2iTr|^Z, k(1,J) 2.r^Z, k(1,J+l) 

R2(i.J) = y/Mr^ - r^./) ,3_,g, 

Note 

R3(i,j) = Rjd.j-l) (3.20) 

R4(i.j) = R2(i-l.j) (3.21) 

3.3.4 Forcing Function 

Physically and mathematically, there are only two possible 

forcing functions. That is, there are two types of perturbation that 

one can apply to the sensor to cause a transient. The first can be 

introduced by changing the ambient temperature. A change in ambient 

temperature causes the sensor to depart from equilibrium and a tran 

sient can be detected on the sensor's output leads until it reaches a 

new steady state condition with the new thermal state. 

The second perturbation can be introduced to the sensor by a 

variation in the heat generation inside the sensor. Heat can be 

generated at the sensor's sensing elements by simply heating those 

elements by passing a small electric current through the sensor's 

leads. This causes a transient in the sensor. 

Both perturbations, heat generation change or ambient temperature 

change, can be arbitrarily selected functions of time. Examples of 

commonly used perturbations are a ramp, an impulse, or a step input. 
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However, the simplest and most commonly used test input is the step 

input. This can be accomplished experimentally if the sensor is moved 

rapidly from one medium to another at a different temperature to cause 

a step change in ambient temperature (called a Plunge Test ), or a 

current is passed through the sensor leads then it is instantly 

changed to a different magnitude to cause a step change in heat 

generation rate (called the Loop Current Step Response Test (LCSR)). 

3.3.5 Method of Solution 

If the sensor is divided into M axial nodes and N radial nodes, 

then M X N coupled ordinary differential equations are needed to 

describe the sensor response. Once they are developed, they can be 

arranged in matrix form as (5) 

^=I = AI + F (3.22) 

where 

T is (M X N) X 1, where each element contains the time 
~ derivative of the temperature. 

A is (M X N) X (M X N) state matrix, contains five 
diagonal stripes. The non-zero elements contain the 
thermal resistances and capacitances. 

T is (M X N) X 1 vector containing the temperatures at 
the center of all nodes. 

F is (M X N) X 1 forcing vector, contains all the forcing 
~ terms. 

Once the state variable matrix is developed and the forcing vec 

tor is generated, then the time response of the sensor may be pre 

dicted by solving the state variable equations for the temperature at 
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the center of each node as a function of time. 

The solution for the system represented by Equation 3.22 is (8) 

t , 
T (t) = eAtT(O) + / eA(t-tOF(tr)dt: (3.23) 

0 

This is the basis for the matrix exponential approach to solve a set of 

differential equations. If the forcing function (FCtD) is constant, then 

Equation 3.23 becomes (8) 

T(t) = eAtT(O) + e^tA-lp - A-^F (3.24) 

where 

A+ t? t^ e = I + At + 21 + 3l ■'" •••• (3.25) 

3.3.6 Estimation of t Using LCSR Test Results 

In practice, the sensor response to variations in the ambient 

temperature is more important than its response to variations in heat 

generated inside the sensor. Hence, it is important to transform data 

obtained by imposing a step increase in the heat generated at the 

sensing element, as in the LCSR test, into data that would be obtained 

in a corresponding plunge test, which is obtained by causing the sen 

sor to respond to a step change in ambient temperature. This is done 

to obtain an estimate of the time constant of the sensor when the LCSR 

test is performed. In a plunge test, the sensor response in the Laplace 

domain(s) is of the form (1) 

T(s) = (3.26)
s(s-P]) (S-P2) ... 

43 



Taking the inverse Laplace transform, we get 

T(t) = Ao + A, e"'' * a/2* t ... (3.27) 

where p-j are the poles of the transfer function. They have negative 

values. 

In the LCSR test, the sensor response in the s-domain is of the 

form 

K(s-Zi)(s - Zo)...
T(s) =-^ — (3.28) 

s(s-Pi)(s - P2)... 

In the time domain, the response becomes 

T(t) = Bq + Bi e^l^ + 82 e''2^ + .... (3.29) 

It must be noted that the poles in both Equations 3.27 and 3.29 

are the same. Hence if one can estimate the poles in Equation 3.28 

then Equation 3.27 can be constructed easily. 

There are two methods to determine the poles of LCSR test 

employed at The University of Tennessee. These are 

1. computer optimization routines 

2. graphical exponential stripping 

In the first method, the sensor's signal obtained in the LCSR 

test is digitized and fed to microcomputer. The microcomputer is 

programmed to fit a function of the form 

f(t) = (3.30) 
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through the data points. This task requires a combined nonlinear 

functional minimization and least-squares fit techniques to be used to 

identify all the eigenvalues in Equation 3.30. 

In the second method, the sensor response is approximated by (5) 

0(t) = + A.e'Pl^ + A.e'P^^ + w{t) (3.31) 

where 

Pl<P2 

Aq = a constant = o, if the test bridge is 
balanced at high current, and = the 
final value if the bridge is balanced 
at low current. 

w (t) = process noise 

let 

y(t) = 0(t) - Aq = A^e'Pl^ + + w(t) (3.32) 

If the noise level is not significant, and the eigenvalues are widely 

separated, then for t » 1/pi, the sensor response is dominated by 

e"^^^ term, that is 

y(t)" A^e'^1^ for t» l/p-| (3.33) 
and 

y(t) - A.e'Pl^ = Ape"P2^ for t« 1/pi (3.34) 

It follows from Equations 3.33 and 3.34 that a semilog plot of the 

sensor response versus time results in a skewed portion then a 

straight line portion. The straight line has a slope of p-j. 

Subtracting the straight line (extrapolated to the initial time of the 
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transient) from the skewed portion results in new skewed and straight 

lines. The slope of the new straight line is equal to P2. Physically 

two poles are identifiable and adequate. Theoretically, one identifies 

n (n = 1, 2, 3..) poles. 

Once at least two poles are identified, the residue theorem can 

be applied to Equation 3.26 in order to determine the constants (A-j's). 

Then the plunge time constant can be determined by using Equation 

3.27, or by using the correlation (5) 

1 Pi Pi 
TTp, = [1 - ln(l - - In (1 - (3.35)
PL -Pi P2 P3 

The limitation of not having the ability to identify more than 

two (or sometimes three) poles, and hence, some information about the 

sensor response is lost, led to the development of a correction factor 

(CF). It is defined as the factor which "an 'n' order fit result must 

be multiplied by to obtain the result from an infinite order fit " 

(1). That is 

2 

1- I Ln(l - Pi/P,-) 
CF' . n=l,2,'-,» (3.36) 

1- I Ln(l - Pi/P,) 
i=l 

Extensive studies performed at UT concluded that the first two 

poles contain information about all the poles (1). A fifth order 

polynomial fitted through a curve that represented the theoretical CF 

versus pole spacing resulted in the following formula (1). 
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CF = 1.0043 + .05578(Pj/P2) + 19. 590 (P^/Pg)^ -
238.38(P^/P2)^ + 1352.2(P^/P2 - 2622.9(Pj/p2)^ 

(3.37) 

The correction factor as represented by Equation (3.37) appears 

to be valid for all cylindrical sensors where the LCSR method can be 

applied. Therefore, Equation 3.30 can be rewritten as 

1 r Pi ,
T = CF[ 1 - In (1 - —)]

-Pj P2 (3.38) 

where 

CF Is given by equation (3.37). 

3.3.7 The SENSOR Program 

The steady state or dynamic heat transfer analysis of a sensor 

should be possible for those Interested In sensors or processes as 

well as those Interested In heat transfer or simulation. This means 

that the computer software should be "user friendly." The analyst 

should be concerned with sensor performance, not heat transfer or com 

puter programming or numerical analysis. A program was prepared with 

that objective as a design goal. 

The program, called SENSOR, Is Implemented on the DEC-10 system. 

It Is written In the BASIC computer language. This makes the program 

suitable for Implementation on small microcomputers such as the Comm 

odore 64. However, small modifications, such as the size of the dimen 

sion statement, may be required to accommodate the limited memory 

on such microcomputers. 
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SENSOR operates in two steps. In the first step, the A matrix of 

Equation 3.22 is generated with user-specified data about the sensor. 

The program is menu-driven. That is, the program asks the user for all 

necessary information. The coefficients in the matrix are then gener 

ated automatically. The data requested by the program are as follows 

(7): 

1. Dimensions. 

2. Physical properties of constituents. 

3. Sensing element location. 

4. Heat transfer coefficient or properties 
of surrounding medium. 

5. Type of forcing function, either a step 
increase in ambient temperature or a step 
increase in the heat generation term. 

6. The time step and number of time steps. 

The second step in the analysis is to solve Equation 3.22 for the 

specified A matrix and the specified calculational time increment. 

DEMAT{8), a general purpose program that finds the response of a system 

with a constant forcing function using the matrix esponential 

approach, was used. The computer prints out the temperature at the 

center of each node and the average temperature of all nodes specified 

as the sensing element nodes. 

A typical result is presented here for illustrative purposes. 

The sensor selected for simulation is a .236 inch outside diameter 

sensor with a .0197 inch thick 446 stainless steel sheeth and 0% poro 

sity magnesium oxide insulator. The medium around the sensor is 

flowing water. The structure selected for the analysis is shown in 
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Figure 3.7. The actual input data in the order entered in the com 

puter is presented in Table 3.1. The SENSOR output was used to find 

the time constant of the model due to a S'C step increase in ambient 

temperature. The response is shown in Figure 3.8. The time constant 

was found to be 1.190 seconds. 

The same sensor was simulated by a 6 x 6 order model. The time 

constant was found to be 1.198 seconds. Therefore, changing the model 

order from 4x4 to 6x6 has resulted in a small (.67%) increase in the 

time constant. Considering the computation cost involved and the 

small improvement in the time constant lead to the conclusion that 

4x4 and 5x5 order models are adequate for simulating sensor response. 
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Input 

N 

4 

4 

.05 

.1 

.05 

.7 

.45 

.8 

.05 

2 

38.51 

4000 

786.97 

1 

1,1 

3,3 

20.32 

7600 

460.6 

2 

1.4 

4,4 

4,1 

4,3 

2,1 
1 

N 

5000 

N 

.005 

500 

Table 3.1 

Input Data for the Sensor Under Study 

Comments 

The user does not want to see instructions 
Number of radial sections 
Number of axial sections 
Width of the first radial node (cm) 
Width of the second radial node (cm) 
Width of the fourth radial node (cm) 
Height of the first axial node (cm) 
Height of the second axial node (cm) 
Height of the third axial node (cm) 
Height of the fourth axial node (cm) 
Number of the sensor constituents 
Thermal conductivity of material 1 (MgO)(W/M."O 
Density of material 1 (kg/m'^) 
Specific heat constant of material 1 (J/kg.°C) 
Number of regions occupied by material 1 
i and j to specify the top left node of region 1 

material 1 

i,j for the bottom right node of region 1 for 
material 1 

Thermal conductivity of material 2 (SS 460) 
(W/M.°C) 

Density of material 2 (kg/m-) 
Specific heat constant of material 2 (J/kg.'C) 
Number of regions occupied by material 2 
i,j for the top left node of region 1 of material 

2 

i,J for the bottom right node of region 1 of 
material 2 

i,J for the top left node of region 2 of material 
2 

1,J for the bottom right node of region 2 of 
material 2 

i,J for the location of sensing element node 
Indicates that the forcing function is a step in 

crease in ambient temperature as opposed to 2 
for internal heat perturbation 

User doesn't wish to have the program calculate 
the heat transfer coefficient 

The heat transfer coefficient (W/M^.'C) 
No air gaps exist 
Time step (sec) 
Number of time steps 
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Figure 3.8 Typical Step Transient Response for the Hypothetical 
Sensor. 
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CHAPTER IV 

THEORETICAL PREDICTON OF THE TIME CONSTANT 

4.1 Introduction 

The time constant of a temperature sensor may depend greatly on 

the ambient conditions. Thus, laboratory tests performed at standard 

conditions (i.e. water flowing at 1 m/S and at temperature of 20 or 

80°C) may not be adequate to describe sensors installed in processes. 

To overcome this problem, a theoretical correlation that indica 

tes the time constant of the sensor as a function of the film heat 

transfer coefficient was developed. The correlation takes the form 

(3.9) 

T = C^ + C2/h (4.1) 

where 

T = time constant of the sensor 

C] = constant, internal component 

C2/h = external component 

h = film heat transfer coefficent 

C2 = constant. 

For a lumped parameter model, the constants C] and C2 are 

Cr2 
C, = ln(r„/ri) (4.2) 

_ pCrp 

(4.3) 

For a distributed parameter model for a homogenous cylinder, C] 
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and C2 are given by 

pCr^o
Ci = .24 ^ (4.4) 

k 

rC2 _ 7-
^ (4.5) 

where 

p = density of the sensors material 

C = specific heat capacity of the sensors material 

k = thermal conductivity of the sensors material 

Vq = outer radius of the sensor 

r^- = inner radius at which the sensing elements are 
located. 

The complete derivation of Equation 4.1 is shown in appendix A. 

The assumptions involved in the derivation of Equation 4.1 are 

1. the sensor is a cylinder 

2. only radial heat transfer exists. 

The constants C] and C2 can be determined experimentally. This 

is done by measurements for a range of time constants (t^) and a 

corresponding range of calculated film heat transfer coefficients 

(h^). The film heat transfer coefficient h can be changed by changing 

the fluid itself, or the velocity of the fluid. The constants Ci and 

C2 can then be obtained by finding the least-squares fit through the 

points (1/h-f, T^-). Then Equation 4.1, with known C-| and C2, can be 

used to predict the time constant of the sensor under actual process 

operating conditions. 
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It is obvious that C-| and C2, as represented in Equations 4.2, 

4.3, 4.4, and 4.5, depend on the physical properties of the sensor 

constituents which in turn depend on the temperature of the medium 

surrounding the sensor. Thus C] and C2 cannot be used if the process 

temperature is different from the laboratory test temperature. 

4.2 The Film Heat Transfer Coefficient 

The validity of the prediction of the time constant, t, using 

Equation 4.1 depends on using the best heat transfer correlation to 

calculate the film heat transfer coefficient, h. Therefore, a compre 

hensive search for heat transfer correlations that describe convection 

from cylinders in cross flow was pursued. 

The following correlations meet the objective: 

(a) Davis (1924) (10) 

Nu = .56 Re-^9 p^.Sa 

for 18<Re<170 

(b) Perkins and Leppert (1962) (11) 

Nu = .26 Re«5 Pr^/^ 

for 40<Re<105 

(c) Fand (1965) (12) 

Nu = .32 + 0.505 Re-52 Pr^/^ 

for 1.1 X 104<Re<6.3 x 10^ 

Morgan (1975) has refitted Fand's data and obtained (10) 

(c') Nu = .455 ReO-53 prl/3 
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(d) Fand and Keswani (1973 (13) 

Nu = .231 + .633 ReO-5 

for 4 X 102<Re<3.7 x 10^ 

Morgan (1975) (10) 

Nu = .665 Re-^94 prl/3 

(e) Churchill and Bernstein (1977) (14) 

Nu = .3 + .62 Re-5 [i+ (^q^^qq)5/83^/5 
/[I + (.4/Pr)2/3]l/4 

for lQ2<Re<107 

(f) Rohsenow and Choi (1961) (15) 
Nu = 0.26 ReO-o PrO-3 

for 1000<Re<50000 

and 

Nu = (.35 + .47 Re-52)pp0.3 

for 0.1<Re<1000 

(g) R. Helpert (1933) (16) 

Nu = C Re" 

where 

C, n, and Re ranges are indicated in Table 4.1. 

In all the correlations, the variables are 

Nu = Nusselt number = dh/k 

d = diameter of the cylinder 

h = film heat transfer coefficient 

k = thermal conductivity of the liquid 
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TABLE 4.1 

n and c Values for the Helpert Correlation 

Re N Gases Liquids 

1-4 0.330 0.891 0.989(Pr)l/3 

4-40 0.385 0.821 0.911(Pr)l/3 

40-4000 0.466 0.615 0.683(Pr)l/3 

4000-40000 0.618 0.174 0.193{Pr)l/3 

40000-250000 0.805 0.0239 0.0266(Pr)l/3 
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udp 
Re = Reynolds number = 

u = fluid velocity 

p = fluid density 

w = fluid dynamic viscosity 

Pr = Prandtl number = C u/k 

C = specific heat capacity 

In order to chose the correct correlation, one has to determine 

the Reynolds number for the process. 

Calculating the Reynolds number depends on accurate knowledge of 

the physical properties of the fluid. A list of such physical proper 

ties at room temperature for five typical liquids is presented in 

Table 4.2. More detailed information on the thermophysical properties 

of those liquids is presented in Appendix B. 

For illustrative purposes the film heat transfer coefficient 

was calculated for a 6.35 mm RTD tested in all five liquids with the 

physical properties presented in Table 4.2. The Churchill-Bernstein 

correlation was used to calculate h. The sensor was tested at differ 

ent velocities in each liquid in a testing facility called "The 

Rotating Tank." A wide range of h values (from 300 to 5500 W/M^.°C) 

has been obtained. In each test, the time constant of the sensor 

was obtained. (The details of the experimental facility and the 

testing procedures are discussed in the following chapter.) A plot 

of the time constant of the sensor versus 1/h is shown in Figure 

4.1. It is obvious that t is linearly related to 1/h. The least 

square fit of a straight line through the points resulted in the 
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Table 4.2 

Thermophysical Properties of Five Liquids at Room Temperature (6,17) 

Thermal Specific Heat Dynamic Density 
Liquid Conductivity (k) Constant (Cp) Viscosity (p) (p) 

W/m^C J/kg./^C kg/m.s kg/m^ 

Water .604 4179.0 .001 997.4 

Engine 
Oil .145 1880.0 .7994 888.23 

Ethylene 
Clycol .249 2382.0 .02142 1116.65 

Heptane .125 2242.0 .0004 684.0 

Carbon 

Tetrachlo- .104 862.0 .000969 1585.0 

ride 
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following equation 

T = 2.10 + 3090/h (4.6) 

Therefore, for this sensor 

Ci = 2.1 

C2 = 3090 

4.3. Fluid Velocity 

It is possible to simplify Equation 4.1 to indicate the time 

constant as a function of the fluid velocity. This is done by substi 

tuting an expression for h into Equation 4.1. For example, if the 

Reynolds number for the process fluid lies within the range 40-4000, 

and Helpert's formula was found to be adequate to describe the convec 

tion process, then 

Nu..683(^).466 p^l/S 

results in the following heat transfer coefficient 

h =^ Nu « .683(^).466 prl/3
^0 "0 ^ 

or 

h = .683 g.333 |^.667 ^-.133 jj.466 

which is of the form 

h = c u-466 (4.7) 
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where 

c = constant = .683do~*®^^ p'466 (..333 1^.667 ^-.133 

substituting Equation 4.7 into Equation 4.1 results in 

T = Ci + C2/CU-466 

or 

T = Ci + C3 U--466 (4.8) 

where 

C3 = C2/C 

In general, it is possible to obtain a correlation of the form 

T = + C3 u'" (4.9) 

where n = the power of Re number in the heat transfer correlation. 
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CHAPTER V 

TESTING FACILITIES 

A number of tests were performed on temperature sensors to check 

correlation 4.1 and obtain a relationship between x and the flow velo 

city. Several problems were encountered in this process. Attempts 

to resolve those problems were made. In the following sections, the 

testing facilities and the types of tests performed are described. 

Discussion of the problems encountered are also presented in this 

chapter. 

5.1 Introduction 

Based on the nature of correlation 4.1, it was necessary to 

construct an experimental apparatus that allowed for obtaining a wide 

range of heat transfer coefficients (h). Such a wide range of values 

of h was achieved by varying 

1. the velocity of the fluid 

2. the fluid itself 

3. the sensor 

Three experimental facilities were constructed at the University of 

Tennessee, Knoxville. Several experimental procedures can be 

followed to test temperature sensors in each facility. 

5.2 Types of Tests 

There are two kinds of test procedures for response time testing 

of temperature sensors. The first involves a step change in the 
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ambient temperature. This is the basis for the "plunge" testing. The 

second is introduced to the sensor by causing a step change in the 

heat generated inside the sensor. This is called the Loop Current 

Step Response (LCSR) test. 

5.2.1 Plunge Test 

Plunge testing is a well known testing procedure. The standard 

plunge test is performed by the rapid movement of the sensor from an 

initial position in air to a position in flowing water at 20°C or 

80°C and 1 m/s. There are other procedures to perform a plunge test. 

Those performed at the University of Tennessee (UT) include heating 

the sensor by warm air or hot water (depending on the facility used) 

then plunging it into the flowing fluid at room temperature. Another 

plunge testing procedure, which is also employed at UT, is performed 

by plunging the sensor from room air into hotter flowing air. The 

common factor among all these plunge testing procedures is that the 

sensor is exposed to a sudden (step) change in the ambient tem 

perature. Then the sensor response during the transient is monitored, 

and the time constant (t) can be determined. 

5.2.2 Loop Current Step Response (LCSR) Test 

This method was developed initially to measure the response time 

of thermocouples. It was then adapted for testing of RTDs (14). 

The procedure for the LCSR testing of RTDs is simple. Initially, 

the RTD is allowed to reach a steady state condition with the medium 
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while a small current is passed through the sensor's head. Then the 

current is instantly increased. This action represents a step 

increase in Joule heat generated inside the RTD. 

For a thermocouple, the LCSR procedure is slightly different. 

First, a high current is passed through the thermocouple's lead wires, 

and it is allowed to reach a steady state. Then the current is sud 

denly cut off to induce a step decrease in the heat generated inside 

the sensor. The sensor response is monitored during cooling. 

The LCSR test has the advantage of allowing for in-situ testing 

of temperature sensors. In other words, since plunge tests cannot be 

performed on sensors installed in processes, it becomes necessary to 

use the LCSR testing method which does not require moving or removing 

the sensor from its place in the process. Furthermore, one must test 

in the process in order to properly account for process conditions. 

The data obtained are used to determine the time constant of the 

sensor as has been mentioned in section 3.3.6. 

A schematic of the LCSR test is shown in Figure 5.1. Figure 5.2 

shows a typical response of a temperature sensor in a plunge test and 

an LCSR test. It must be noted that in the plunge test, the tem 

perature gradient is first felt at the surface of the sensor. A time 

lag occurs before the heat conduction is felt at the sensing element. 

In the LCSR test, however, the transient is felt directly at the 

sensing element. Thus the response of the sensor in the LCSR test 

is always faster than its response in the plunge test. 
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5.2.3. Self Heating Test 

This test was not actually performed as part of this test 

program. However, it is discussed here since it may be simulated by 

using SENSOR. 

The self heating tests may be performed on RTDs installed in pro 

cesses. Their primary objective is to test for degradation of sensor 

heat transfer. 

The self heating test is initiated by (13) increasing the current 

(I) passing through the sensor leads from 1-6 milliamperes to 20-60 

milliamperes. The steady state resistance (R) is determined. The 

power (P) generated inside the sensor is calculated by: 

P = i2r (5.1) 

The current is increased again and a new R and P are obtained. The 

process is repeated several times to obtain a range of resistance 

values versus a range of power values. A plot of R versus P results 

in a straight line with a slope called the Self Heating Index (SHI). 

That is 

aR 
SHI = aP watts 2) 

The SHI is unique for each sensor. It must be determined experimen 

tally. Any changes in SHI, under the same test condition, may be 

attributed to sensor degradation because of possible internal or sur 

face changes. 
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5.3 Testing Facilities 

5.3.1 The Loop Testing Facility 

This facility consists of a tank, a pump, pipes, plunging mecha 

nism, hot and cold water, and response monitoring equipment. The tank 

is half filled with water at room temperature. The pump is used to 

circulate the water through the pipes and back into the tank in the 

manner indicated in Figure 5.3. The velocity of the flowing water is 

regulated by a valve opening located downstream of the pump. The top 

horizontal pipe is a 9.1 cm in inner diameter and 1.3 m in length. A 

facility is provided for sensor insertion in the pipe. The maximum 

velocity obtainable in this facility is 1.71 m/s. 

To perform a plunge test, the sensor is heated by using a hot 

water supply. Once the sensor reaches steady state at high tem 

perature, it is plunged into the flowing colder water. 

Simultaneously, the hot water supply is cut off. The plunging is 

achieved by a two-way solenoid-actuated valve. As the sensor enters 

the colder region, an electric switch is turned on which closes an 

electric curcuit, thus giving an electrical timing signal. This is 

detected on a strip chart recorder as a rapid jump. This indicates 

the time at which the transient starts. 

Several problems are encountered while operating this facility. 

The main problem is caused by the constant raising of the cold water 

temperature by the hot water that is used to heat the sensor. 

Therefore, the tank must be drained and refilled with cold water. 

The loop facility requires the use of about 150 gallons of fluid. 

Thus only water was used in this facility. This in turn limits the 
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range of the film heat transfer coefficients (h) obtained. To over 

come this problem the rotating tank facility, where smaller volumes of 

several liquids can be used, is used. 

5.3.2 Rotating Tank Testing Facility 

This facility was designed to accommodate testing in several 

fluids and at variable velocities. It consists of a cylindrical tank 

that is divided into four concentric cylinders. The tank is mounted 

on a shaft that is rotated using pullies that are driven by an 

electric motor. The maximum obtainable fluid velocity is 1.38 m/s. 

On top of the tank, a hot air blower, timing switch, plunging mecha 

nism, and the sensor are mounted. The sensor output signal is 

amplified and monitored on one channel of a strip chart recorder, 

while the timing signal is monitored on the other channel. A schematic 

of this set up is shown in Figure 5.4. 

Approximately 20 gallons of fluid are needed to fill half of the 

tank. This makes it possible to use relatively expensive fluids. 

The velocity of the fluid can be changed by changing the pulley 

setting which changes the rotational speed, and by shifting the sensor 

position radially. 

To perform the plunge test on a temperature sensor, the hot air 

blower is used to heat the sensor until it reaches steady state. Then 

it is plunged into the flowing fluid which is kept at room temperature. 

The sensor response is monitored using the strip chart recorder. 

Initially, a problem with sensor vibration was encountered. This 

would increase the uncertainties in heat transfer coefficient calcula-

71 



•Pnuematic cylinder 
for actuating 
plunge or 
lift positions 

{ 
Outer 

annular 

ring 

Rotation 

Figure 5.4 Schematic of the Rotating Tank Testing Facility 
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tions and quicken the sensor response. To overcome this problem, a 

weight was attached to the superstructure of the plunge mechanism. 

This reduced the vibration. 

Agreement of results between the loop and the rotating tank faci 

lities will be discussed in section 6.2. 

5.3.3 Gas Loop Testing Facility 

This facility has been designed primarily to test temperature 

sensors in flowing air. The humidity can be varied between the range 

of 0% to 100%. This facility permits characterizing and verifying 

correlation 4.1 at conditions far removed from conditions in flowing 

liquids. 

The facility, shown in Figure 5.5, consists of a tank, three 

heaters, pipes, blowers, plunging mechanism, and monitoring equipment. 

The air inside the tank can be heated using any or all of the three 

heaters. A thermostat is used to control the heater output. The hot 

air is circulated through the pipes and back into the tank by using 

an air blower. The speed of rotation of the blower is controlled by 

using a variac. That is, the air velocity is controlled by changing 

the variac's setting. A maximum fluid velocity of 8.64 m/s is obtain 

able. The velocity is measured at the sensor location using a pitot 

tube. The temperature of the flowing air is monitored using a type K 

fast (t<.5 sec) thermocouple with a diameter of 1.5 mm. 

To create high humidity inside the loop, a container filled with 

water, in which two heaters are immersed, is placed at the bottom of 

the tank. When the two heaters are turned on the water temperature 
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rises to about SS'C. This increases the humidity. On the other hand, 

if low humidity (~ 0% humidity) is desired, then the water container 

is replaced with a moisture absorping material such as DRIERITE which 

employs calcium sulfate (CaS04)' 

To perform the plunge test, the sensor is allowed to reach steady 

state at room temperature with the help of a blower. The blower 

quickens the return of the sensor to thermal equilibrium with the 

surroundings. Then it is plunged into the flowing air through an 

opening in the middle of the top horizontal pipe. The sensor response 

and the timing signals are monitored on a strip chart recorder. 
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CHAPTER VI 

THEORETICAL AND EXPERIMENTAL RESULTS 

This chapter is presented in two parts. In the first part, 

modelling results are presented. In the second part, experimental 

results are presented. 

6.1 Modelling Results 

Several hypothetical sensors were simulated to obtain results 

that would demonstrate the validity of the modelling approach as a 

designer's aid. 

The hypothetical sensors used for simulation are shown in Figure 

6.1. These sensors are considered as reference sensors. Their 

constituent's properties at the indicated temperature can be found in 

Appendix B. In many cases, however, it was necessary to vary the 

dimensions or the physical properties to suit the requirements of the 

specific analysis being performed. All the deviations from these 

reference cases will be discussed. 

6.1.1 Effects of the Insulator Properties 

The physical properties of insulators, such as aluminum oxide or 

magnesium oxide, are important factors in determining the speed of 

response of the sensor. The physical properties of interest are the 

thermal conductivity, k, the density, p, and the specific heat capa 

city, Cp. The sensor used in the study of the effects of k, p, and 

Cp on the sensor response is sensor A. 
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First, the effect of variations in k on the sensor response was 

analyzed. This was accomplished by varying k from -30 to +20 percent 

of its reference value while maintaining p and Cp constant. Figure 

6.2 shows the effects of k on the sensor response. It is clear that 

increasing k reduces the sensor response time. 

A similar procedure was followed to study the effects of p and 

Cp, respectively, on the sensor response. Results are shown in 

Figures 6.3 and 6.4. In both cases, increasing p or Cp resulted in an 

increase in the time constant and, hence, a slower response. 

These simulations are in agreement with the following approx 

imate relation: 

T = RMC (6.1) 

where 

R is the thermal resistance = Ax/Ak 
M is the mass = pv 

C is the specific heat capacity. 

For illustrative purposes. Figures 6.2, 6.3, and 6.4 were 

combined to produce Figure 6.5. In terms of percent changes. Figure 

6.5 indicates that Cp and p have greater effects on the sensor 

response than k does. This is as expected since k determines the 

internal heat transfer resistance which is only a part of the total 

resistance (which includes the resistance at the surface). 

6.1.2 Effects of the Surface Conditions 

Sensor B was used in the study of the influence of surface con 

ditions on the sensor response. The physical properties and the flow 
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rate of the fluid flowing around the sensor determine the surface heat 

transfer coefficient. The response decreases for higher flows until 

the surface heat transfer resistance becomes negligible compared to 

internal heat transfer resistance inside the sensor. The dependence 

of the sensor's time constant on the fluid's velocity and surface heat 

transfer coefficient is shown in Figures 6.6 and 6.7 respectively. 

Equation 4.1, repeated below, was derived using idealized models 

for temperature sensors. 

T = + C2/h (4.1) 

Equation 4.1 results when a lumped parameter model or a distributed 

parameter model for a homogeneous cylinder is used. Real sensors, 

however, are multilayered cylindrical regions composed of several 

materials. That is, real sensors behave as higher order systems and 

not as first order systems as assumed in deriving Equation (4.1). Thus 

additional validation of Equation 4.1 is needed for real sensors. 

SENSOR, the new simulation package, can provide this validation. 

Simulations were performed using sensors A, C, and D. The plots 

of the time constants versus the inverse of the heat transfer coef 

ficients for sensors A, C, and D are shown in Figures 6.8, 6.9, and 

6.10 respectively. These results clearly follow the correlation of 

Equation 4.1 and give further confidence in the general validity of 

Equation 4.1. 

Next, sensor B was used to estimate the importance of axial heat 

transfer through the tip of the sensor on sensor response. The heat 
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transfer coefficient for heat transfer through the tip of the sensor 

was varied and simulations were performed. The results are shown in 

Figure 6.11. This simulation shows that the time constant for the 

simulated sensor is weakly dependent on axial heat transfer through 

the sensor tip. 

6.1.3. Sensing Element Location 

In this section, a comparison between grounded junction sensors 

and insulated junction thermocouples is made. Experience shows that 

grounded TCs respond faster than insulated junction TCs. This is 

because the measuring junction in the grounded sensor is closer to 

the ambient fluid. The grounded junction is attached to the metal 

sheath. This leads to a faster response to changes in the ambient 

temperature. 

The effects of sensing element location in the sensor study was 

not investigated independently. Instead, this study was incorporated 

as part of other studies such as the effects of surface conditions 

study and effect of porosity study. 

Figure 6.12 shows the relation between 1/h and t for grounded 

and insulated junction sensors. The sensors used were sensor D and 

sensor E. As this figure indicates, the fastest response occurred 

where sensor D with a grounded junction was used. The slowest response 

occurred when sensor E with an insulated junction was used. This is in 

agreement with the fact that grounded junction sensors respond faster 

to variations in ambient temperature than insulated junction sensors. 
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6.1.4 Effects of Diameter 

The diameter of the sensor is one of the most important factors 

that determine the sensor response. Theoretical analysis based on 

first order approximation indicates that (3) 

pCr^ln(r/ri)
T. ̂  (6.2
int 2k 

where 

Tint " internal component of the time constant 
(see appendix A) 

r = outer radius 

r^- = inner radius 
p = density 
C = specific heat constant 
k = thermal conductivity 

This indicates that the sensor time constant is proportional to 

the square of the sensor outer diameter, i.e. 

T « (6.3) 

The surface time constant, however, is given by 

pCr 
(6.4)^surface ~ 2h 

where 

h = film heat transfer coefficient. 

Substituting the heat transfer correlation f (see section 4.2) into 

Equation 6.4 results in the following relationship 

T - (6.5) 

Thus, large and slow sensors that are usually dominated by internal 
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heat transfer tend to fonow the relationship (6.3). On the other 

hand, small and fast sensors, usually dominated by surface heat trans 

fer resistances, have responses that follow relationship (6.5). 

Experimental results (3) performed on sensors at standard con-

diditons with varying the diameter seem to verify relationships (6.3) 

for large sensors and (6.5) for small sensors. 

The new simulation package provided idealized conditions under 

which to study the effects of the diameter. 

The diameter of sensor B was varied and simulations were per 

formed at moderate film heat transfer coefficient (about 25000 

2 
w/m .°C). The results are shown in Figure 6.13. The time constant 

increases with the diameter as this figure indicates. 

For a given sensor 

'= ■'mt ^ Surface 

where and "^surface given by Equations 6.2 and 6.4. It 
follows that as the surface time constant becomes negligible, x can be 

approximated by This implies that the sensor response follows 

relationship (6.3) when '^comes insignificant. On the other 

hand, one expects the sensor to follow relationship (6.5) when the 

surface time constant is significant. 

The effect of ^surface total sensor response could be 
reduced simply by increasing the film heat transfer coefficient (h) 

which in turn reduces the surface thermal resistance. This fact 

prompted new simulations carried out on sensor B. In these simula 

tions h was increased. Two cases were simulated at each h value. In 
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the first case the diameter of the sensor was taken as 6.0 mm. In the 

second case, the diameter was taken as 12.0 mm. The percent surface 

to total {internal plus surface) thermal resistance was calculated at 

each h value to be used as a measure of the importance of the surface 

time constant. Low percentages imply small surface time constant 

effect. The results of all the simulations and calculations are pre 

sented in Table 6.1. The results show that as the surface resistance 

becomes negligible, the sensor response seems to approach a relation 

that changes with the square of the diameter. This is in agreement 

with relationship (6.3). On the other hand, the sensor response seems 

to follow relationship (6.5) when the surface resistance is high. 

6.1.5 Effects of Temperature 

Sensor A was used to simulate the sensor response at low tem 

perature (about 27°C) and at high temperature (about 527''C). The 

physical properties used in both cases are presented in Table 6.2. 

The response in both cases is shown in Figure 6.14. Higher tempera 

ture resulted in slower response. This was expected because the 

thermal conductivity of alumina decreases with increasing tempera 

ture. This is true within a temperature range between 300°k and 

1150°k and a porosity range between 0% and 53% (see Appendix B). 

6.1.6 Effects of Porosity 

The porosity of insulators used in temperature sensors, mainly 

aluminum oxide or magnesium oxide, is difficult to predict. In 

general, two sensors of the same type, make, and size may not have the 
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Table 6.1 

Importance of the Surface Resistance in Determining the Diameter 
Effect on the Sensor Response 

* Power (n)% Surface to Total Resistance 

1.3678.2% 

1.7012.5% 

1.883.5% 

1.901.8% 

1.920.7% 

* The power (n) in the relation t a d" 
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Table 6.2 

Physical Properties of the Materials of Sensor A Used in the Study 
of Temperature Effects on Sensor Response 

Material Temperature Thermal Density Specific Heat 
°C Conductivity kg/m^ Constant 

W/m.°C J/kg.°C 

786.97% porosity 27 38.51 4000 

AI2O3 

527 6.10 4000 1172.08 

446 SS 27 20.32 7600 460.6 

527 24.51 7600 460.6 
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same porosity because of manufacturing tolerances. Further, the poro 

sity is temperature dependant and also affected by vibrations. The 

porosity has a major effect on the heat transfer process. This is 

true because as the porosity increases, the thermal conductivity 

decreases and the specific heat capacity increases. Thus, a slower 

sensor response is expected as the porosity increases. 

Figure 6.15 shows simulation results for sensor A (grounded junc 

tion) at low temperature (zyc) and high temperature (527°C). The 

physical properties of the sensor constituents are presented in 

Table 6.3. As expected the sensor became slower as the porosity 

increased. Figure 6.16 shows a similar set of results for an insu 

lated junction (sensor A). The results are similar to those of the 

grounded junction TC. 

6.1.7 Self Heating Effects 

Self heating is a process whereby heat is generated inside the 

sensor due to the passing of a small current through the sensing 

wires (see section 5.2.3). The ratio of the steady state temperature 

to the amount of heat generated inside the sensor is called the Self 

Heating Index (SHI). The SHI is important in evaluating the sensor 

behavior. If the sensor internal structure or surface conditions 

degraded, then one expects to find a larger SHI value for the sensor. 

Another commonly used index is the dissipation constant (DC). It 

is defined as the power (mW) generated in the sensor divided by the 

temperature rise CO (3). This constant also depends on the heat 
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Table 6.3 

Physical Properties of the Materials of Sensor A Used in 
the Study of the Porosity Effects on Sensor Response 

Material 

% porosity 
AI2O3 

A12O3 
10% porosity 

A12O3 
25% porosity 

A12O3 
46% porosity 

446 SS 

Temperature 
°C 

27 

527 

27 

527 

27 

527 

27 

527 

27 

527 

Thermal 
Conductivity 

W/m.°C 

38.51 
6.10 

26.16 

9.42 

20.93 

3.99 

15.7 

4.6 

20.32 

24.51 

Density 
kg/m^ 

4000 

4000 

3600 

3600 

3000 

3000 

2160 

2160 

7600 

7600 

Specific Heat 
Constant 

J/kg.°C 

786.97 

1172.08 

808.94 

1164.84 

841.39 

1155.34 

887.43 

1138.59 

460.6 

460.6 
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transfer resistance created by the surrounding medium. It is used 

primarily to provide information on the electric current levels that 

can result in an accurate electric resistance measurements. 

The SHI concept along with the new simulation package was used in 

making several studies. Those included the determination of the 

effects of the length of the sensing elements, the amount of heat 

generation, and the stem loss on sensor response. The relationship 

between the SHI and t was also studied. 

Three cases were necesary for this analysis. Those are 

Case 1; Sensor F is used; and the sensing element 
is located in node (3, 2). (See Figure 6.1) 

Case 2: Sensor F is used; and the sensing element 
is in nodes (3, 2) and (2, 2). 

Case 3: Sensor F is used; and the sensing element 
is in nodes (3,2), (2, 2), and (1, 2). 

Next, the effects of increasing the heat generation rate were 

determined using the previous simulations. The results show that 

increasing Q by a certain percentage, resulted in increasing the tem 

perature by the same percentage. 

Similar simulations were performed on the sensor after adding an 

extra layer of nodes on top of the orignal model. Figure 6.17 shows 

the modified model structure of sensor F. This is done to verify the 

existence and the extent of axial heat transfer as would occur if stem 

losses occur. If there is no axial heat transfer, then the sensor 

output would not change by adding a new row of nodes. The results 
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show that the sensor output changes. The amount of change in output 

depends on the distance between the sensing element and the extra 

layer of nodes. The shorter the distance is the greater the effects. 

The time constant decreased by about 0.86%. 

Figure 6.18 shows the results of the simulations performed in 

this section. As this figure indicates, the ratio of the temperature 

to Q decreases with adding extra nodes. This occurs because while Q 

remained constant, its effect was distributed over a larger volume. 

Thus the temperature difference is smaller and the ratio {AT//^Q) gets 

smaller. 

Finally, simulations were performed on sensor F to investigate 

the relationship between the SHI and the time constant of the sensor. 

The radial surface thermal resistance was varied by varying h. For 

each value of h two simulations were performed. The first simulation 

produces the SHI (as in a self-heating test). The results are shown 

in Figure 6.19.a. These results confirm earlier experimental results 

obtained by other workers (5). 

Theory (5), on the other hand, indicates that changing t by a 

certain percentage should result in changes in the SHI by the same 

amount. To investigate this phenomenon, new simulations were performed 

on two modified versions of sensor B. The first modification included 

moving the sensing elements from node (2,1) to nodes (1,2) and (2,2) 

to simulate an RTD. The second modification included converting the 

model to 1 X 4 (i.e. the sensor is simulated by one row of nodes). 

The results of the simulations are presented in Figure 6.19.b. For 
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l-dimensional case, t varies linearly with the SHI. This indicates 

that the sensor behaves in the manner indicated in Figures 6.19.a and 

6.19.b (2-dimensional case) because of the presence of 2-dimensional 

heat transfer. 

Finally, more simulations were performed on another modified ver 

sion of sensor B. The new modification included homogenizing the sen 

sor material. The thermal conductivity of the top row of nodes was 

varied to change axial thermal resistances. Three cases were con 

sidered. Those were at k=l w/m.'C, k=29 w/m.'C (reference case), and 

k=90 w/m.'C. Eight simulations were performed for each case to deter 

mine the self-heating index and the corresponding plunge time constant 

of the sensor. The results were plotted as shown in Figure 6.19.C. 

The best straight line fit through the data points was found for each 

case by using the least-squares fit method. The deviations of the data 

points from the best fit lines were determined to find which case 

approached the linear relationship. The results showed that as the 

axial thermal resistances of the top row of nodes were increased by 

decreasing k, the relationship between t and SHI approached linearity. 

This was expected since increasing the thermal resistances resulted in 

reduction of the axial heat transfer, which in turn led to mostly 

radial heat transfer. This caused the sensor to behave more like a 

first order system. Hence, the t vs SHI curve approached linearity. 

6.2 Experimental Results 

6.2.1 Liquid Tests Results 

This section focuses on the experimental results of the tests 
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performed in five different liquids at several velocities and on five 

sensors. The prime objective of these tests is to verify the 

correlation (4.1) repeated here for convenience. 

T = + Z^l\\ 

To check the postulate that t changes linearly with 1/h, the film 

heat transfer coefficient must be evaluated. To do that the following 

correlations were used: correlatons a, b, c, c , d, d , e in section 

4.2. These correlations were investigated in an attempt to select a 

correlation that produces the best linear relation between x and 1/h. 

Once a "good" heat transfer correlaton is selected, a new corre-

laton of the form 

T = + C3 U"" (4.9) 

can be obtained, where n is the power of the Reynolds number in the 

selected correlation. All the liquids used in the tests along with 

their physical properties have been presented in Table 4.2. 

The sensors used in the tests are listed in Table 6.4. The 

average time constant in water at room temperature and at 1 m/s, for 

these sensors ranged from .8 seconds to 9.5 seconds. This is a fairly 

wide range of response times. 

The purpose of tests performed in the Loop Testing Facility was 

to show that at any velocity measurement, the time constants obtained 

were in agreement with those in the Rotating Tank Testing Facility. 

This implies that the heat transfer correlation applicable to the 
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Table 6.4 

Sensors Used in the Liquid Tests 

Sensor 

Thermocouple Omega: - TJ36-CASS-14U-12 

Thermocouple Omega: - TJ36-CASS-14U-12 

Thermocouple Omega: - TJ36-CASS-18U-12 

Thermocouple Omega: - TJ36-CASS-18U-12 

RTD RDF: - YHP0D1-18-3A 

Outer Diameter 

(mm) 

6.25 

6.20 

3.05 

3.07 

6.35 
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loop facility would be applicable to the rotating tank. If this is so 

then the rotating tank simulated the loop well. Results for three 

sensors are shown in Tables 6.5, 6.6 and 6.7. 

The results show that, for larger thermometers (6.25 nm TC and 

6.35 mm RTD), agreement is within 6% except at the highest velocity of 

1.4 m/s. At the highest velocity, the fluid dynamic phenomena are 

peculiar to the rotating tank. A number of tests have shown that at 

the highest velocity, abnormally high time constants were obtained. 

The reasons for this are not yet known. Results for the smaller ther 

mometer (3.05 mm O.D.) are not as good as for the larger thermometers 

but appear to be reasonable since there is relatively wide variability 

of data in the loop. 

Results from the rotating tank will be presented in graphical 

form. Time constants are averages of three or more runs. Figures 

6.20 through 6.24 show the results for each of the sensors used. Each 

sensor's results are those in the five liquids used. The abnormal 

behavior of response times for the highest velocity of 1.4 m/s are not 

presented for all the sensors. For oil, abnormal results were not 

observed, presumably because of the high viscosity. High viscosity 

leads to less turbulence around the sensor and a more stable flow 

pattern. It should be noted that the thermocouples of approximately 

the same diameter (6.25 and 6.20mm) produced different values of time 

constants. One gave 3.5 to 9.7 seconds and the other gave 2.0 to 7.7 

seconds. This can be attributed to the internal distribution of 

materials. Presumably, the magnesium oxide in the second sensor was 
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Table 6.5 

Correspondence of Rotating Tank and Straight Pipe 
Response for 3.05 mm TO 

Velocity Loop T Rotating Tank t %Difference 

m/s (sec) (sec) 

1.4 .838 .832 0.7% 

1.0 .876 .704 19.6% 

.91 .868 .784 9.6% 

.67 .930 .824 11.4% 

.57 .978 .836 14.5% 

.37 1.01 .868 14.0% 

119 



 

Table 6.6 

Correspondence of Rotating Tank and Straight Pipe 
Response for 6.25 nin TO 

Velocity Loop T Rotating Tank t %Difference 

m/s (sec) (sec) 

1.4 3.75 4.40 17.4% 

1.0 3.79 3.64 3.9% 

.91 3.79 3.66 3.4% 

.67 3.82 3.82 0 % 

.57 3.98 3.84 3.5% 

.37 4.21 3.95 6.1% 
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Table 6.7 

Correspondence of Rotating Tank and Straight Pipe 
Response for 6.35 nti RTD 

Velocity Loop T Rotating Tank t JDifference 

1.4 7.87 9.38 1.9? 

1.0 7.94 8.15 2.6% 

.91 8.09 8.4 3.8% 

.67 8.3 8.45 1.8% 

.57 8.16 8.34 2.2% 

.37 8.48 8.50 .2% 
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more compacted giving a faster time constant range or the measuring 

junction was closer to the surface. In all cases the times of 

response in water increases two to three times by changing to engine 

oil for tests at low velocities. For all sensors, there is a wider 

variation of time constants (with respect to velocity variations) for 

engine oil than water. 

The ranges of Reynolds numbers covered by each of the fluids for 

the sensors used are given in Table 6.8. The very low Reynolds num 

bers for engine oil lie outside the ranges of applicability of all the 

correlations presented above. Therefore, the oil test results were 

not considered in the analysis. 

The inverse of the calculated values of h can be plotted against 

the time constants. Figures 6.25 through 6.32 present the results for 

all the correlations for the 6.25 mm sensor. The results show that 

correlation f and the experimental results exhibit the greatest 

deviation from linearity. The best linear relation has been observed 

when correlations such as the Churchill-Bernstein formula (Equation e) 

and the Perkins-Leppert formula (Equation b) are used. This phenomena 

has been observed for all the sensors tested. These correlations 

apply for a wide range of Reynolds number. 

The results for these tests could also potentially provide a 

basis for deciding whether the time constant should vary as a velocity 

to the -0.5 power as in most of the correlations, or to -0.6 power 

(Equation f). Results for correlating data with Equation (4.2) and for 

n = +0.5 are shown in Figures 6.33 - 6.37. Similar results for n = 

127 



Table 6.8 

Ranges of Reynolds Number Obtained in the Rotating Tank 

Reynolds NumbersLiquid 

1X103 < Re < 4.5X1o3Water 

50 < Re < 5X102Ethylene Glycol 

2X103 < Re < 1.6X10^Heptane 

1.6X103 < Re < 1.5X0^Carbon Tetrachloride 

1 < Re < 10Engine Oil 
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�
 

O
 

H
=
(
K
/
D
)
•
(
.
5
6
*
R
E
*
*
•
4
9
«
P
R
*
.
3
)
/
.
7
*
«
.
3

o
 

S
E
N
S
O
R
 
I
S
 

•• 
6
.
2
5
 
M
M
 
T
C

o
_
 

_
o
 

o
°
 

L
U
o
o
 

C
O
 

Z
O
 

Le
ge

nd
<
o
 

r
o
 

•
—
U
3
 

n
 

W
at

er
 

y
o
 

C
/
)
 

A
 

E
ng

in
e 

o
il
 

o
 

X 
xx

jk
o

 *
 

5C
 E

th
yl

en
e 

G
ly

co
l

o
 o
 

□
 

He
pt
an
e

U
J
O
 

5
1
^
 

^
C
a
r
b
o
n
 
T
e
t
r
a
c
h
l
o
r
i
d
e
 

o
 
o
 

o'
.2

4 
0
.
2
8

^
.0

0
 

0'
.0

4 
0

.0
8

 
0
.

1 
2
 

0
.
1
6
 

,
-
2
 
o'

.2
0 

l
/
H
 
(
M
.
M
.
C
/
W
)
 

*
1
0
 

Fi
gu

re
 6
.2

5 
Ap
pl
ic
at
io
n 
of
 F
or

mu
la

 4
.1

 f
or
 6
.2
5 
mm

. 
Th
er
mo
co
up
le
 a

nd
 H

ea
t 
Tr
an
sf
er
 C

or
re
la
ti
on
 a

 



�

o
 
o
 

0
-
,
 

o
°
 

L
U
o
o
 

C
O
 

Z
O
 

-
<
°
 

o
 

o
 o
 

U
J
O
 

o
 
o
 

H
=
(
K
/
D
)
*
(
.
2
6
*
R
E
*
*
.
5
»
P
R
*
«
.
3
3
3
)
 

S
E
N
S
O
R
 
I
S
 
:
 
6
.
2
5
 
M
M
 
T
C
 

L
e
g
e
n
d
 

s
a
m
e
 
a
s
 
f
i
g
u
r
e
6
.
2
5
 

^
 *

 

□
 if
 

—
I
 

r
 

1 
'
 

0
.
4
8
 

0
.
5
6

^
.0

0
 

0
.
0
8
 

0
.
1
6
 

0
.
2
4
 

0
.
3
2
 

0
.
4
0
 

1
/
H
 
(
M
.
M
.
C
/
W
)
 
*
1
0
 

Fi
gu

re
 6
.2
6 

Ap
pl

ic
at

io
n 
of
 F
or

mu
la

 4
.1
 
fo
r 
6.

25
 m
m.

 T
he

rm
oc

ou
pl

e 
an

d 
He
at
 T
ra

ns
fe

r 
Co

rr
el

at
io

n 
b 



 

�

�

O
 

H
=
(
K
/
D
)
*
(
-
3
2
+
.
5
0
5
*
R
E
»
«
-
5
2
«
P
R
*
*
-
3
3
)

O
 

o
,
 

S
E
N
S
O
R
 
I
S
 !
 6
.
2
5
 
M
M
 
T
C
 

_
o
 

L
l
I
c
o
 

(
/
)
 

Le
ge

nd
 

sa
m

e 
as

 
fi
g

u
re

 
6.

25
 

z
o

«
 

X
 

<
o
 

C
O
 

o
 

A
*
 

o
 o
 

□
I
x
j
o
 

r
 

o
 
o
 

C
M
,
 

0
. 

1
2

 
0

. 
1

6
 

0
.2

0
 

0
-2

4
 

0
.0

0
 

0
.0

4
 

0
.0

8
 

.-
2

 
1/

H
 

(M
.M

.C
/W

) 
*1

0
 

F
ig

ur
e 

6.
27

 
Ap

pli
ca

tio
n 

of 
Fo

rm
ula

 4
.1 

fo
r 6

.25
 m

m. 
Th

erm
oc

ou
ple

 a
nd 

He
at 

Tr
an

sfe
r C

or
re

lat
ion

 c
 

0
.2

8
 



O
 
o
 

H
=
(
K
/
D
)
«
(
.
4
5
5
*
R
E
*
*
-
5
3
*
P
R
*
*
-
3
3
3
)
 

o
,
 

S
E
N
S
O
R
 
I
S
 
!
 
6
.
2
5
 
M
M
 
T
C
 

_
O
 

o
°
 

L
U
o
o
 

C
O
 

L
e
g
e
n
d
 

sa
me
 a
s 
fi
gu
re

6.
25

 

Z
O
 

<
o
 

I
—
(
£
>
 

5
1
^
 

L
O
 

C
O
 

il^
 

r
o
 
z
 

o
 

o
 o
 

L
U
O
 
c
 

O
 
O
 

^
.
0
0
 

0'
.0
4 

o'
.0
8 

o'
. 1

 2
 

o'
. 1

 6
 

0
-2

0 
0
.
2
4
 

0
.
2
8
 

1
/
H
 
(
M
.
M
.
C
/
W
)
 
*
1
0
 

Fi
gu

re
 6
.
2
8
 

Ap
pl

ic
at

io
n 
of
 F

or
mu
la
 4
.1
 f
or

 6
.2
5 
mm

. 
Th

er
mo

co
up

le
 a

nd
 H

ea
t 
Tr

an
sf

er
 C

or
re

la
ti

on
 

c 



o
 

H
=
(
K
/
D
)
•
(
.
2
3
1
+
.
6
3
3
*
R
E
*
*
.
5
*
P
R
*
*
-
3
3
)

o
 

o
_
 

S
E
N
S
O
R
 
I
S
 
:
 
6
.
2
5
 
M
M
 
T
C
 

o
°
 

i
j
J
o
o
 

C
/
D
 

L
e
g
e
n
d
 

s
a
m
e
 
a
s
 f
i
g
u
r
e
 
6
,
2
5
 

Z
O
 

<
o
 

C
O
 

C
O
 

•
—
I
D
 

C
O
 

Z
 

x
>
«
<
,

o
 

<^
5 

o
 o
 
0

U
J
O
 

o
 
o
 

0
.
2
4
 

0
.
2
8

0
.
0
8
 

0
.
1
2
 

0
.
1
6
 

0
.
2
0

^
.
0
0
 

0
.
0
4
 

1
/
H
 
(
M
.
M
.
C
/
W
)
 

*
1
0
 

Fi
gu
-e
 6
.2

9 
Ap

pl
ic

at
io

n 
of

 F
or

mu
la

 4
.1

 ^
or

 6
.2
5 
mm
. 
Th
er
mo
co
up
le
 a

nd
 H

ea
t 
Tr

an
sf

er
 C

or
re

la
ti

on
 d

 



o
 

O
 

H
=
 C
K
/
D
)
•
(
.
6
6
5
»
R
E
*
*
.
4
9
4
*
P
R
»
*
.
3
3
3
)
 

o
_
 

S
E
N
S
O
R
 
I
S
 
!
 
6
.
2
5
 
M
M
 
T
O
 

o
R
 

L
l
I
o
o
 

i
n
 

Le
ge

nd
 

sa
m

e 
as

 
Fi

gu
re

 6
.2

5 
z
o
 

O
J
 

<
o
 

4
^
 

t
o
 

C
O
 

2
 

o
 

o
 

0
 

o
 

□
L
U
O
 

o
 

O
 

^
.0

0
 

o'
.0

4 
o'

.o
s 

0
.1

2
 

0
. 

1
6

 
0'

.2
0 

0'
.2

4 
7.

28
 

1
/H

 
(M

.M
.C

/W
) 

«
1

0
"'
 

Fi
gu

re
 6

.3
0 

A
pp

lic
at

io
n 

of
 F

or
m

ula
 4

.1
 f

or
 6

,2
5 

mm
, 

'''h
er

m
oc

ou
pl

e 
an

d 
He

at
 T

ra
ns

fe
r 

C
or

re
la

tio
n 

d'
 



O
 

H
=
(
K
/
D
)
*
 (

.3
+

.6
2

*R
E

**
.5

*P
R

«
«

•3
3

*■
 .

)
O
 

o
_
 

S
E

N
S

O
R

 
IS

 
: 

6
.2

5
 

M
M

 
TC

 

_
o
 

Li
Jo

o'
 

i
f
)
 

Le
ge

nd
 

sa
m

e 
as

 
F

ig
ur

e 
6.

25
. 

Z
Z
.
O
 

*
 

<
o
 

C
O
 

t
n
 

f
—
U
5
 

31
^ 

C
O
 

Z
 

o
 

A
*
 

o
 o
 

a
U
J
O
 

o
 

o
 

0
.2

4
 

0
.2

8
^
.0

0
 

0.
04

 
0

.0
8

 
0-

12
 

0
.1

6
 

0
.2

0
 

1/
H

 
(M

.M
.C

/W
) 

*1
0

' 

Fig
ure

 6
.31

 
Ap

pli
ca

tio
n 

of 
Fo

rm
ula

4.1
 f

or
 6

,25
 m

m. 
Th

erm
oc

ou
ple

 a
nd 

He
at 

Tr
an

sfe
r 

Co
rre

lat
ion

 e
 



o
 
o
 

H
=
K
/
D
*
(
.
2
6
*
R
E
*
*
.
6
*
P
R
*
*
-.
3
)
 

S
E
N
S
O
R
 
I
S
 

•• 
6
.
2
5
 
M
M
 
I
C
 

o
°
 

L
U
o
o
 

C
/
D
 

L
e
g
e
n
d
 

S
a
m
e
 a
s
 
F
i
g
u
r
e
 6
.
2
5
 

Z
O
 

<
o
 

C
O
 

»
—
l
O
 

31
^ 

i
n
 

z
 

y
a

o
 

o
 o
 

U
J
O
 
a
 

o
 

o
 

0
.
5
6

0
.
4
8
 

^
.
0
0
 

o'
.0
8 

O'
.i
e 

0
.
2
4
 

0
.
3
2
 

0
.
4
0
 

1
/
H
 
(
M
.
M
.
C
/
W
)
 
*
1
0
 

Fi
gu

re
 6
.3

2 
Ap

pl
ic

at
io

n 
of

 F
or

mu
la

 4
.1
 f
or
 6
.2
5 
mm

. 
Th
er
mo
co
up
le
 a

nd
 H

ea
t 
Tr
an
sf
er
 C
or

re
la

ti
on

 f
 



O
 

•
-

S
E
N
S
O
R
 
1
8
 
« 
3
.
0
7
 
m
 
T
O
 

t
o
 

L
e
g
e
n
d
 

O
 
W
a
t
e
r
 

A
 
E
n
g
i
n
e
 O
il

 

X
 E
t
h
y
l
e
n
e
 G
ly

co
l

o
t
 

U
J
C
M
 

^
H
e
p
t
a
n
e

C
O
 

C
a
r
b
o
n
 
T
e
t
r
a
c
h
l
o
r
i
d
g
.
 

z
o
 

<
«
)
 

C
O
 

C
O
 

O
 

O
 o
 

U
J
W
 

o
 

o
 

o
 

o
.
 

?
.
o
o
 

D
.
O
O
 

0'
.4
0 

0'
.8
0 

1.
20

 
^1

;®
° 

(
V
E
L
O
C
I
T
Y
 
(
M
/
S
)
)•
•
(
-
.
5
0
)
 

Fi
gu
r 
6
.
3
3
 
Ap
pl
ic
at
io
n 
o
f
 
Fo
rm
ul
a 
4
.
9
 f
or

 
n=

0.
5 

an
d 

a 
3
.
0
7
 m

m 
T
h
e
r
m
o
c
o
u
p
l
e
 



O
 
o
 

<
o
.
 

o
 

C
/
5
 

<
°
 

•
—
0
0
 

(
/
)
 
z
 

C
a
J
 

C
D
 

o
 
o
 o
 

U
j
o
 

s
o
i
s
o
R
 I
S
 
« 
e
.
s
s
 m

r
t
d
 

L
e
g
e
n
d
 

S
a
m
e
 a
s
 F
i
g
u
r
e
 6
.
3
3
 

□
 

o
 

o
 

o
 io
.o

o
 

o'
.iO

 
0.

80
 

1.
20

 
1-

60
 

2
.0

0
 

(V
EL

O
CI

TY
 

(M
/S

))
 •

• 
(-

.5
0

) 

Fig
ure

 6
.34

 
Ap

pli
ca

tio
n 

of 
Fo

rm
ula

 4
.9 

fo
r n

=0
.5 

and
 a

 6
.35

 m
m. 

RTO
 



0
0
 

O
 
O
 
•
 

S
E
N
S
O
R
 1
8
 •
 6
.
S
O
 I

fl
 T
C
 

L
e
g
e
n
d
 

S
a
m
e
 
a
s
 
F
i
g
u
r
e
 6
.
3
3
 

o
°
 

U
J
(
0
 

C
/
)
 

z
o
 

<
°
 

t
o
 

o
 
o
 o
 

U
J
O
 

o
 
o
 

^
.
0
0
 

0
.
4
0
 

0
.
8
0
 

1
.
2
0
 

2
.
0
0
 

(
V
E
L
O
C
I
T
Y
 
(
M
/
S
)
)
 

(
-
.
5
0
)
 

Fi
gu

re
 6
.
3
5
 

Ap
pl

ic
at
io
n 
of

 F
or

mu
la

 4
.9
 f
or

 n
=0
.5
 a
nd
 a

 6
.2

0 
mm
. 
Th
er
mo
co
up
le
 



O
 

C
M
 
•̂

 
S
E
N
S
O
R
 
1
8
 •
 3
.
O
S
 I
M
 
T
C
 

t
o
 

L
e
g
e
n
d
 

o
T
 

L
U
c
m
'
 

C
/
)
 

z
o
 

<
«
o
 

1
—
^
 

C
O
 

-
p
»
 
o

o
 

o
 o
 

L
U
O
O
 

2
^
0
-

o
 

o
 

1
0
.
0
0
 

Sa
me

 
as
 
Fi
gu
re
 f

i.
3
3
 

2
.
0
0

0
.
4
0
 

0
.
8
0
 

1
.
2
0
 

(
V
E
L
O
C
I
T
Y
 
(
M
/
S
)
)
•
•
(
-
.
5
0
)
 

Fi
gu

re
 6
,3
5 

Ap
pl
ic
at
io
n 
of
 F
or

mu
la

 4
.9

 f
or

 n
=0

.5
 a
nd

 a
 3

.0
5 
mm
. 
Th
er
mo
co
up
le
 



o 
o 
• 

oo' 

Legend 

Same as Figure 6.33 

LiJio 
C/) 

2:0 
<0 

if) 
Z2L 

O 
o 

o 

UJO 

o 
o 

•■it 

0.00 0.40 0.80 1.20 
(VELOCITY (M/S) ) 

1 .60 
(-.50) 

?.oo 

Figure 6.37 Application of Formula 4.9 for n=0.5 
Thermocouple. 

and a 6.25 mm 

141 



0.6 are shown in Figures 6.38 - 6.42. The validity of Equation 4.9 

is indicated both by the straightness and the equivalence of the inter 

cepts (C^) for tests made in different fluids. Both the exponents 

give straight line fits. However, there is variation of the inter 

cepts for each of the sensors. This variation is pronounced for the 

faster responding sensors. Table 6.9 (P. 148) presents the maximum 

and minimum values for the intercept, for all the sensors. The 

difference in the maximum and minimum values may suggest which 

exponent is more correct. This shows that -0.6 exponent gives a 

smaller overall difference than -0.5. However, least-squares fitting 

has shown that the C-j is sensitive to errors in the data. Thus, for 

the number of data points and liquids used. Equation 4.9 cannot on its 

own prove or disprove the validity of the correctness of the exponent 

value. 

6.2.2 Air Tests Results 

Testing of temperature sensors in gaseous media is an extension 

of the tests performed on the same sensors described in Table 6.4 

(p.117). Two sets of experiments were carried out at about SO'C and 

lOO'C. The results are shown in Figures 6.43 and 6.44. These show 

that the responses of sensors of the same type and make are similar. 

Further, the responses at the higher temperature are slightly faster 

than those at the lower temperature. This is because the thermal 

conductivity of air increases with temperature. It is also important 

to notice the relatively much slower responses of sensors tested in 
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Table 6.9 

Maximum and Minimum Values of Cj in Equation 4.9 
When n = 0.5 and 0.6 with Engine Oil Results Neglected 

Sensor 

3.07 mm TC 

n 

0.6 

0.5 

Max.Ci 

0.90 

0.82 

Min.Ci 

0.65 

0.48 

Diff. 

0.25 

0.34 

3.05 mm TC 0.6 

0.5 

0.90 

0.573 

0.58 

0.23 

0.32 

0.34 

6.20 mm TC 0.6 

0.5 

2.62 

2.21 

1.70 

1.23 

0.92 

0.98 

6.25 mm TC 0.6 

0.5 

3.97 

3.70 

3.25 

2.76 

.72 

0.94 

6.35 mm RTD 0.6 

0.5 

8.47 

8.24 

7.50 

7.03 

0.97 

1.21 
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air than their responses in liquids. This is due to the low surface 

heat transfer coefficients. 

Earlier work (see section 6.2.1) suggested that the following may 

hold for liquids 

T = + C3 u"°*^ . (6.7) 

where and C3 are constants and u is the fluid velocity. The 

results in Figures 6.43 and 6.44 are presented again as t versus 

u
-0 5 

in Figures 6.45 and 6.46. Though straight lines are suggested, 

this does not imply that relationship (6.6) is valid. Earlier 

experience showed that straight lines can also be fitted to t versus 

u-0.6. p-jgupgs 5^47 and 6.48 show the results as x versus u"^'^. 

The least-squares fit method was used to determine the y-intercept 

(Ci) (see Equation 4.9) for the sensors tested in air. The results 

are presented in Table 6.10. For most sensors the Cj values do not 

fall within the maximum and minimum Cj values obtained in the liquid 

tests (see Table 6.9). These sensors, however, were tested at higher 

temperatures (50°C and 100°C) than that (room temperature) under which 

the liquid tests were performed. Furthermore, it appears that the 

for air results is quite sensitive to the exponent value (i.e. -.5 or 

-.6). Ci value is also very sensitive to the velocity values. Thus 

small inaccuracies in determining the velocities may cause a big error 

in the value. 
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Table 6.10 

Values of Cj in Equation 4.9 When n=0.5 and 0.6 for Air 

Thermocouple n 

Diameter 

(mm) SO'C 100 C 

6.25 .5 -5.59 -4.16 

.6 3.68 3.94 

6.20 .5 -3.84 - .41 

.6 5.19 7.69 

3.07 .5 1.66 2.23 

.6 4.94 5.03 

3.05 .5 3.09 .201 

.6 6.0 3.20 
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CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

Temperature sensor dynamic response depends on the properties and 

dimensions of the sensor constituents, and on the properties and velo 

city of the surrounding medium. Unfortunately, there are many uncer 

tainties in the properties of the insulating powders. Additional 

uncertainties are due to manufacturing tolerances and manufacturing 

methods. Thus, sensors of the same make, type, and diameter have dif 

ferent responses. This raises questions about the importance of the 

simulation approach. It is obvious that accurate predictions of an 

actual sensor's time constant are impossible because of these 

uncertainties. However, the importance of simulation stems from the 

fact that it can provide insight on ways to permit meaningful inter 

polations and extrapolations, enable designers to evaluate design 

trade-offs, and to get rough estimates of response performance of new 

sensors. 

A two-dimensional simulation package was developed with these 

benefits in mind. It was designed as a "user-friendly," flexible, and 

capable of adequate representation of real world sensors. The 

utility of this approach was demonstrated in analysis of problems 

such as the effects of insulator properties on sensor response, and 

extrapolating sensor response laboratory data; and in various sen 

sitivity analyses. 

In addition, dynamic response time testing of temperature sensors 

has been carried out in five different liquids. These results support 

157 



the theoretical conclusion that the time constant is inversely related 

to the heat transfer coefficient and the intercept and the slope are 

entirely dependent on the sensor. The formula for correlating time 

constant data with fluid conditions is 

T = Cj + ̂ 2!^ 

where 

T = time constant 

CpCp = constants which are dependent on the 
sensors 

h = film heat transfer coefficient. 

Both Cj and C2 are temperature dependant. 

While the results show the validity of the above expression, the 

results also show that identification of the constants, and C^, 

requires very accurate test data. 

Finally, an air loop for testing temperature sensors has been 

constructed and used for testing sensors. Typical results for ther 

mocouples have been presented. These results provide data for low 

heat transfer coefficients. Liquid tests provide data for inter 

mediate and high values of heat transfer coefficients. 

Further work is suggested to complete the findings of this the 

sis. This recommended work is to be carried out in the areas of 

modelling and testing of industrial sensors. 
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First, the computer program SENSOR should be used to investigate 

some of the real-life problems in the sensor response behavior such as 

stem loss and others. It is recommended that SENSOR be implemented on 

a microcomputer with a large memory for easy and economical access. 

Second, testing of industrial sensors in liquids should proceed 

with two objectives in mind. The first is to obtain statistically 

sound results, and the second is to investigate the temperature depen 

dence of the coefficients Cj and C3 in Equation (4.9). To achieve 

these objectives, one should consider using a more accurate means of 

determining the velocity of the flowing liquid. Certainly, performing 

more tests, at least five tests, at a given velocity and temperature 

will give further confidence in the results. A more detailed error 

analysis should accompany these tests. On the other hand, new 

(unused) sensors should be used in the tests to eliminate the chances 

of having the sensor degradation and/or aging affecting the results. 

The second objective, in particular, will require using a 

modified version of the rotating tub facility. The modification 

should provide for a controlled means to increase the temperature of 

the liquids. One should also consider using liquids other than car-

bontetrachloride and heptane since they become hazardous at higher 

temperatures. 

Finally, tests in a modified version of the air loop should 

proceed. The modifications should include using a longer pipe (at 

least ten diameters long) in the test section to allow the air to have 
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a fully developed velocity profile. The sensor should be inserted at 

a location where the velocity profile is fully developed. Moreover, 

effects of humidity (0% to 100% Relative Humidity) on the sensor 

response should be studied. 
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APPENDIXES 



 

APPENDIX A 

DEVELOPMENT OF EQUATION 4.1 

For a Lumped parameter approach, the following assumptions are made 

I. The thermometer is a first order system, that is 

T = McR (A.I) 

where 

T = time constant of the sensor 

M = sensor's mass 

c = sensor's specific heat constant 
R = heat transfer resistance 

Both M and C are average properties of the sensor. 

2. Cylindrical sensor 

M = (it r^ L)p (A.2) 

where 

r = sensor radius 

L = sensor length 
p = sensor material density 

3. Total resistance is the sum of an internal and external 
(surface) heat transfer resistances, that is 

(A.3)^" "^int W* 
where 

R _ In (r/^i) (A.4) 

(A.5)Rext = V2TrhLr 

Therefore 

R = + I/2TThLr (A.6) 
2irkL 
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substituting A.6 and A.2 in A.l, 

T = (TTr^Lp)c ln(r/ri )/2TTkL + l/Birrlh 

rearranging 

_ pcr^1n(r/ri) ̂  per 
2k 2h (A.7) 

At a given temperature p, C, and k are constants. Then A.7 
can be written in the in the form 

T = Ci + 

where 

C"! = pcr^ln(r/r^)/2k 

C2 = pcr/2. 

166 



APPENDIX B 

PHYSICAL PROPERTIES TABLES 

B.l Properties of Alumina 

B.2 Properties of Magnesia 

B.3 Properties of Stainless Steel 

B.4 Properties of Dry Air 

B.5 Properties of Liquid Water 

B.6 Properties of Engine Oil 

B.7 Properties of Ethylene Glycol 

B.8 Properties of Heptane 

B.9 Properties of Carbon Tetrachloride 
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Table B.3 

Properties of Stainless Steel (15) 

Thermal Conductivity Specific Heat Constant Density 

Type B/h ft'F W/m.°C B/lb'F Ibm/ft^ kg/m^ 

212«f 932°F 100°C SOO'C (68-212)°C (20-100)'C 

304 9.4 12.4 16.27 21.46 .12 502.4 493.2 7900 

446 12.09 14.03 20.93 24.28 .11 460.6 474.5 7600 
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Table B.4 

Properties of Dry Air (19) 

iperature Density Specific Thermal Dynamic Pr 

Heat Conductivity Viscosity 

kg/m^ kJ/kg.'^k W/m.k kg/m.s 

200 1.769 1.004 1.810X10"^ 13.36X10'® .741 

210 1.684 1.004 1.895 13.92 .738 

220 1.607 1.004 1.980 14.47 .734 

230 1.537 1.005 2.063 15.01 .731 

240 1.473 1.005 2.145 15.54 .728 

250 1.413 1.005 2.226 16.06 .725 

260 1.359 1.005 2.305 16.57 .722 

270 1.308 1.006 2.384 17.07 .720 

280 1.261 1.006 2.461 17.57 .718 

290 1.218 1.006 2.538 18.05 .715 

300 1.177 1.006 2.614 18.53 .713 

310 1.139 1.007 2.687 19.00 .712 

320 1.103 1.007 2.759 19.46 .71 

330 1.070 1.008 2.830 19.92 .71 

340 1.038 1.008 2.900 20.37 .708 

350 1.009 1.009 2.970 20.81 .707 

360 .9805 1.01 3.039 21.25 .706 

370 .9539 1.011 3.107 21.68 .705 

380 .9288 1.012 3.173 22.11 .705 

390 .9050 1.013 3.239 22.52 .704 

400 .8822 1.014 3.305 22.94 .704 

410 .8608 1.015 3.371 23.35 .703 

420 .8402 1.017 3.437 23.75 .703 

430 .8207 1.018 3.503 24.15 .702 

440 .8021 1.020 3.568 24.54 .702 

450 .7842 1.021 3.633 24.93 .701 

460 .7672 1.023 3.697 25.32 .701 

470 .7509 1.025 3.761 25.70 .700 

480 .7351 1.026 3.825 26.07 .699 

490 .7201 1.028 3.888 26.45 .699 

500 .7057 1.03 3.951 26.82 .699 

510 .6919 1.032 4.02 27.18 .698 

520 .6786 1.034 4.08 27.54 .698 

530 .6658 1.036 4.14 27.90 .698 

540 .6535 1.038 4.2 28.25 .698 

550 .6416 1.04 4.26 28.6 .698 

560 .6300 1.042 4.32 28.95 .698 

570 .6190 1.044 4.38 29.29 .698 

580 .6084 1.047 4.44 29.69 .7 

590 .5980 1.049 4.50 29.97 .699 
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Table B.4 (continued) 

Temperature Density Specific Thermal Dynamic Pr 

Heat Conductivity Viscosity 

kg/m^ kJ/kg.^k W/m.k kg/m.s 

600 .5881 1.051 4.56X10-2 30.30X10-6 .698 

610 .5785 1.054 4.62 30.63 .699 

620 .5691 1.056 4.68 30.96 .699 

630 .5601 1.059 4.73 31.28 .7 

640 .5514 1.061 4.79 31.61 .7 

650 .5428 1.063 4.84 31.93 .701 
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Table B.5 

Properties of Water (Saturated Liquid) (6) 

Temperature Density Specific Thermal Dynamic Pr 

Heat Conductivity Viscosity 

''C kg/m^ kJ/kg.^C W/m.^C kg/m.s 

0 999.8 4.225 0.566 1.79X10-3 13.25 

4.44 999.8 4.208 0.575 1.55 11.35 

10 999.2 4.195 0.585 1.31 9.4 

15.56 998.6 4.186 0.595 7.88 

21.11 997.4 4.179 0.604 9.8X10-4 6.78 

26.67 995.8 4.179 0.615 8.6 5.85 

32.22 994.9 4.174 0.623 7.65 5.12 

37.78 993.0 4.174 0.630 6.82 4.53 

43.33 990.6 4.174 0.637 6.16 4.04 

48.89 988.8 4.174 0.644 5.62 3.64 

54.44 985.7 4.179 0.649 5.13 3.30 

60.0 983.3 4.179 0.654 4.71 3.01 

65.55 980.3 4.183 0.659 4.3 2.73 

71.11 977.3 4.186 0.665 4.01 2.53 

76.67 973.7 4.191 0.668 3.72 2.33 

82.22 970.2 4.195 0.673 3.47 2.16 

87.78 966.7 4.199 0.675 3.27 2.03 

93.33 963.2 4.204 0.678 3.06 1.90 

104.4 955.1 4.216 0.684 2.67 1.66 

115.6 946.7 4.229 0.685 2.44 1.51 

126.7 937.2 4.250 0.685 2.19 1.36 

137.8 928.1 4.271 0.685 198 1.24 

148.9 918.0 4.296 0.684 1.86 1.17 

176.7 890.4 4.371 0.677 1.57 1.02 

204.4 859.4 4.467 0.665 1.36 1.00 

232.2 825.7 4.585 0.646 1.20 .85 

260.0 785.2 4.731 0.616 1.07 .83 

287.7 735.5 5.024 9.51X10-5 
315.6 678.7 5.703 8.68 
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Table B.6 

Properties of Engine Oil (6) 

Temperature Density Specific Thermal Kinematic Pr 

Heat Conductivity Viscosity 

kg/m^ kJ/kg.^C W/m.^'C rr^/s 

0 899.12 1.796 0.147 0.00428 47100 

20 888.23 1.880 0.145 0.00090 10400 

40 876.05 1.964 0.144 0.00024 2870 

60 864.04 2.047 0.140 0.0000839 1050 

80 852.02 2.131 0.138 0.0000375 490 

100 840.01 2.219 0.137 0.0000203 276 

120 828.96 2.307 0.135 0.0000124 175 

140 816.94 3.395 0.133 0.0000080 116 

160 805.89 2.483 0.132 0.0000056 84 
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Table B.7 

Properties of Ethylene Glycol (17) 

Temperature Density Specific Thermal Kinematic Pr 

Heat Conductivity Viscosity 

kg/m^ kJ/kg.'^C W/m.'C ni^/s 

0 1130.75 2.294 0.242 57.53X10-6 615 

20 1116.65 2.382 0.249 19.18 204 

40 1101.43 2.478 0.256 8.69 93 

60 1087.66 2.562 0.260 4.75 51 

80 1077.56 2.650 0.261 2.98 32.4 

100 1058.50 2.742 0.263 2.03 22.4 
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Table B.8 

Properties of Heptane (17) 

Temperature Density 

kg/m^ 

0 700.5 

10 692.0 

20 683.6 

30 675.1 

40 666.5 

50 657.9 

60 649.1 

70 640.2 

80 631.1 

90 621.8 

100 612.4 

110 602.7 

120 592.6 

130 582.1 

140 571.1 

150 559.8 

160 548.1 

180 523.2 

200 495.2 

220 461.6 

240 417.7 

260 345.7 

Thermal 

Conductivity 

W/m.*^C 

0.134 
-

0.129 
-

0.123 
-

0.118 
-

0.113 
-

0.0188 
-

0.0209 
-

0.0232 
-

0.0255 

0.0278 

0.0302 

0.0326 

0.0351 

0.0377 

Specific Heat Dynamic 
Constant Viscosity 

kJ/kg.^C kg/m.s 

2.16 0.000526 

2.190 0.000466 

2.226 0.000414 

2.263 0.000373 

2.301 0.000338 

2.34 0.000308 

2.39 0.000281 

2.43 0.00026 

2.47 0.000239 

2.52 0.000217 

2.57 0.000198 

2.62 0.0001809 

2.67 0.0001672 

2.72 0.0001546 

2.78 0.0001427 

2.83 0.0001318 

2.89 0.0001217 

3.01 0.0001028 

3.14 0.0000867 

3.30 0.0000722 

3.56 0.0000581 
- 0.0000447 
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Table B.9 

Properties of Liquid Carbon Tetrachloride (17) 

Temperature Density Thermal Conductivity Dynamic Viscosity 
109/m^ W/m.^C kg/m.s 

-20 .113 

-10 .1108 1.68X10-3-

0 1632.5 .1087 1.35 

10 1613.2 .1065 1.13 

20 1594.0 .1042 .97 

30 1574.8 .1019 .84 

40 1555.2 .0997 .74 

50 1536.1 .0975 .65 

60 1516.3 .0953 .59 

70 1496.3 .0930 .52 

80 1476.5 .0908 .472 

90 1455.4 .0886 .426 

100 1434.3 .0864 .387 

110 1412.4 .0840 .352 

120 1390.2 .0820 .323 

130 1368.0 .0797 -

140 1345.0 .0775 .276 

150 .0753 -
-

160 1298.2 .0731 .234 
-170 1273.4 .071 

180 1247.0 .0688 .201 
-190 1219.2 .0666 
-200 1188.8 .0645 

Table B.IO 

The Specific Heat Constant of Liquid Carbon Tetrachloride 
as a Function of Temperature (17) 

T ''K 260 270 280 290 300 310 320 

Cp(kJ/kg.K) .8386 .8482 .8545 .8600 .8637 .8654 .8667 
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APPENDIX C 

LIST OF THE COMPUTER PROGRAM "SENSOR" 

KU-O 

1 ILLS UOli'Ut 
C.MiJO bLKATLIi /I 

C)JO'.U KE.I «IUI II .v I)Y: fAJi :; .lAl.jJK 
UOOSO KLrt MAJ. muVIjiJk: ^i< '• IlFKLII, 
OOOCO KEM r Ll< :ILIll ILLIIUI Ll' 'S I Tj iJl; 
COO/O K£M ilAIL : JA.l. 
OOObO KLM = =-= = r~""~ 
OOO'iO PR1i4T" Uli YUL) hAAT I u jLL i.'JSIKULT IJNS? 1Y iiK N) 
COIQO INPJl Kt 

OOllO IF K$="M" IliEU 'tbO ===== = = = = == = == ■• 

OollS ^S^NrV^^T^UrPKUCRirFr^ur^HrTRANsitrT'uL^JoIaS PRINT". AT IMt SENSI.o LLENENTS UF RESISTaNLE
00150 PRINT". (RlL'S) ANO 1 HERHOCUUPLtS ITC'Sl IN LKOER TO kjTI .IATt THE 
00160 PRINT". TIME LCNSTANT U1 THE SENSOR." 
00170 PRINT". 
00180 PRINT"." 
00190 PRINT". THL TEST COuET lUNS ARE SIMULATED! 
00^00 PRINT". " 

SSzaS PrIS^ "'"'"iMPotS^r'sTEP CHANGE IN AMBIENT TEMPERATURE." 
00230 PRINT"." „
00240 PRINT". 2) LCiOP CURRENT STEP RESPONSE! 
00250 PRINT". IMPLIES A STEP CHANGE IN HEAT GENERATION AT
00260 PRINT". the SENSING ELEMENTS bY UHMIC HLATINo YiHILE 
00270 PRINT". AMBIENT TEMPERATURE REMAl.vS CONSTANT." 
00280 PRINT"." „ 
00290 PRINT". 
ori'^nn PRirjT"^ " 

00310 PRINT". USER MUSI PRuVICE THE FOLLOWING INFORMATION!" 
OO330 PRINT". U THE PHYSIuAL PROPERTIESND THE DIMENSIO.JS OF THE SE-.S--
G0340 PRINT". -i) THE LOCATION UF THE SENSlNu ELEMENTS" 
00350 PRINT". 31 TYPE OF FORCING FUNCTION" 
00360 PRINT". 4) THE HEAT TRANSFER COEFFICIENT"SSsS PRINT". 5) THE TIME STEP AND THE NUMBER OF TIME STEPS" 
00380 PRINT"." 
00390 PRINT". 

00410 PRlNT'-t" THIS PROGRAM USES THE MATRIX EXPONENTIAL APPROACH TO"
00420 PRINT". SOLVE A SET OF CUUPLED. LINEAR, ORDINARY, DIFFERENTIAL
00430 PRINT". ECUATIUNS WITH A CONSTANT FORCING FUNCTION." 
00440 PRINT"." _ __.„sB=«=Be============================= 

OoUo DIM'^A(t00a00),Rll01,2(10),K( lO , 10 1,0« 10 , 10 J ,C I 10, 10 1 , It 100 I ,Q( 1001 
S04?0 Ol2'7iU<So;;^mo:tSi;R?llO,lO),R2(lO,lO),R3(lO,10,,R4(10,10.,F.100,
SS490 °'dim"(ioo!!ioo°,*fuioo,iooj ,CUOO,1.00UC2(100,100^^^^^^^^^^
00510 rIm generate the nodes ANC ASSIGN THE PHYSICAL PROPERTIES! 
00530 PRINt" INPUT THE $ OF RADIAL SECTIONS 
SSIm the kurber of raoial sections is -N1
00560 PRINT" INPUT THE 0 OF AXIAL SECTIONS 
00580 ''^PRINT^l," THF: NUMBER OF AXIAL SECTIONS IS ="N2 
00590 R0»0 
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00600 ii =ia»N<; 

00010 ^UK 1 Hj ;a 
OJO-JO PKlNt" li.l'ol ULLl# KALlUb ICM) J CM NCUC"1 
OOOiO INMUt M 

OOoAO fU n= M/100 
00650 MMIN l«lf"K("l"I ="M1 I I 
OOoOO RO =K0♦K{1 1 
00670 PRIMn i"Ka = "RO 
00600 NCXI 1 
C06<)0 l-UK 1=1 TO ua „ r 
00700 PRINT" INPUT DELTA I (CM) FuK AXIAL NODE "I 
00710 INPUT I 
00720 21 I 1 = 2/100 
00730 PKINT«1,"2("1"1="2<11 
007A0 NEXT I 

00760 PRiNT'MNPUT U CF MATERIALS THAT CUNSTITUTES THE SENSUR" 
0077C INPUT N3 
007B0 PKINTXl,"# OF SENSOR CONST ITUENTS="N3 

00830 PR1NT"1NPU1 THE THERMAL CONDUCTIVITY tW/M.Cl FUR MATERIAL "L 
OOOAO INPUT K . ^.TCDiAi III 
00850 PRINT" INPUT THE DENSITY IKC/MX'^SI FOR MATERIAL L 

00870 PR^NT"INPUT THE SPECIFIC FEAT CONSTANT (J/KG.C) R HATERIAL"L 
00890 PRINT" INPUT THE It OF 20NES THAT ARE HADE OF MATERIAL "L 
00900 INPUT NA 

VoVzl P^JmS-'inSut' I.J for the TOP LEFT NODE OF 2UNE"P" OF MArERIAL"L 
SS"? UJ Uf IHE 3UII0M P.IGHT OF ZONE"F« Of «IERUL"L 
00950 INPUT I2iJ2 
00960 FUR 1=11 Tu 12 
00970 FOR J=Jl TC J2 
00980 KI I iJ)=K 
00990 D( I fJ1=0 
OlOOO C(IiJ)=C 
OlOlO NEXT J 
01020 NEXT I 
01030 NEXT P 
OlOAO NEXT L 
01050 FOR 1=1 TU N2 
01060 FCR J = l TC N1 ,, , ,i
01070 pRlNTlIli"KiD»C("I;J") = "KtItJ)tl7(IfJ)iC(IfJ)
01080 NEXT J 
01090 NEXT I ^„==„========= === 
01100 REM Ba = M = »=a=« = «== = = "=========* = 
01 I 10 REM LOCATION OF SENSING ELEMENTS!SllJS pIintS INpGt ,,j of the top left SENSING ELEMENT NODE" 
Sll" PR!NT"lipUT I.J OF THE BOTTOM RIGHT SENSING ELEMENT NODE" 
01150 INPUT Y3,YA 
01160 FOR I»Y1 TO Y3 
01170 FOR J"Y2 TO YA 
01180 PRlNT«lf" SE. ATIII. NOOEI"I;J") 
01190 NEXT J 
01200 NEXT 1 
01210 REM ■■■•• 
01220 REM INITIALI2E 
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01.? JO ni..l ,*■) HLAl I. OLNLKAKU A,.I. HID I LMl'LU ATOKl. l.tL 
(>l< I f. I " jI " A1 I t It Z1 Kl," 

(II ^'jO I'K INf 
Ol2t)0 CKIMT 
OUfO rok 1=1 To It 
01^80 ri(I)=0 
012*10 n 11 = 0 
01iCO Ut 11 = 0 
OUIO NbXI I 
01320 RE.M= 

S|»S IS A STSA CHANOSm AMUN. It.«KA.U«fSlfsS |.5iM" l:!™! i IF FF IS A SItP CKAACE IN HEAI OtNEAAI ION" 
01360 INPUT Yp 
01370 IF Y5=2 IntN 1500 
01300 REM FF IS A S.C. IN A.T. 
013S0 FOR l=Nl TL N STEP N1 
OlAOO T1t I ) = 5 
OIAIO NEXT 1 
01A20 REM FCrt BUITCM NUCE3: 
01A30 FOR I = Nl<=tN2-l)<-l TU N-1 
OlAAO TUI)=5 
01A50 NEXT 1 
01A60 FCRI=iTCN 
OiATO PRINTOIi"Tl("1") = "T11 I) 
Ol'tOO NEXT I 
01A90 OOTC 1570 
01500 REM FF IS A SC. IN >IT. uR. 
01510 Y6= ( Yli^Nl )-(Nl-Y2 )
01520 FOR I=Y6 TO N1«*Y3 STEP M 
01530 (31 I 1 = 1000000 
015A0 PRINTHl ,"Q("r')="Ul 1 1 
01550 NEXT 1 _ _ === === = = = = = = = = 
01560 REM ======================-========-== 
C1570 REM HEAT TRANSFER COEFFICIENT: TRANSFER " 
01580 PRINT"DC YCO WANT THE PROGRAM TO CALCULATE THE HEAT TRANSFER 
015*50 PR INT"CC£FF IC IENT IW/C..'I*<'2 1 . <Y OR N) 
0160C INPUT W$ 
01610 IF W$ = "N" THEN 1810 
01620 PRINT"INPUT THE VELOCITY CF THE FLUID. (M/S) 
016A0 PRINT'UNPUT K( W/M .C 11 01 KG/.•H'»3) i C ( J/KG.C 1 i MUEI KG/M. S1 FUR THE LICUID" 
01650 PRINT"AT ABOUT 60 DEGREES CELCIQUS." 

01670 "^PR1NT"K.*d!c,M, VELOCITY OF FLUI0 = "K ;D ;C 1M; V1 
01680 REM EVALUATE RENOLDS O'S 
01690 El=2»R0»V1»U/M 
01700 PRIM"RENCLOS 0 »"E1 
01710 IF El>5000 THEN 17A0 
01720 IF E1>1000 THEN 1760 
01730 IF E1>.1 then 1780 
017A0 PRINT"REN0LDS e IS too high." 

01760 H»(K/t 2»R0))#.26«tEl»».6)♦IC«M/K)»«.3 
SiSSS S-(S/(22R0n»«(.35M.67^El»..52»lM«C»M/K)»».3)l
01790 GOTO 1830 

SISJS S'inI^SIeS'-SSs; l«?"T!ir.-|»T ,A.»SF« COFFFICEN.. 
01820 INPUT H 
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0U))0 

OJO'tO J=M I'llN JOi.J 
0 iu'jo Atp!>'♦ u=h n 11j)/t111 iJI 
(JJ060 A( l',l'-Nn=t<<i( I.JI/Ull l.J) 
OJO/0 ,J)/Cltl ,jt 
OiJflO OUTO 3U0 
030S0 AlP»P-Nll=l<AIItJI/tll IiJl 
03100 A(P|P ♦ I'-P1''•-I' ^ ' 
03110 A(PtP-1l=P3( I »J)/CI(I tJ I 
(11120 At P tP ♦•Nil "PP ( 1 t J I/C I I 1 t J I ,, , , I II
03130 AlPiP)=-lHini Jl^H2t 1 f Jl^X-ll I f "Jl * »•" 
031AC NEXT J 
03150 NEXT I 
03160 REM == = s: = = = = = = = = = = ^» = -
03170 KEM FF VtCTLK 
0318C Y^=0 
03190 Y7 = Yl«'Nl-tNl-Y2)
032C0 Ylj= Y3<-Nl-(M-Y2 ) 
03210 Kl=0 
03220 FOR J=l TU Y2-1 
03230 Kl=RtJ)+Kl 
032A0 NEXT J 
03250 FOR 1=1 TO N2 
03260 FOR J=l TO Nl 
03270 P=lI-U*NItJ 
03280 IF Y5=2 THEN 3A00 , , . r 
03290 KEM THE ONLY FF IS A S.C. I.l A.l. 
03300 IF POI^'Nl THEN 3320 
03310 HPI = TllPI«'Rl(IiJI/CI'T'J'
03320 IF P<M»(N2-1)*1 THEN 3970 
03330 IF P=N THEN 3370 
03390 FlPI = TltP)*K2(lfJ)/CUI .31 
03350 PRINT«l."Ft"P"'l="F(Pl 

0 33 70 Ft N^^^TUN^RKN^tNll ♦T11M=R^IN2»'''T' 1 
03380 PRINT»l."FtNl="FtNl 
03390 GCTC 3990 
03900 REM THE ONLY FF IS A S.C. IN HT. OK. 
03910 Y6=Y7*Y9 

S3«°0 MP;=TQ?pI"3^ri5S9tt(KUKtJll-21-Kl-21^
03990 Y9=Y9^Nl 
03950 IF Y6>Y8 THEN 3990 
03960 PRINT"F("P")="FtPl 
03970 NEXT J 
03980 NEXT I === === = ======= = 
03990 REM = ====== ==«=== = «======" 
03500 REM INITIAL CCNOITIUNS 
03510 FOR I"l TO N 
03520 *(H"C 
03530 NEXT 1 

515 crLrurATrTH£"sTEA0"v"sTATE TEMPERATURE: 
03552 FOR I"l TO N 
03555 A9tI)"F(l)
03557 NEXT 1 
03560 FOR P»l TO N-l 

2"JS A9m=iSn-"(?»*Aiti.Pi/AiiP.Pi
03590 FOR J»N TO P STEP-l 
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jU.10 Nf;xl J 
NCXIl 

Jtbio WCxT P 
OiOAC »UP I = N ll- I ilut' -I 
Ol^.iO ^=0 

0 <OtC rUH J= I tL, N 
OJCOl i=Z<-Al(1,J1*I IJ» 
0i662 NtXI J 

03663 1( 1 1 =t AA(n-2)/AlU I 1 1 
0366A NEXT I 

S3666 STEaoY state ItaPtRATURE AT UOOE "I" IS"TI I)
03667 PRINT" ThL sTEAOY STATE TEMPERATURE AT NOOE I IS T(ll 
03666 Tm=0 
03669 NEXT 1 
03670 KEM ==================-==========="=-==" 
03660 REM UEMAl 
03690 Kb=0 
03700 EUK 1=1 TC N 
03710 IE AbS(A( I,n)<Kb THEN 3730 
03720 R5=A6SlA(I>1)) 
0373C NEXT I 

03750 PRINT"KCCUrtENDEO fAXI.MJM VALUE TC USE FCR DELTA T="16.5/R5 
0376C PRIM"INPUT UELTA T" 
03770 INPUT T 
03780 PRINTtfl."DELTA r="T 
03790 PRINT"INPUT ll Uf TIME STEPS" 
03600 INPUT N5 
03010 Q=l 

05900 PRINT"THESE ARE TEE NCK2EH0 FQKCINU VECTOR ELEMENTS!" 
03910 FUR 1=1 TO N 
03920 IF F( I 1=0 THEN 39A0 
03930 PR INT"F("I")-="F(I) 
039A0 NEXT I 
03950 FOR 1=1 TO N 
03960 FOR J=1 Tu N 
03970 B( If01=0 
03980 Fl(lf0)=0 
03990 G(I.JI=0 
OAOOO IF lOJ THEN 9020 
09010 B(I.J)=1 
09020 Fl(I,J)=0 
0903C GII.J1=0 

09090 NEXT J 

09050 NEXT I 
09060 P=T/Q 

09070 FOR I"1 TO N 
09080 FOR J=1 TC N 
09090 Fl(I.J)"FH 11JI♦fll I • J ' 
09100 0211.J»=B(I .J»»P 
09110 G(I.J l = G(I . J)+02(I.J) 
09120 B( I.J)"0 
09130 NEXT J 
09190 NEXT I 
09150 FOR l«l TO N 
09160 FOR J=l TO N 
09170 FOR L=i TO N 
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0-. mc iti 11j i^iu 1,j)»L.( i ,i.)»AiL.ji 
O'.IOO ''(EXl L 

J'iACC Ut > I J 

O'.^IO NEXI I 

O'l^^'O U=U*1 

0'.2iO IE Im.N '•UfO 
('I<1NT«1,"T =0" 

U<i2!jJ HUH 1=1 IL N 

0'.260 I'K lUT «l,"l("l"l="m) 
0'i^lO NEXT I 

0<t280 VS=.l 

012^0 IE ABSl(I*21-VVI^.OOl ihcn 'liio 
IS="I<'i"StCLNOS"O^tiOO PKlMill i"I I ML 

0-^310 FUR 1 =1 TL N 

0'V320 FUR J = 1 TU N 
0^330 T(ll=T(I)^Fl(I,JJ«Y(J)*Oll,Jl«FtJ) 
0^3A0 NEXT J 

04350 IF ABSlTtZ-V91>.001 THLN 'fSZO 

04360 PRINTHI.'M("i'M="'Tn ) 
04370 NEXT I 

04380 IF ABSI I«'Z-V9)>.0U1 THEN 4480 

04390 Y6=IYl»fUl-(Nl-V2l 
04400 X=0 

04410 K=0 
M04420 FUR I=Y6 TO N1«Y3 STEP 

04430 n=K+1 
0<iA40 X=X+ T 11 I 
04450 NEXT I 

TE'lPERATURE UF ALL SENSING ELEMENTS IS"X/N04460 PRINTrtfTHE AVERAGE 
04470 V9=V9+.l 
04480 FUR 1=1 TU N 
Ch490 Yl I I =T(I I 
04500 T( I )=0 
04510 NEXT I 

04520 2=Z*1 

04530 IF Z<tN5«'l) THEN 4290 
04540 END 
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