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DEVELOPMENT OF INSTRUMENTS FOR FLUID VELOCITY 
MEASUREMENT USING HEATED THERMISTORS

ABSTRACT

In this work, two instruments for fluid velocity measurement 
are presenteei. The systems use heated commercial thermistors 
and two distinct techniques for heating the probes are used: the 
heat pulse and the constant temperature methods. Each of these 
corresponds to specific instruments. In the first method of 
operation, the probe's excitation is periodically switched between 
low-power and high-power. At low-power, the probe works in 
temperature sensing mode and at high-power, in velocity sensing 
mode. The thermal transient behaviour due to the cooling period 
after the application of a heat pulse is correlated to the fluid 
velocity around the thermistor. In the constant temperature 
principie, the probe temperature is maintained constant by varying 
the dissipated power through the thermistor, and the steady-state 
form of heat transfer is correlated to the fluid velocity. For each 
method, the employed theoretical model is described as well as 
the hardware used. The probes are previously calibrated in terms 
of the temperature variation, by means of a constant temperature 
bath, for determining their resistance-temperature curves and 
estimating thermal properties and time constants. After this, the 
probes are calibrated for air speed varying from 0.01 to 12 m/s, 
using a commercial calibrator. Suitability for Reynolds numbers up 
to 32,000 (based on the test section average width) is verified by 
a wind tunnel test. Analysis of instruments performance and 
limitations is also given. The automation of the data acquisition is 
performed using a Personal Computer and a programmable data 
acquisition board, so, in the first method, the heat pulse is under 
the control of a PC.

KEYWORDS: THERMISTORS, ANEMOMETRY, HEAT PULSE
PRINCIPLE, CONSTANT TEMPERATURE PRINCIPLE, 
AUTOMATION OF ACQUISITION.



DESENVOLVIMENTO DE INSTRUMENTOS PARA MEDIÇÃO DE 
VELOCIDADE DE FLUIDOS USANDO TERMISTORES AQUECIDOS

RESUMO

Neste trabalho, dois instrumentos para medição de 
velocidade de fluidos são apresentados. Os sistemas usam 
termistores comerciais aquecidos por duas técnicas distintas: 
pulso de calor e manutenção da temperatura constante. Cada um 
deles corresponde a um instrumento específico. No primeiro 
método de operação, a excitação da sonda é periodicamente 
alternada entre baixa e alta potência. Em baixa potência, a sonda 
funciona em modo sensível à temperatura, e em alta potência, em 
modo sensível à velocidade. O transiente térmico, devido ao 
período de resfriamento, após a plicação de um pulso de calor, é 
correlacionado à velocidade do fluido na vizinhança do sensor. No 
princípio de temperatura constante, a temperatura do sensor é 
mantida constante variando-se a potência dissipada pelo 
thermistor, e o regime permanente de transferência de calor é 
correlacionado com a velocidade do fluido. Para cada método de 
aquecimento, são descritos o modelo matemático e o circuito 
eletrônico usados. As sondas são previamente calibradas em 
termos de variação de temperatura, por meio de um banho 
termostático, para a determinação das curvas de resistência- 
temperatura e estimação das constantes de tempo. Após isso, 
passa-se a calibração para velocidade de ar, esta variando de 
0,01 a 12 m/s, usando-se um calibrador comercial. É verificada a 
aplicabilidade para números de Reynolds (baseado na largura 
média da seção de teste) até 32.000, por teste em túnel de vento. 
Análise das performances e limitações dos instrumentos é dada. A 
automação da aquisição de dados é realizada usando-se um 
computador pessoal e uma placa de aquisição programável, de 
modo que o pulso de calor, no primeiro método, pode ser 
controlado via PC.

PALAVRAS-CHAVE: TERMISTORES, ANEMOMETRIA, PRINCÍPIO 
DO PULSO DE CALOR, PRINCÍPIO DA TEMPERATURA 
CONSTANTE, AUTOMAÇÃO DA AQUISIÇÃO.
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CHAPTER ONE

1 - INTRODUCTION

In engineering applications, it is often necessary to measure 

fluid flow velocities at low Reynolds numbers. Normally, this is 

done by measuring other parameters, such as pressure, volume or 

temperature, which are correlated to the fluid velocity.

Although widely employed, the Pitot and Prandtl tubes prove 

unsuitable for measurement at low velocities, since they operate 

by determining the difference between total and static pressures, 

and it is very difficult to quantify the associated differential 

pressure for low speeds, that is, the ratio AP/AV<<1 as the 

velocity tends to zero, as well as to adapt a manometric fluid to 
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the liquid column manometer. Consequently, they are not 

applicable to velocities below 1 m/s, which corresponds to a 

difference between pressures of rate of 0.05 mm w.c. In addition, 

these instruments cause disturbances in the fluid flow, due to their 

large dimensions.

Hot-wire and hot-film anemometers also present 

inconveniences, since they are fragile and expensive.

For these reasons, thermistors are recently becoming very 

attractive for this application, mainly due to their great sensitivity 

to temperature variations, robustness and stability.

1.1 - Working principies of the thermistor

The thermistor is a ceramic thermo-electrical device which 

may be introduced into an electronic Circuit as one of its elements. 

It is preferred as a temperature transducer in many applications 

because of its small size, robustness, low cost, low thermal mass 

and high sensitivity.

The principie of operation of the thermistor is an electrical 

resistance that is a highly non-linear function of its temperature. 

For a negative temperature coefficient (NTC) semiconductor, the 
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electrical resistance R decreases exponentially as temperature 

rises.

When one permits electric current to pass through the 

thermistor, it suffers an internai Joule heating. If a large current 

produces heating, as a consequence of Ohm's law, then the 

increase in temperature causes a decrease in resistance (in case 

of a NTC thermistor). Thanks to this property, it is feasible to 

adapt the temperature transducer to sense fluid velocity.

This principie has been employed for the same purpose by 

Pinchak and Petras (1979), Chen at al. (1989) and Gomide (1990). 

Pinchak and Petras (1979) utilised self-heated thermistors for 

measurement of intragravel water flow through the spawning beds 

of salmon streams, where characteristic lines of calibration were 

obtained by plotting the data in terms of velocity bridge output 

voltage (high power mode of operation) vs temperature bridge 

output voltage (low power mode of operation). Thus, they used the 

same sensor to measure both velocity and temperature, 

considering the concept of dual bridge system that permits the 

thermistors to be operated in a time multiplexed configuration. 

They measured steady conditions of flow and temperature, but no 

general correlation between velocity and temperature was studied.

Chen et al. (1989) also used the technique of measuring pore 

velocities in packed beds. In that study, the authors reported 

characteristics of the steady-state and the transient forms of heat 

transfer used for measuring fluid flow. The fluid utilised was water.
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Gomide (1990) used a single heated thermistor with periodic 

application of a heat pulse to detect variations in sap flow rate in 

the stem of woody plants. In his work, the transient response in 

the cooling phase was fitted by an exponential model of the heat 

transfer equation derived from the First Law of Thermodynamics. 

However, the changes in ambient temperature surrounding the 

plant stems affected the rate of heat transfer of the sensor, 

contributing as a source of problem.

Bailey et al. (1993) described and evaluated a thermal 

transient anemometer having a thermocouple periodically heated 

by an eíectrical pulse. The fluid utilised was air and the probe was 

modelled as an infinitely long homogeneous solid cylinder, 

according to the Carslaw and Jaeger (1959) solution. The great 

advantage of this procedure was that the probe responses 

indicated negligible effect of the fluid initial temperature on 

velocity measurements. It was also concluded that the 

experimental temperature decay curves were exponential and the 

slopes on a semi-logarithmic plot remained invariant with respect 

to pulse duration and decay time before repulsing.

An application of NTC probes in punctual water velocity 

measurements by means of heat transfer was presented by 

Sobrinho and Maciel (1994), where the measurements occurred 

under non-isothermal conditions. In order to calibrate that system 

for varying temperatures, each measurement began with readings 

of the fluid temperature. Afterwards, the probe was heated by 
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application of a certain current and the voltage across the probe 

wires was read 10 seconds after the beginning of the application 

of the current. The adopted model used an empirical equation with 

parameters calculated depending on the fluid initial temperatures. 

This technique was based on a unique reading of the final 

temperature.

In the present study, NTC thermistors were used for fluid 

velocity measurement. They were instailed in two different circuits: 

Circuit 1, which worked with the heat pulse method and Circuit 2, 

which maintained the probe temperature constant. Transient and 

steady-state forms of heat transfer from a thermistor to a fluid flow 

were considered. These methods are described in the next 

sections.

1.2 - THE HEAT PULSE METHOD

When an electrical current flows through a thermistor, energy 

is dissipated by means of heat. If the current is small, the heating 

is insignificant, and the probe voltage output is a function of the 

surrounding fluid temperature. If the current is high enough to 

generate heat, the thermistor output voltage is now a function of 
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temperature and fluid velocity, since the heated probe loses heat 

by mainly by convection.

In the heat pulse method of operation, the probe's excitation 

was periodically switched between low-power, temperature sensing 

mode, and high-power, velocity sensing mode. The thermal 

transient behaviour during the cooling period after the application 

of the electrical pulse was correlated to the fluid velocity in the 

vicinity of the probe.

A typical response curve is shown in figure (1.1) taken with 

an automatic acquisition system, to be described later, at a 

sampling rate of 200 Hz for a pulse duration of 0.5 sec, followed 

by a cooling time of 5.0 sec. The figure axes are not quantified. 

However, the forms of the current pulses and output voltages 

correspondent to each phase of the brobe’s excitation can be 

observed.

Figure (1.2) shows the voltage output in volts (with gains of 

10.15 and 0.15 for the cooling and the heating phases, 

respectively) vs time. At an initial time, a constant current of 0.115 

mA was delivered to the probe, and its temperature was 

approximately the fluid temperature, i.e., the system operated in 

low power.
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Figure (1.1) The graphical output screen of the data acquisition

program for a 2.54 mm-dia probe.

The pulse phase used a constant current of about 10.9 mA,

and caused the temperature of the thermistors to quickly increase

to a magnitude (greater than the fluid local temperature)

dependent upon its initial temperature. This is illustrated with a

jump in the output voltage.
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As the probe temperature continued to increase, its 

resistance decreased asymptotically to a minimum. Then, during 

the cooling phase, the probe resistance was at a minimum and the 

small current caused the voltage output to fali to a minimum. The 

temperature of the thermistor reduced to the ambient temperature. 

Figure (1.3) shows the probe temperature vs time.

Figure (1.2) The voltage output response for 

a 2.54 mm-dia probe.
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Figure (1.3) The temperature cycle for a 2.54 mm-dia probe.

1.3 - THE CONSTANT TEMPERATURE METHOD

The constant temperature method has often been used for 

measurement of steady velocities. In order to work accurately the 

probe must be calibrated in the fluid in which it is to be used 

Although the working fluid used in this study was air, the method 

can also be applied to other fluids.
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In this principie of work, the probe temperature is maintained 

constant by varying the dissipated electrical power over the 

thermistor, see figures1 (1.4) and (1.5). The Circuit takes care of 

the establishment of the equilibrium power and then the steady- 

state heat transfer can be correlated to the fluid velocity.

1 -These figures are examples of Circuit responses, but are not correlated to results presented in

0,045

°o 0

o ° Tbulk=299.82 K

0,040- o

0,035- o
A „ A * * TbU|k=303.15 K

A A °

0,030- A
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u_
O A V

V V v v
V v TbU|k=306.48 K
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■
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ã V

0,015 - 7

■

0 010-- 1 * 1
0 2 4

1 1 ■ 1
6 8 10 12

^rVelodty(m/s)

Figure (1.4) Characteristics of the constant temperature Circuit 

response, power vs air velocity.

Figure (1.4) shows the air velocity and dissipated power 

correlation for different fluid bulk temperature. Figure (1 5) 

shows that the sensor temperature is maintained constant, 

independently of the fluid flow temperature, as it was expected

chapter fíve.
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314-* -------- T 1 T ' T ' T ' T ■ T
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.5) Characteristics of the constant temperature Circuit 

response, probe temperature vs air velocity.

The sensor temperature musí always be above the ambient 

temperature. This means that the ambient temperature determines 

the minimum temperature of sensor operation.

This mode of operation can be extended to measure both 

average and fluctuation components of velocity via 

bridge-balancing operation, 

velocities are dealt with, 

numbers up to 32,000 based 

flows, had been executed.

however, in this study

although applications

on duct average width,

an automatic

only average

to Reynolds

i.e., turbulent

velocity. TheThe equilibrium will arrive at any steady-flow 

equilibrium power is a measure of velocity. Velocity fluctuations
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can be obtained depending on the attenuation factor of the 

system(defined by the time constant of the system and the 

frequency of interest), as well as on the amplifier gain.

A very significant limitation of any measurement system 

(particularly of this anemometer) is the Circuit noise, because the 

minimum changes in the measured signals become bounded. The 

noise of the electronic Circuit can be eliminated, in part, by proper 

grounding and cable shielding.

This problem is well stressed in Goldstein (1983) and the 

noise error contribution must be taken in account if one intends to

of power is 

here.

apply the anemometer at high velocities, where high frequencies 

are present (normal in turbulent flow). Moreover, because of the 

shape of figure (1.4), very precise determination 

necessary at high velocities. That will not be treated

1.4 - LABORATORY AND FIELD APPLICATIONS

airThe systems were analysed for the case of 

majority of labo rato ry practical applications makes 

gaseous médium as the working fluid. However, there is 

the development of instruments using thermistors

measurements of water flow within porous media. An example of an

since the

use of a

interest in

to make
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application is irrigation, for determining sap velocity in plants and, 

therefore, estimating transpiration.

Research with air was carried out at the Energy and Fluid 

Dynamics Laboratory/Federal University of Uberlândia, to 

introduce future studies in which the use of thermistors as 

anemometer would be necessary. There are proposals of using 

these sensors in natural, mixed and forced convection 

experiments. In the present work, suitability for Reynolds numbers 

up to 32,000 was verified by a wind tunnel test.

1.5 - dissertation objectives

The purpose of this study was to develop a comprehensive 

and applicable modelling procedure to be put to use with 

anemometers based on thermistors, as well as instruments that 

utilise these sensors associated with two forms of heating them.

The methods of heating the probes were: application of a 

heat pulse and maintenance of a constant temperature, where 

took place, respectively.transient or steady-state heat transfer 

Therefore, covering, in a general form, 

for anemometry. In order to achieve 

following steps had to be carried out:

the usage of thermistors

the main objective, the
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Development of two sensors for flow velocity

measurements, using small size thermistors, and two methods of

control:

a 1) Development of a Circuit that permitted to correlate 

the fluid velocity around the sensor with the thermal transient

behaviour of the cooling period after a heat pulse generated by 

means of an application of an electrical pulse-Probe 1.

a.2) Development of a Circuit that enable correlation of 

the fluid velocity around the sensor with voltage necessary to 

maintain the probe temperature constant-Probe 2.

b) Calibration of the probes using equipment existing at the

laboratory.

c) Automation of the 

Personal Computer and

instrumentation system making use of a 

a programmable data acquisition and 

process control board. The electrical pulse on the first instrument 

was put under control of a PC.



CHAPTER TWO

2 - theoretical aspects

2.1 - NTC THERMISTOR MATHEMATICAL MODEL

The NTC thermistor is a semiconductor whose electrical 

u,ith temperature, following an exponential 
resistance varies

expression:

R(T) = A e
(B/T) (2.1)

, n rparession parameters, and R(T) in Ohms is the 
where A and B are rey

nhsolute temperature T. Parameter A represents 
resistance at an au



16

the resistance value as the temperature tends to infinite, and B 

has dimension of absolute temperature K. Therefore, it is possible 

to determine the temperature knowing the voltage E through the 

probe, and the corresponding current I, sinc

R(T) = E/I (2.2)

otonf curve fits for R-T characteristic of a three and four constant curve

Equation
(2 1) obeys a two constant law, and is only an

approximation
derived from physical considerations. Recent new

thermistor are proposed in the literature, which provide a closer

approximation than the 

al. (1993) presented a 

two-terminal equivalent

conventional equation. Kaliyugavaradan et 

four-constant equation derived assuming a 

Circuit as shown in figure (2.1):

i/gp

—Wi—

—\AAr B/T
R=Ae

^tot —---------------- ► '

Figure (2.1) Equivalent Circuit model for a 

thermistor suggested by Kaliyugavaradan et al. (1993)

, i thP thermistor, represented by a temperature 
In this model, tne

Ao(B/T) has a small conductance g across 
dependent resistance p
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it and a low resistance rs in serie with the parallel combination. 

For this model, that authors proposed the relation:

1
= gP + (2.3)

and 9p
are assumed constant in a 

Rtot is the total resistance. 

better fit and providing 

conventional model,

certain range of

better accuracy,

for the same

where r s

temperature, and

Although having a

when cómpared to the
Q iicp of the four constant model was not temperature range, the use

riz «ince the method did not show convergence adopted in this work, since ine
, x ^orpfure range. Although the manufacturer’s 

for the calibrated tempe

R-T data

by the

had not been used and uncertainties had been introduced 

R-T calibration system, the procedure was perfectly

the only way to check the applicability of the 

experiments, see figure (2.2). Use of the 

data would have resulted in greater 

had a very high tolerance: 24.9% at 80°C,
uncertainty, since the 

according to the manufacturer

justified, since it was

model by laboratory 

manufacturer’s R-T
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A computationa routine used in an attempt to f'nd the fOur

Parameters is presented in appendix A.

2-2 - THERMISTOR STEP RESPONSE 

For this study, it is considered that the probes follow a firsf 

°rder response equation, given by:
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+ a0 qo — b0 qi (2.4)

where qo _ the output quantity

q. - the input quantity

t - time

Therefore,

b - physical parameters, assumed constants. 

the normalised response for this kind of

instrument is given as (Jordan, 1983).

ao_qo
b0 qi

(2.5)

which can also be written as

i _ exp (-t / ) 
kqi

(2.6)

where
t (equal to ajao) is the time constant and k (equal to b /0 

static sensitivity, also calíed gain factor, given in term 

f°r a 1 st order
is the

the parameters of the
differential equation (2.5)

instrument.
. methods, a step has been applied to the 

In often used meui
. been measured as the time to achieve 

instrument input and t das
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63.2 percent of the final output value (for instance Doebelin, 

1976), since, from equation (2.6);

(2.7)

The time constant t was estimated for each probe, by 

into hot water, and monitoring their subsequent 

between the measured time constants and
plunging them

response. A comparison 

that from the manufacturer was done.

As treated by Morss (1988), the time constant is defined by

the expression:

m cp 
h A s

(2.8)

where

It
for a given

m - mass of thermistor

cp - specific heat of the thermistor on water

h - mean heat transfer coefficient

As - wetted surface area.

must be clear that z is not a constant parameter

sensor, once it may decrease by decreasing m and 

h. Also, h depends on the surrounding f|uid 

The approximate value for the time constei^u'isiant was

in water and the application of íhe probe in this

increasing

velocity1.

estimated

c or p

and its

Qo |t = r : q0 lt = 0°
= 1 _ 1 « 0.632

e

T

Aftcr all, this effect is what we vvant to exploit.
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research was in air, where the time constant is about 25 times that 

in water. This serves as an illustration of the limitations of 

thermistors for dynamic applications. A reduction in time constant 

is also a consequence of power dissipation, and produces a 

reduction in sensitivity to fluid temperature variations and an 

increase in sensitivity to speed variations, i.e., at high power the 

sensor tends to respond more rapidly to changes in velocity, but is 

less sensitive to temperature variations, as expressed by figures 

(2.3) and (2.4).

As a consequence of the time constant definition, the 

attenuation factor F, for a frequency w of interest is derived by 

Morss (1 988):

Fa = (1 + w2r2)-°'S <2-9>

Equation (2 9) represents a correction factor that can be 

used to diminish the limitations of thermistors to measure 

fluctuating temperature signal inpu

The sensitivities to fluid temperature and speed variations

■ ■ -^nnrfance on the characteristics of an instrument have special importance

with heated thermistors. The sensitivity to a given variable is 

frartional rate of change in thermistor output defined as the fractionc h

voltage with respect to that variable, the other variable maintained 

fixed. Rasmussen (1962) presented expressions for temperature
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and speed sensitivities at constant current, (2.10) and (2.11), and 

temperature, (2.12) and (2.13), modes of operation:

S t =
1 <?E

E
(2.10)

J_/?E

E ô V

(2.11)

1 / 1
1 T _ I õ T

(2.12)

where St

temperature

1 d I
T" õ v

(2.13)

Sv are sensitivities at constant 

speed variations, respectively, and lT 

at constant temperature to temperature

and

and

current to

and speed

is shown in

sensitivities

variations, respectively.
rocpntation of St and lv for the circuits used 

A graphical represei 
figures (2.3) and (2.4), respectively.

, f jrom the heat pulse Circuit was taken in
In figure (2.3) aai

^oitivifv to temperature variations of the 2.54 
account to plot the se

at zero speed. It could be inferred from itmm-dia thermistor mairatzer

■ h, decreases as power across the
that the sensitivity
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-0,0300—1

7he sensitivity to temperatura as a function of 
power, for a constant current mode of operation.

-0,0350-

-0,0375-

-0,0400- —
0,07 0,08

—|---- ,------ r
0,09 õjõ Õ?11

Power (V\)

Figure (2.3) Thermistor sensitivity to temperature variations.

Figure (2.4) Thermistor sensitivity to velocity variations.
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sensor increases. Data from a pulse period was utilised, e. g., for 

a constant current of 10.9 mA through the probe wires. For the low 

power period the temperature sensitivity was approximately -0.035 

K'1.

Figure (2.4) shows the velocity sensitivity of the 2.54 mm-dia 

thermistor obtained with the Circuit of constant temperature. The 

family of curves shows that more power is necessary if a high 

speed range is to be measured, which may be a limitation of probe 

operation. Also, when the power dissipation is small, the Circuit of 

constant temperature provides great sensitivities for both 

temperature and velocity variations, which may influence the 

correlation of the Circuit output to the fluid velocity, if temperature 

variations occur.

2.3 - ESTIMATION OF FLUID VELOCITY USING THE HEAT PULSE 

METHOD

The problem of a sphere of radius Rs having uniform initial 

temperature To is treated by Arpaci (1966) and Carslaw and Jeager 

(1959) for the case when it is plunged suddenly into a fluid at 

temperature T». They assume a moderate convective heat transfer 

coefficient h, which implies (T-T^O, and consequently:
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k f
âO (Rs,t)

âr
hO (Rs, t) (2.14)

where 0(Rs,t) = T-Tm

r - radial co-ordinate

kf - thermal conductivity of the fluid

t - time

T - temperature of the sphere.

The problem can be simplified by assuming that the 

temperature within the sphere “bead” is uniform at any instant. It 

can be assumed that, at t=0 and bead temperature To, the system 

is submitted to an environmental temperature change so suddenly 

that can be approximated by a step. Assuming that the convective 

heat transfer coefficient h remains constant during the cooling 

period, and approximately equal to hc (average thermal convective 

conductance), and that the environmental temperature Tm does not 

vary with time, then, in accordance with the above assumption, the 

energy balance for the bead over a small time interval dt is:

The change in = The heat transfer

internai energy by convection 

ol (2.15)

where p - density of the fluid

c - heat capacity of the bead
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Vol - volume of the bead

As - surface area of the bead.

If T> T», the minus signal indicates that the internai energy

decreases as T increases. (2.15) can be written as:

ó/T
T 00

11 c A s

P C V o 1
d t

integrating that equation from t=0 to t:

T dT hcAs £
J ~—— = - — ! í/t

TO 1 - Too pe V01 o
(2.17)

produces:

T-Tqq hcAs
To-Too /JCVoI

(2.18)

where n is the integration constant.

(2.18) can be rearranged as:

+ n

T-Tqq

To-Too
n'exp (-

hcA s
----------1)/7CVol 7 (2.19)

with n’ = 1, since T=To at t=0.
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Note in equation (2.19) that (hcA.)/(pcV.,) is the inverse of 

the time constant of the probe in air, defrned in (2.5) and (2.8). 

higher method sensitivity can be achieved if small
Consequently,

time constant thermistors are used (this will be seen in chapter

five).

rigid

(2.19) is an excellent 

sphere in a fluid subject to

Equation
approach to

steady flow

the problem of a

and temperature

fields.
|f however, the problem involves heat transfer from a sphere 

to a fluid subject now to unsteady flow and temperature fields, a 

. ho anolied to derive the heat transfer perturbation method must be appneo

i fiAld is decomposed into the undisturbed equation The temperature field

x- M dnp to the presence of the sphere, and its field and disturbed field due to p
history integral in the energy equation. That will 

in this work, but can be found in detail in 

Feng (1994). Stephenson (1975), Arpaci (1966) 

Jaeger (1959).

/o <?hows the dimensionless temperature
The plot of figure (2. )

r^qult of application of equation (2.19) in 
decay vs time, as a

solution yields a

not be treated

Michaelides and

and Carslaw and

exPerimental data.

If one disregards the 

proposed theory, 

by this procedure 

because h may be 

which is a function

obey the

obtained

initial decay period (t<t0), as it does 

therefore, the slope, of the straight 

has a direct relationship with

not

line

the

found from the knowledge of the Nu
velocity,

number,
of the Re number, i.e., the velocity.
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The other parameters are suppose
remain invariable over the

employed bulk temperature rang

Figure (2.5) Temperature 
dimensionless temperatur

decay behaviour of thermistors, 
time (semi-logarithmic plot).

,h» dimensionless temperature decay on
Fiaure (2 6) shows the

■ ,nt immediately after the application of a heat 
a semi-logarithmic P .„mnfirature is normalised by a

pulse. The dimension es 

temperature To. at a se'

The slope 
period of transition.

_ he described
a procedure to be 

construct the calíbrati 

found that the veloc’ y 

polynomial in the slop

temperature is

initial time t0 which eliminates the 

of this curve can be found following 

in Appendix B, and is utilised to

curves for the heat Pulse circuit- H was 

was well fitted by a second degree 

V=P2(S). see chapter five-



1

2.4

Figure (2.6) Normalísed temperature decay.

estimation of fluid
VELOCITY USING THE CONSTANT

TEMPERATURE METHOD

behaviour of

thO use of NTC thermistors maintainedThis section describes the

ature for air velocity measurement. 
at a constant temper

t0 derive an 

the thermistor 

is assumed that

s uniform at all times and the same as the

expression that represents the 

when submitted to a constant 

its shape is perfectly spherical and

In order

temperature, it 

its internai temperature
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temperature of the surface in contact with the moving fluid. Then, 

•f the effect of radiation can be neglected, the heat transfer 

equation for the thermistor within a fluid at temperature L is:

P = hc As(T-Tcc)
(2.20)

where p _ dissipated electrical power = R(T)|2

hc - convective heat transfer coefficient

As - surface area

T - probe temperature

Tm - environmental temperature

R(T) - thermistor resistance

I - current across the probe.

in velocity measurement, the principal interest is the 

dependence between flow velocity and the probe overheating p0 

a given range of velocities and fluid density, h=h(V) (and h«h as 

already mentioned) is a function of fluid velocity and has the 

general form (Doebelin, 1976):

h = a + b VV (2.21)

where a and b are determined by fitting the experimental data 

within a given range of velocity.
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first

also

for a

According to Carslaw and Jaeger (1959), this equation was 

proposed in 1914 by King, and is called King’s law. (2.21) can 

be deduced from observation of the N

sphere:
usselt number defined

Nu = Nuco + C Pr" Rem

where Nu _ Nusselt number (hL/Kf)

Nuoo - Nusselt number as V tends to zero

C - correlation coefficient

Pr - Prandtl number (v/a)

Re - Reynolds number (VL/v)

L - characteristic length

kf - thermal conductivity of the fluid 

m - Reynolds number parameter 

n - Prandtl number parameter

v - kinematic viscosity of the fluid

a - thermal diffusivity of the fluid.

The empirical parameter m-0.5 was reported by 

'nvestigators, according to Yovanovich (1988).

As the real phenomenon is rather complex, other

numerous

similar tò equation (2.21) that correlate the fluid velocity to the

Probe heating have been found experimentally by 

researchers. A comparable formula was proposed by Kung et 

1987, according to Sobrinho and Maciel (1994):

J
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1
AT

a + b Vn (2.23)

where

within

a b and n were determined by fitting the experimental data

a given range
Of velocity, and AT is the difference between

probe and fluid temperatures.
t thA same authors, Grahn (1968) proposed 

Also according to the

an equation given by:

h = a + b ln (V)
(2.24)

. , ,iq94) used, for a given temperature of 
Sobrinho and Maciel (

the fluid K, an equation:

AT = T - To = a + bln(V)
(2.25)

probe.,otnre of the heated
where T is the temper

nrl< jt was found, 
In the present work,

qiven fluid temperature Tw, that the 
experimental data f°r

x x onqfer coefficient
convective heat tran

from observation of

h was well fitted by a second

degree polynomial in

(2.26)
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u dpfprmined by fitting the experimental data
where a, b and c were determi "

within a given range of velocity.

The velocity can be expressed as a function of Circuit output 

fluid temperature, by substituting (2.26) in (2,20):
voltage and

V =
-b* +

which can be written as.

where a )
>

Parameters a,

The possibility of a

(2.27)

(2.28)

are Obtained by multiplying the initial 

the probe geometrical characteristic As.
b’ and c’

b and c by
çian before the square root term 

minus sigi
-idered, as it did not correspond

in

to
(2.27) and (2.28) was not consi- 

the physical reality observed
h steady-state, it is often needed 

different fluid temperatures, and these 

to have a dependence correlation with

to
Although dealing 

measure velocities at 

Parameters were observe



fluid initial temperature. In this work, an empirical 

model of degrea two in Tw was adopt®

polynomial

2
a’ = ai + a2 T« + a3T°o

(2.29)

where a a2 and
a3 were regression param et ers. Analogous

formulae. were used for b' and c .



CHAPTER THREE

_ the anemometers
3 - DEVELOPMENT OF THE A"

h two basic electronic circuits to operate
During this rese gnd tested: the heat pulse and

the thermistors were tests called for corrections of
constant temperature circubs.^ solderless prototyping 

inlt'al aSS„ hP described in this chapter. Evaluation, 

circuits W'11 D
. imorovement, will be done in later 

suggestions of ""P

the circuits

board. The

J

as well as

chapters.
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3.1 - THE HEAT PULSE CIRCUIT DESCRIPTION

thermistors in

input voltage

amplifier, an

;uit used to study the transient behaviour of 

anemometric applications was constructed using: an 

regulator, a constant current source, a differentiat 

amplifier gain control and an inversor block, as

shown in the diagram of figure (3.1):

R +157
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r^Hiiiated bv a voltage divider, and The input voltage was regulated oy

.onnnHpd to the current source block fixed to a value that corresponded io

The constant current source operation was 

ratio of its operational amplifier voltage input

and the equivalent feedback resistan 

. P11 and R13, which provided two
feedback resistances R11

the mode of thermistor performance (heating

requirement (1V).

established by the
the twodetermined by

leveis of

and the

the pulse input from the Computer was set 

Q2 (BC547) was not conducting 

delivered to the base of Q3 (BC547)

current, according to

or cooling phases).

For instance, when

in logic “0” the transistor

reference voltage (5V) was
/MnQFET IRFZ48), switching them

and the gate of Q1 (MOSFET
t. n in the heating phase, and the equivalent 

Circuit was then operating
Was calculated by the parallel group of R11 

then regulated for the current source block 

current of about 10.9 mA to the sensor. Also, 

, amplif'er 9ain contro1 block

rational amplifier gain 

the pulse input

on. The

feedback resistance

and R13. R13 was,

a constant
was put in

0.15.became

i n I o g i c “ 1 ”was set

Q1 was turned off.

and the equivalent

suppiying

the resistance R15, in 

short-circuit and the opei-

On the other hand, when
Q saturated, and Q3 and

the transistor Q2 wa
. jn the cooling phase

The Circuit was opera source, was equal to R11. A

res.stance, m the con the thermjstor The

constant current of 0- the 1Q J5

amplifier gain control ag
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The current was known indirectly by reading the voltage over 

x ui- Vfllup of 100.6 Ohms). R3 and R4 wereR5 (with an established valu

, • x ond wpre required by the A/D board for operatingbase resistances and were r q

in differential mode.

A differential amplifier> 

responsible for furnishing an

after the current source block was 

output voltage equal to the difference 

, the sensorbetween the signais appüed to its inputs (in the case 

amplifier pins 2 and 3), multiplied by a gain 

case) As its function was similar to a 

would not affect the thermistor

would not allow current trough it. However, 

and a slight discrepancy between 

observed. The

wire voltages between 

(selected as 1, for the 

voltmeter’s, an ideal operation 

current levei, i.e., it 

this was not verified in practi

, artual resistances was
the calculated and actua

rront this discrepancy will be dealt with in 
procedure adopted to correct 

the next chapter.
^ntrol was composed of an operational The amplifier gam control w

cictanoes controlled by the pulse input 
amplifier with the gain resistanc

■ ortpd in relation with the input signal. 
signal. Its output was inverte

rf. r had exclusively the purpose of
The inversor amp ' 1

■ „ frnm the precedent block. No gain 
inverting the signal com.ng

, ítQ output voltage was read by the A/D 
existed in this block an

board.
, amnlifiers used in this Circuit were LM741H, 

All operational a P

with symmetrical feeding
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3.2 - THE CONSTANT TEMPERATURE CIRCUIT DESCRIPTION

The applied constant temperature Circuit, as shown in figure 

a bridge Circuit that operated by adjusting 

to keep its temperature (that is its

The unbalanced bridge produced an

(3.2), was essentially 

the power through the sensor 

resistance) constant.

umbalanced voltage

amplifier, that supplyed bridg 

the thermistor resistance R 

its resistance conducted the 

feedback system maintained

which was applied to the input of a high-gain

over

thus

This

feedback voltage. As the power 

increased, its temperature and 

to the equilibrium.bridge back 

the desired probe temperature

for every velocity. 

Supposing that the 

the actual form of operation
heat to fluid in its vicinity, even when the 

due to changes in fluid velocity for 

of voltage applied to the operational 

• of thermistor resistance andby virtue

ould cause the electric tension that fed the 

djusted to restore the original value.

unbalanced (whichbridge was initially

of this Circuit, since the probe
was

was always transferring

velocity) >is at a zerofluid

instance, then the differenC
i l 1 I I V-» J ---

amplifier LM741H 

temperature chang®s> 

bridge to be automatically

»
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CONSTANT TEMPERATURE CIRCUIT

„ nf the constant temperature Circuit. 
Figure (3.2) Diagram ot

the

for

the

R2 and R3 were chosen according to 
The resistances R1.

nf ooeration. The same value was used 
selected temperature

• d the best operational condition to 
all of them, which proví e

r was theoretically maintained equal 
Circuit. The probe resistanc

ded to a fixed temperature. R4 was of 
to (R3-R4) that c cjrcujt other than enabling

100 Ohms and had no func

current measurement. ...
496 696 and 1000 Ohms were tested in 

The values chosen as it corresponded to a
the Circuit, but 696 Ohms w
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temperature of operation above the utilised fluid temperature, 

without overheating the probe.

The probe wire voltage (or current 

restore the bridge balance, corresponded 

on a calibration procedure 

calibrated, the anemometer could be used

or power), adjusted to

to a specific velocity V

at a constant fluid temperature. Once

to measure fluid velocity
1 1 M 1 U ) ---

by means of reading 

corresponding velocity from a

As the calibration 

be kept constant during 

range of temperature in account

the output voltage and getting the 

calibration curve, like figure (1.4). 

assumed the environmental temperature

that procedure, a calibration taking 

tried, as will be described

chapter four.
In the Circuit of figure (3.2). the 

.. +h n 30V This wasasymmetrically with u o
suppüed to the

for symetric feeding), on

0Uld be attained for velocities lower than that

operational amplifier

in order tonecessary

to

a

in

was fed

amplify

the range of tension

(instead of O~15V,

bridge to a value of

the contrary, the

amplifier saturation 

of the range in study.



CHAPTER FOUR

4 - experimental apparatus and procedure

4.1 - THERMISTOR DESCRIPTION

This study was carried out using 2.54 and 1.524 mm 

onculated thermistors, supplied by Fenwal diameter glass encapsuiaie

. 1 91 -102EAJ-Q01 and 120-1 02EAJ-Q01,Electronics, models

nn thev will be called thermistor 1 and respectively. From now on,

ofivplv Details of probe geometries and thermistor 2, respectively.

. finures (4.1) and (4.2): dimensions are shown i
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4.2 - R-T CALIBRATION SYSTEM

Prior to utilisation of thermistors in laboratory tests, 

calibration procedures were conducted in order to obtain their 

resistance-temperature characteristic curves, as welt as to 

evaluate their time constants.
:_n ronstants of the NTC characteristic The two regression consta

M -noa with help Of a mercury-in-glass thermometer, 
curves were obtained witn i'bip

, „ and a thermostatic bath with capacity of
with 0.1 °C of resolution, ana a

rnod water The bath, as shown in figure (4.3), 
161 , filled with distilled water.

, ra inrrement of 1.0 °C, presenting a refined 
permitted a temperature in

llowed good precision on the procedure. The probe 

(D
control, which a

. np in two different manners: 
calibrations were done in 
the heat puise Circuit, and the power set in the 

registering temperature variations, 

was observed

near the lower and upper ranges 

already commented in the previous 
of calibration. This fact w

, the resistance calculated from the R-T 
chapter. Consequently,

Qnenr installed in the heat pulse Circuit 
data acquired with the s

♦ u/hen compared with the data obtained by 
was slightly different

resistance with multimeters of 41/2 
reading directly the pr°

digits accurate to 0.1 Ohm

therefore

Circuit. A slight discrepancy 

results, for values of temperature

and (2)

between

installed in

low mode,

Out of any

these two
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Figure (4.3) Thermostatic bath utilised for thermistor R-T 

calibration.

knowing the a

A correction 

both sensors, although 

acceptable values for the 

similar for 

be

. ^irriiit the probe resistances were obtained 
In the heat pulse circu ,

trends were 

calibration curves can

By examination 

calculated with the 

resistance, a polyn

of

theoretical Circuit 

omial f't °f c*e9ree two was done, which

*hP voltaae across the thermistor wires and indirectly by reading the voiiag

pplied current over it.

for the observed problem had to be done for 

the theoretical Circuit gain resulted in 

range of probe utilisation (25~40°C). The 

both probes. The discrepancy on the 

seen in figure (4.4).

the difference between the resistance 

gain and the actual
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Figure (4.4) R-T calibration data for thermistor 1.

iotinn of 1 9% from measured resistance provided a maximum deviation
♦ hp theoretical form of calculating the 

(against 18.6% using
resistances with the pulse Circuit output):

R

Ra = P2(R) (4.1)
_R_

Ra

• tanre Obtained from pulse Circuit output 
where R - resistance

Ra . actual resistance

1 _ ideal ratio
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p2 - second degree polynomial in R

Equation (4.1) can be written as:

Ra — (1 - P2(R)) R (4.2)

where R. was a function basioally of R, which could be calculated 

from the readings of probe wire voltage and current, in the Circuit 

of heat pulse at temperature sensing mode. Doing that, the heat 

to the R-T calibration curves obtained pulse Circuit was adjusteu

with zero power applied to the sens

Data of R-T calibration for the two sensors, as well as the

. n fif are represented in figures (4.5) and 
two constant regression 

(4.6):

Figure (4.5) H"**  
for thermistor 1.
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-T- «e fnr thermistors 1 and 2 were, respectively: The R-T curves for mei im

3421,88492/T
R = 0,012212 eJ (4.3)

3445,12029/T
R = 0,010392 e

(4.4)

♦ was estimated for each probe, as 
The time constant r

two, utilising the same thermostatic bath, 

achieve 63.2 percent of water temperature. 

of 22 sec for the glass probe and 10 sec for

described in chapter

adopting. the time to 

Time constants in air
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the mini probe were supplied by the manufacturer. These values 

were obtained experimentally in water, and estimated in air as 25 

times that in water (Rasmussen, 1961).

Figure (4.7) Step response in water for thermistor 1.

reoeated for bath temperatures of 60, 70 
The procedure was

prior to dipping of theand 80°C, and the response curves

the experiment were collected at a sampling 

n u-, hv the automated data acquisition system, 
of 1000 HZ cy 111

ia m The estimated time constants in air 
in section (4.5).

_ o for the glass probe and the mini probe,
and 7.3 sec,

thermistors into

frequency

described

were 22.5

respectively.
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A serious problem during calibration was the contact of the 

probe wires with the water, which caused a large a-c levei to be 

added to the Circuit output in consequence of a capacitive effect, 

turning the signal impossible to be evaluated. This matter was 

solved by assembling the probe in a 5 mm-dia aluminium tube and 

sealing the gap between probe and tube with a Silicon glue.

4.3 - ELECTRONIC EQUIPMENT

The following electronic equipment was used for developing

II ac for allowing their correct operation:the circuits, as well as for aiiuw y

x c. arourate to 41/2 digits, which permitteda) Digital multimeters accurate

.x a and current leveis for correct operation of adjustment of voltage a

•,nv in the initial phase of building. In spite of the circuits, specially m me

ín the circuits showed significant helping, their presences in

x ♦ waines which could only be eliminated with influence on the output vaiue ,

•cition of this information, and substitution the automation of acqui

. , fhe differential channels “0” and “1” of the of the multimeters by

A/D acquisition board.
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b) A stable d-c power supply model TC 15-02 B (Tectrol S.A.), 

having two independent output tensions of 0-15V and currents of 

0-2A, with possibility to be inter-connected in mode "auto”, 

permitting to regulate the Circuit feed tensions (±15V to the heat 

pulse Circuit and 0-30V to the constant temperature Circuit).

orotnr model ETB-515 (Entelbra S.A.) wasc) A square wave generator mooei

• I fn aoolv the pulse, permitting to controlutilised in the initial phase to appiy h

f thP Electric pulse. The automation of the frequency and shape of the eiecui p

u .tod this equipment by the digital output acquisition substituted tnis m

tA dAi of the board, which permitted to put 
“outport O”, see figure

. r thp control of the software.
the heat pulse under the

4.4 - CALIBRATION TO AIR SPEED

The calibration to
air velocities was conducted in a probe

calibrator model
1125 (TSI inc.), over a range of about 0.05 to 12

m/s.
c ronnected to an air compressor (model 

The calibrator wa
„ a \ and the compressed air was filtered MS-V-1 0/1 75, Schulz S.A.),

Docides filtering, this equipment included 
inside the calibrator.
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everything that was necessary for flow control, as shown in figure

(4.8):

CALIBRATOR

Air

Valve
(on-off)

rei
U
Trap
Filter

. nf orobe calibrator model TSI 1125.Figure (4.9) General v,ew of pr
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The chambers D2 and D3, utilised for calibration, are shown

in figure (4.8), however the system also permits to use an externai 

chamber D1 for greater velocities. The mid-range chamber D2 has 

an internai diameter of 16.5 mm and can be used for velocities

, ,h;io thp low range chamber has an internai from 0.63 to 15 m/s, while the iow y

„ onH ran be used for velocities from 0.01 to diameter of 71.7 mm and can oe

1 m/s.

Figure
(4.9) shows an electrical resistance for heating 

the heat exchanger. This was

of the fluid

the

done to permit

temperature on

was supplied to

an

the

the

variable a-c power

a mercury-in-

inlet air to

investigation of the influence 

instrument calibration. The electrical power 

resistance by connecting H * ^ries to a

frature was monitored with 
supply. The fluid tempe

x f o°F (1 1 °C) resolution. 
glass thermometer of 2 r t

The air velocity was 

pressure differential across 

and mercury manometers. The

. /lamber pressure-atmospheric Pressure) 
pressure differential ( 

which is provided by the 

sheets. As the geometries 

flow, sheets corrected for

obtained by means of

orifice of pressure

measuring the

tap with water

js a relation between velocity and

J

manufacturer in the form of calibration 

of the probes affected the free uniform 

average hot-wire geometries were used

(see appendix C).

For each calculated 

ambient conditions was

ajr velocity, a correction factor for 

appiied, according to manufacturer’s
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recommendations. The manufacturer quoted a maximum error of 

8% for the chamber D2 at a velocity of 15 m/s.

Calibration was conducted for fluid temperatures of 299 82 

3°3.15, 306.48 and 309.82 K. The probes were pfaced in the 

chambers with help of a 5 mm-dia aluminium tube, conform figures 

(4.10) and (4.11):

Figure (4.10) Positioning the probes into the calibrator

Both fluid velocity and temperature were allowed reaching a 

steady-state condition before data were collected (15~3o min) 

About 50 readings over the range of 0.05-12 m/s were taken for 

®ach temperature and for each sensor, for both circuits.
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For the constant temperature Circuit, the procedure involved

* . ratP of 100 Hz during a period of 2 sec, after 
an acquisition at a raie

being achieved. The averaged voltage 
fluid steady conditions d y

„tiv the oower) were correlated to current (and consequently the po > 

velocity and fluid temperatur

For the heat pulse Circuit, an increased sampling rate of

, f rpnresent the phenomenon accurately. A 
Hz was selected to P

x o eor was adopted and heating periods of 2 and 
cooling period of o s

J fnr thermistor 1 and thermistor 2, respectively. 
1 sec was preferred for tnerm

x- hoatina-and-cooling periods were imposed, but 
Three consecutive heau y

x x ,n were considered. At 
only the first two we

, anolication), the probe temperature was 
(before any pu|se app

omp as the fluid s, 
approximately the s

taken to obtain Tro. The linearization, 
readings (2 sec) w

and

air

200

the first cooling period

and an average of 400
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„ to was applied to the second cooling according to equation (2.18), Wdb «pp

■ x- I *«mnarature  To was set for an initial time of t0=1 phase. The initial temperature i0 w

„rtinfc of the two sequential seconds were sec. After this, the pomts ot me
.___ ltinp /qee appendix B) of the software tohandled by a subroutine (see

, fho linearized curve and associate it to acalculate the slope of the lineariz

velocity.

4.5 - DESCRIPTION OF THE DATA ACQUISIT.ON SYSTEM

• and control systems are used in the
Data acquisition an

following applications.

a) sensing physical variables,

i «mp sionals into digital signals, which areb) converting analogue sign

Computer readable;
, nino and logging the acquired data to storage

c) processing, plottir y 

devices;

d) controlling a process. 
nuisition and control system was composed

The used data acq 
hoard model DAS 1402 CyberResearch 

of a data acquisition
onal Computer 386 DX40. The board was 

language Borland C + + (although commercial 

nd analysis packages were at hand for operating 

installed in a

programmed in 

data acquisition



57

the board). Therefore, the acquisition features could be controlled 

via software. Figure (4.12) shows the PC and data acquisition and 

control instrumentation.

Selection of data acquisition and control hardware should be 

based on the following criteria.

1 st) Cost.
2nd) sampling rate, í.e. the frequency of sampling. It is 

necessary that the sampling rate be at least twice the highest

Expe rimental apparatus for automating the 

acquisition of data.
Figure (4.12) 

studied phenomenon (to satisfy the Nyquest 

sampling frequencies may modify the perceived
frequency of the

theorem). Lower
f thP studied signal, known as “aliasing”. On

frequency spectrum of the
h cneed boards are more expensive.

the other hand, high P
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»hO nnmher of divisions into which the full- 3rd) resolution, i.e, the numoer ui

Fnr instance, a n-bit resolution permits scale input can be divided. ro
. innut qínnal into 2n'1 equal intervals. The to divide the full-scale input signai

x i , innut chanqes greater than the ratio (full- board can detect only input cnangc y

scale/2"), whioh contributes to the maximum error.

4th) single-ended and differential inputs. Single-ended inputs 

. ^ct and are utilised whenever the input normally have a low cost,
n pyternal ground, which may or may not be 

signals have a common ex
. nífferential inputs offer greater noise immunity, 

the remote ground. Difter

and are used for
measurement of several input signals with no

common ground.

presence
of sample and hold Circuit allows acquisition

5th) the 
of multiple channels at the same time.

mNlAI allows the maximum speed of
6th) direct memory acces

hnard to Computer memory.
transferring data from b

outputs (D/A) usually are used to control
7th) analog

experiments.

8th) digital inputs 

generate pulse or other

The selected data

nd outputs (DIO) are used, for instance, to 

clock controlled signals.

acquisition board had the following

characteristics:

- maximum samplin0

- 16 single-ended or

- switch configurab|e
, individually programmed for gains of 1, 2, 4 °r S;

- channels indiviu

12-bit resolution;

input channels;

rate of 100 KHz with

8 differential analog

for either unipolar or bipolar signals;
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- an 8-bit register, with 4-bit to output and 4-bit to input;

- three 16-bit programmable counters. Counter 0 might utilise 

a 100 KHz internai clock or an externai clock. Counters 1 and 2 

were permanently cascaded (to obtain a 32-bit counter) and were

connected to a
clock of 1 MHz or 10 MHz, selected via micro-

switch.

The board

Guide. Figures

accessory

board, respectively.

is described in CYRDAS 1600/1400 Series User’s 

(4 13) and (4.14) show the board installed in an 

Slot of the Computer and the rear wiring assembly of the

.itiiised for the board was 8 differential The configurat.on utihsed

channels in unip°lar 01
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Figure (4.14) Rear wirin9 assembly of the board'

by the acquisition loop routine that 

the board, which informed when the

nnrammed to achieve the best control of The board was programmeo

makino the Computer to work exclusively 
acquisition frequency, m

. ■ p n no command could be executed dedicated to the acquisition, e.g..

tro arouired data was transferred from board 
during this routine. Th

thP interval between two consecutive 
to Computer memory in 

acquisitions. This was don 

monitored a specific P0|T 

data was available.

The program accessed

instructions. There are

according to the
d length, whose bits are defined by bit 

base address has 1 byte w

directly the register levei using l/O

32 l/O mapped addresses, each one named 

YRDAS 1600/1400 Series User’s Guide. Each
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address.

The control of
done by means

of the counter “0” connected to the internai clock of 100 KHz,

which
time delay, permitting to program frequencies

from 2

worked as a
(1 to 25KHz in case of using two channels) per

to 50kHz

difi7S.Ê7l unipolar/bFpoiãrl 
selcction __ selcction___ I

I

8 or 16 
analog 
input 

channels
gain “1 

selcction__ |

instrumepialion 
amplifier | sampling I

| 12-bit ADC |—

ADC&inux 
data negister |

porta 
port b 
portei 
port ch

t

il 
í

DAS1600 Series only

.selcction
ref in I

DAC()12-bit
D/A 0 mult'P<yinS n/A

out
I unipolar/bi polar 
I selcction

^JdAC 1 12 bit . 
inulLipJying D/A' 

out [ ~ ~~
BjjjJÍÕ V, 5 V or user 

selcction
ref in

/X

s

I

L2
data 

bufíers

mux incrcment
& control logicj

status 
registcr

n
internai data bus

SZ
control 
registcr

clock 
- select

logic

tinier 
enable 
registcr

address deeode
& select

J.......... ................... '............................
DAS1600 Series only

4 bits
4 bits

' op3
op2 

reeister ““ET'01’1 registcr op0

4-bit
\ output

------/ registcr

JO-Dlt 
counter

■*•1—nip3 
ip2/cntr 0 gate

-"ipotrig o/xpclk

ló-bit J counter

ZZZJ
DMA 

control logic

16-bit counter

intcmipt control 
logic

-*  out
i

programmable 
. interval tlrrter

í

out

_ entr 0 
clk in

)l MHz|-MlÕMHz|

DMA 
lcvcl select

I

1600/1400

ISA PC AT, PC/XT BUS

Figure (4.15) Boa
rdblockdiagram. from CYRDAS 

series User’s Guide.

channel.

duration

Knowing the 

the number

sampling frequency 

of events to be

and the total process

acquired could be
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was important, for instance, f0 

internai routine in the acquisition 

of heatíng or cooling the probe,

generated by writing directly to the

for

the

determined. This information 

program pulse application. An 

loop verified the exact moment 

example. The pulse was
OPO (outport zero) of the output register, see figure (4.15).

The program called ONDA permits a complete control of

u,ail as Storage of data on Computer memory, 
electronic circuits, as well as siu. y

i + nn the display screen, show data in log them to a dísk, plot on tne y

, to The overview-level IPO diagram for 
memory and analyse data.
program ONDA is found in figure (4.16).

hçiit

1.Circuit characteristics
2-Pulse frequency, sampling 
frequency, total acquisition 

time
3.Fluid temperature
4-Signals
Í.Pre-recorded data can also 

beprocessed

Pntcess

l.Retóeveinput
2.Store
3. Convert data
4. Control circuits
5. Calculate velocities 
â.Analyze data
7.Display data 
S.Show data in memory

Ouiput

1. D ata to monitor
2. D ata to hard disk
3. D ata to RAM
4. Data ofvelocity
5. D ata of circuits
6. Pulse control

Figure (4.16) The
overview-level IPO diagram for program ONDA.



CHAPTER FIVE

5 - RESULTS OF
experiments AND DISCUSSIONS

THE THERMISTOR anemometers
5.1 - PERFORMANCES of

On the whole, the 

showed a good performance, 

stant temperature

.„llitc tested with the anemometers two Circuit»

Iready commented.

Circuit maintained the probe 

The constam r theoretical resistance was

average resistance a percent of the readings falling

equal to 593.00 constancy in temperature was
That means, mc

Within ±3.88 ohms. (according to equation (D.3)’). The
accurate within ±0.03 percent (a

_____ _ annhical and statistical software Origin V3,5 and appendix
---------------------------------- -—------------- i ...ah Help Oi gr«r*
1 - The statistical analysis was ma e
D.



64

t t was known indirectly by reading the outputactual resistance was kii

. zx arross a known resistance) with thevoltage and current (tens.on across

. m The estimated uncertainty in this procedure 
acquisition system. The

was ±1 0/212 V for this Circuit.

Circuit showed an excellent performance in 

electric pulse, since the average time 

. current levei was around 0.03required to establish the final current 

. ,094 oercent of the final value after 0.005
obtainment of 99.4 p

in voltage readings was +2.5/212 V for 
estimated uncertai y

nealiqible power of about 10'5 W was 
Circuit. At low power, a negligi

While about 0.1 W was delivered to the 

ulse period, which could not cause any damage.

The heat pulse 

the application of the

with

The

this

dissipated by the probe, 

probe during the |

sec,

sec.

5.2 - THE HEAT PULSE METHOD RESULTS

in poroushomogeneous as

curves

xu d as already exposed in cited works, 
The heat pulse method,

. lo nf detecting fluid motion, as much in 
demonstrated to be capab

medium. Figure (5.1) shows a family of

,h application of a 0.7 s pulse in thermistor 2 
obtained The resu|fs jndicated

for air velocities varying fr0
t0 determine fluid velocity using the 

that the sensor was presented in chapter two,

pulse method. The a °P
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and, according

decay could be

t0 it the slope of the normalised temperature

correlated to the fluid velocity.

response in air following a 0.7 s heat
Figure (5.1) varying frorn 0 to 1 5 m/s.

pulse for aii

thp normalised temperature decays for 
Figure (5.2) shows the n

rent air velocities, after a heat pulse of 2 
thermistor 1 and d prQposed model. Similar family of

sec, m agreement ^^mistor 2. The effects of pulse duration

curves was obta.ne o investigated, as explained

and fluid initial temperatu 

next.



66

Figure (5.2) No
.. rmalised temperature decay for thesmistor 1 and 

’ mrities following a 2.0 s pulse,different air velocities, t

5.2.1 - Heat pulse duration effect.

m/s
decay was studied in 

and heating times of 

0.3, 0.7, 1.0 and 1-5 

remained invariant within 

given velocity, see figur 

for the latter, 

observed. That 

conditions were Prese

5

and

had

in a

t m.lse duration on the slope of temperature 
The effect of heat p

air for velocities ranging from 0 to 10 

c < n 2 0 and 5.0 s for thermistor 1
0.5, 1-U>
s for thermistor 2. Although the slope

7 percent for the former thermistor

(5 3) the same thing was not observed 

zc zn where greater variations were 
see fi9ure

loined with equation (2.18), where initial 
can be explaineu

nt Hence, the adopted calibration was in 

Ulse duration. Also, for a given velocity,
reality dependent of the P
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a relatively short pulse did not Show a very defined behaviour. On 

the other hand, excessive períods of heating could unnecessarily 

irori fnr a sinale reading, as well as to cause enlarge the time required for a singie 

disturbance in the médium around the sensor.

duration on the slope of normalised
Figure (5.3) Effeot of pulse , (V=7.60 m/s).

temperature decay

llqes were only admitted after the probe 
At all times, pulses

x The effect of pulse magnitude was 
reached the fluid tempera

not studied.

Therefore, 

considering a 3.0

calibration procedures were conducted 

fnr the cooling phase, and pulses of 
s duration tor



Figure (5.4) Effect of pulse 
temperature decay í

-> duration on the slope of normalised 

for thermistor 2 (V=6.00 m/s).

1 and 2, respectively. The process 

curves needed acquisition of two 

xu first the bulk temperature was In the Tii»i> 
temperature Information contained in 

by averaging
mnp of the normalised temperature s The siopc

■ > Second cooling period, considering 

and obtaining the straight line of the 

a semi-logarithmic P|ot until the third 

shown in figure (5.5)), which 
1

-- linear fit. The process of

a new velocity reading, was done 
e. g> a n

return to the fluid bulk temperature 
after a period for the probe to

2.0 s and 1.0 s for thermistors 

of generation of the calibrati 

consecutive periods.

calculated

the initial 0.5 to 2.5

Iculated using the
ca

the initial

decay was

to=1 s as

temperature behaviour on

time

second (end of cooling Pha 

nood least squares
Provided a very g°°u

reapplying another puls



69

x th^rmictor 1 which was of the same order(approximately 20 s for thermistor i, wm

as its time constant).

Figure (5-5) Temperature decay curve slope.

5.2.2 - Fluid bulk temperature eff

t. n was performed for a
The calibration wa P

oo k as shown in figure
of 299.82 to 309.82 K,

nrmalised temperature 
temperature, the nor

fluid temperature range

(5.6). For this range of

slope varied with only

±4.3 % of full scale.
. the calibration curve

Therefore, tne
_11 curves on the 

generated by gathering 

and fitting a second degree
polynomial.

for thermistor 1 was

same plot, figure (5.7),



70

curves for the 2.54 mm-dia probe at

—<5-6) ca,i::z.z: ->—3.

. .pd an average error of 15.7 percent for the 
The method provide

with calibration data. The explication for
fitted curve in relation

+ u ,.ce of a large range 
this fact was the use 

fitted curves, where f°r 

the error could reach 

range, for example 0.1 

percent, and so on.

of velocity to obtain the

J

calibration,

small values of velocities, like 0.05 m/s 

magnitude of 200 percent. For a shorter 

,n the error was reduced to 7.56 
to 12 m/»>

That suggests that, for a more exact 

tter to use look-up tables than curve fits.



71

Another way is to specify small ranges of velocities for calibrating

the instrument.

R =0,99739
RA2=0,99478
SD =0,25686

Parameteh/aluesd

95%co nfidence

AO 6,3359595 0,39679
A1 59,960654 2,5163
A2 144,24570 3,72052

<
2-

y=AO +A1X +A2 xA2 +A3 xA3 +...

0-

“TTcalibration curve for thermistor 1 
Fi9Ure(57) air velocity vs slope.

btained for the other thermistor, see 

that the thermistor 2 provides a 

e , for the same velocity range afigure (5.8). These

better sensitivity

A similar curve was

figures Show 

to the method, i
• achieved with the smallest sensor.

greater slope range is
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Figure (5.8)
Calibration curve for thermistor 

air velocity vsslope.

2,

The calibration
■ _ n for thermistor expression tor

and 2 are

respectively:

V = 6.33596 + 59.96065 (S)
+ 144.24570 (S)2

V = 1.61003 +

16.62477(S) + «-TO°7(S)2 (5.2)

where
v. air velocity (m/s)

S _ slope (s )
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5.3 - THE CONSTANT TEMPERATURE METHOD RESULTS

principie demonstrated good 

measurement, including the 

components of velocity. Figure 

terms of the output voltage vs

The constant temperature 

applicability in fiu'd veloci y 

possibility to measure fluctuating 

(5.9) shows the Circuit response in 

air speed.

------------------------- , temperature circuil °UtpU‘ voltaSe f°r
Figure (5.9) Constan temperatures - thermistor 2.
several air veloci*̂  a"d

the above figure, the fluid temperature 

the calibration curves, and a source of 

which fluid temperature was read. A

As can be seen m 

significantly influenced 

error was the way
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x ♦hie rircuit was that the probe had to be 
characteristic of this cir

hpnce the fluid temperature insensitive to fluid temperature, hence,

mercury-in-glass thermometer installed before the 

calibration. This caused inaccuracies in fluid bulk 

xA/hich varied with fluid temperature measurements, whicn

read with a

chambers of

temperature

was

anemometer

to 0 5 percent at 309.82 K. The 

showed to be strongly affected
, 299-82 K
from 0.2 percent ai <-

constant temperature

by those inaccuracies. eauation (2.28), with a plot of
r- zg 10) summarises q

E /(R (T-Tinf)) vs sqr (
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Separated plots of each response curve permitted to fit the 

regression parameters required by the model:

y=A0 + AlX^2í±í+"

Valuesd

3,8336E-6
g4478E-6

Parameter
0,0025-

0,0020-

0,0015 -

R =0,99987
R/2=0,99974
SD =8,882lE-6

A06.424507E-4

(P!±-J y

Figure (5.11)

Sqrt (Velocity
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at 303.15 K - thermistor 2.
Figure (5.12) P/AT vs

Sqrt (velocity)

Figure (5.13)
t q sort (velocity) at 306.48 

p/AT VS sqri k
K - thermistor 2.
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Figure (5.14) P/AT vs sqrt (velocity) at 309.82 K - thermistor 2.

b and c2 were obtained as a 

to establish the dependence 

bülk temperature, a plot of each parameter 

made and a second degree polynomial 

to equation (2.29).

From these plots, four °f a' 

function of fluid temperature' ln order 

Of that parameters on L 

vs fluid temperature was 

was fitted, according

2-Thefigures (5.11)ro<5-14»""=,’UÜ"
M Ai and Aj, respectively. > <=■. a=A0, b=Ab and c=A2.
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-0,00006-1

-0,00022-

-0,00024

Figure

-0,00010 -

-0,00012 -

-0,00018 -

-0,00020-

-0,00014 -

"o
-0,00016-

-0,00006-

o

306

y =A0+A1 x + A2x'2+A3x/3+...

304 306

Fiuid Temperature (K)

0,09644

A2 ^1JJ880389E-6 1.038E-6

R =0,9774 
r/2=0, 95531
SD =0,00002

Parameter Valuesd

AO -0,17151648 
A1 0,0011378557 0,00063

300 302

(5.17) c’ vs

310

fluid temperature - thermistor 2.

„ut 1 and C’=C’(T.), the fluid temperature 
With a’ = a’(T~), b -b (

pxnression (2.28) gave the fluid velocity. 
and the output voltage.

inconvenience in this procedure was that 
As mentioned before, an

hP sensed by another probe, which 
the fluid temperature ha

, incorporated into the Circuit. In the present 
might or might not be

y y a rpad With the mercury thermometer,
,alues were reau

Work, temperature thermistor during applications,

durmg calibration, an keyboard. An example on how the

were introduced to the mo e jp figure (gJ8) fop g

model fitted the calibrai" data

fluid temperature of 299.8
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«+O| prrors for different fluid temperatures The average percental err

oo « fi 944 at 303.15 K, 11.977 at 306.48 K and were 3.617 at 299.82 K, 8.944 d

r thormistor 2. The same trend was observed 23.295 at 309.82 K for thermistor z

for thermistor 1.

errors with fluid temperature were The increase in average

nrcurrence of dispersion in the data for attributed mainly to the

(amnPratures, as can be seen in figures the two higher calíbrat.on temperatu

^aiipr differences between temperatures (5.13) and (5.14), due to smaller

ofinn which called for lower power to be of fluid and probe operation,

At hioh fluid temperatures, the probe delivered to the pr°be- At 9

•.•zifiPS to fluid temperature and velocity worked with great sens.tivities

t^hino all fluctuation in temperature. variations, therefore, catchmg
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Furthermore, the same commentary about velocity range 

heat pulse anemometer, is needed here.
as for the

Figures (5.19) (5.21) show a’, b’ and c' as a function of f|uid 

tQmperature, for the 2.54 mm-dia probe.

Figure (5.19) vs fluid temperature - thermistor 1.



82

-0,00010 -i

Figure (5.21) C vs
f|uid temperature- thermistor 1.
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The adjusted calibration parameters for thermistor 1 and 2

are respectively:

a'i = 0.1822 - 0.0012 Tf + 2.0148x10 Tf^

’ b'i = 0.2249 - 0.0015 Tf + 2.5203x10 ? Tf

c'i =-0.04 82 + 3.2488xl0"4 Tf-5.4846x10 Tf

a'2 = 0.0315 - 0.0002 Tf + 3.5257x10^ Tf^

< b'2 = 0.6810 - 0.0045 Tf + 7.4923x10^ Tf

.c’2 = -0.1715 + 0.0011 Tf - 1.8880x10 Tf



6 - APPLICATIONS

CHAPTER SIX

„ the Instruments were evaluated by a wind
Once calibrated, 

tunnel experiment, where suitabi 

32,000 (based on the test section 

figure(6.1)) was verified.

The experiment

Profile of the test section 

comparison with Pit°t 

thermistor 2 was 

anemometer, and thermis

for Reynolds numbers up to 

average width (a+b)/2, see

compr>sed

with each 

result

of the determination of a velocity 

anemometer, for subsequent 

(detailed in appendix E). 

the constant temperature 

tested with the heat pulse

with

1 was

anemometer.
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The tunnel material was acrylic, and its cross section 

.. ,rA v b=64.3 mm, conform figure (6.1).
dimensions were a=65.4 mm x u
The transducers were introduced into the tunnel through an orifice 

situated in the middle of the upper surface. In 

pairs of data (vertical distance, y, vs air velocity, 

tube (see chapter four) used to introduce

. rallioer, which allowed to vary
tunnel was f ixe d to a beam

airartion The same was done for position of measurement m y-direction.

order to collect

V) the aluminium

sensor into the

the

the

Pitot tube, figure (6.2)

it

which in
From first measurem® 

stem caused flow turbulon
That led to a Pr° 

the velocity profile- Th

was inferred that the aluminium 

induced serious disturbance on 

cedure of bending the stem at
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a right angle to the test cros 

stream lines, similar to a

Fluid temperature 

temperature anemometer 

dia thermistor placed 

transducer. The temperatu 

resistance, measured with

J

section, that is, parallel to the

pitot tube shape.

measurement, with the constant 

Was monitored with a similar 1.52 mm- 

5 cm downstream from the velocity 

Was calculated from the probe 

multimeter, and entered the program

via keyboard.

_f the Pitot tube

The first

~“"ml

readings wer transducer radius, about

tunnel wall equa considered. Three sets

rtical distance y
transducer and

20 points over the ve
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of velocity profiles were determined with each anemometer. Figure

(6.3) shows the average results with all three methods.

rí? the flow was not laminar, figure (o.jj,

■ „ and boundary layer can be observed, 
of core region ano o

a „tpd to compare the performance of each 
the form adoptea

thA Pitot's was an average error 
anemometer wi

t the mean velocity acqu.red out of the 
in relation to the

starting from the fifth measure. The relat.ve 

anemometer was of 2.2 %, which 

the pitot tube measurements 

jn conformity with the expected

As can be observed in

A division 

^herefore, 

^veloped 

Calculated

koundary layer region, 

error detected for the heat poise 

laV within the uncertainty of 

^estimated in 3.5 %)> and W3S
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result as the calibration
showed good accuracy for this range of 

fOr the constant temperatureerror

14 3 %, had explication in the already

and could be faced as a limitation of the

the

the

to

velocity. The relative

anemometer, calculated in

commented causes,
. h better calibration condit.ons and a flu.d 

method, which needed b ... hv
tinn (Information of temperature e.ther by 

temperature compensation ( Resides
x oresent in the Circuit. Bes.des, 

the same probe or other one influencina
nround 306 K, which proved mfluencng 

test temperature was a 

measures, as the probe op

temperature variation. aneniometers showed satisfactory

In spite of the above, bo measurement of

. of being aPPlieu
responses and possibi i temperature anemometer

everage velocities in fluíds. velocities (that
■th fluctuating 

also promised to work wi

eannot be seen in figure



CHAPTER SEVEN

7 - CONCLUSIONS AND RECOMMENDATIONS

The development of different thermistor anemometers

r®sulted in a good understanding of the sensor applicability in 

T circuits were constructed and f'Uid velocity measurements. Two creu 

t tho constant temperature. Both showed
tested, the heat pulse and th 
^at suitability for mean velooity measurements.

t f data acquisition was essential for the
The automation of d

Thonks to the control of the heat 
SL|ccess of the investigation-
D,„ as data analysis at cooling phases, the
Pulse duration, as well as
. . velocity measurement. Also,
ransient anemometer ena

the
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automation permitted a precise description of probe operation, by 

acquiring at real time the information of Circuit response.

The proposed techniques and calibration models were valid 

and could be applied to velocity measurements. However, 

calibration conditions had to be controlled, mainly for the constant 

temperature method, in order to achieve reliable measurements. 

The deviations were also attributed to the great range of velocity, 

which was about 10'2 to 10 m/s. Another possible cause of error, 

not yet considered, could be beat conduction through the probe

9lass “neck”.
made use of the transient The heat pulse anemometer

k -x Hnrina the cooling period after a pulsebehaviour of the thermistor during me
The experimental results were in agreement with the 

the range of fluid temperature used for calibration 

309 82 K) díd not affect the mean velocity

aPplication.

theory. Also

(299.82 to

J

measurements.
duration tests showed significant 

The results of the pulse durar.
the same calibration conditions 

effect on calibration, and, h
. in Applications of the instrument.

w®re suggested to be used m app
lirflte the method presented the 

Although relatively accurate,
• ríonnate to measure fluctuating 'nconvenience of being madequate

k rause it needed a finite time to operate. 
c°niponents of velocity, be

n he done about repulsing, that is, 
At this Stage no commentary can be don

, Mre orobe temperature returnmg to 
aPPlication of a new pulse e

<he steady State flow fluid temperature.
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Th© constant temperature anemometer, although more 

susceptible to fluid temperature variations, was sensitive for

average as well as varying velocity. The average errors of this 

Circuit were a consequence of uncertainties about procedure 

conditions, and were expected to be eliminated with a well 

co"trolled temperature and flow conditions. In addition, an 

'hcrease In the temperature of operation (probe temperature) could 

he'P to reduce sensitivity to temperature variattons.

It can be concluded that the characteristics of stabUity, 

rnechanical resistance and sensitivity to temperature variations 

_ velocity sensor, when under thernade the thermistor a very good
mefhods with applications in a control of one of the proposed metnoos,

ihany laboratory experiments, engineermg and industry.

mo)pr can be used for measurements in 
The heat pulse anemometer can

„ co/ u/íth 95% certainty. 
,r)strument error is about 15. °>

l,ie range of

. rp anemometer has been tested in the 
The constant temperat

t*">ese performances.

Recommendations for future works ar
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- improvement of the Circuit, for reading fluid temperature;

- selection of a higher probe operation temperature;

- further investigation for turbulent flow measurements.

(b) For the heat pulse anemometer:

~ development of a general calibration curve,

~ development of a more complex mathematical model 

which includes the effects of heat conduction through 

Probe “neck" and actual probe geometry;

- adaptation of the model for applications in porous media.
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APPENDIX A

A NEW FOUR CONSTANT FIT FOR R-T

CHARACTERISTIC OF A THERMISTOR

The 
^aii

four-constant ^uati°n

l (1993)
•'«liyugavaradan et a ‘ v 

aPproximation method, acC 

those

(2.3) suggested by

was solved by a successive

to the procedure presented by

authors.
Psrarneters was written in 

pairs of resistance 
^erY1Peratures in increasing

routine producing the fourA computational

QuickBasic V4.0. The program asks for

in Ohms

order and
r9n9e)

7’ and verifies the convergence 
Pi" °9ra™

called PARAM.BAS, follows:

and temperature in K

nearly equally spaced in

(the

the

the

Ol o „ tuf r-t parameters of
‘PROGRAM for determinin

T0R P FITTED ASSUMING A FOUR-

C°NSTa PRINT -your curve will b
STANT” m RY=“

PRINT “EQUATION J,yf,p3)ExP(-P4/Tí)’’ 
PRINT “ 1 /(Ri-P 1) = P(2_+ (p1!ms oF R-T” 
PRINT “ENTER FOUR PAI
DJM R(4),T(4)
for 1=1 TO 4 noiMT |NPUTtt n

LOCATE T;l;: 'NpUT T(l)LOCATE 5 + 1,30. PK>'\
NEXT I
X1=O: Y1=0
X=R(3)/R(4): Y=0
Kr=°(T(2)-(T(4)-T(3)»/(T(‘l)'(T(3)-T(2)»

A
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K2 = (T(3)*(T(2)-T(1)))/(T(1)*(T(3)-T(2)))R(4))) D1X=K1*(R(2)/R(3)) aK1*((R(2)-R(3))*(R(4)) a2/(R(2)*R(3)*  (R(3)-

(Rmua,, D2X = (R(2)/R(3))aK2*((R(3)*(R(2)-R(1))  + K2*R(1)*(R(2)-R(3))*

>> 2/((R(3)*R(4))*R(3)*(R(1)) a2)Dl Y=(R(2)/R(3))AK1 (R(4)-R(3) + K1*(R(2)-R(3)))/(R(1)-R(2))  
D2Y=K2*(R(2)/R(3)) aK2*(R(2)*(R(2)-R(3)))/(R(1)*(R(1)-R(2)))  

C1=ABS(D1X)+ABS(D2X)
C2 = ABS(D 1Y) +ABS(D2Y)
IF C1>1 OR C2>1 THEN GOTO 100 
‘CONVERGENCE CRITERIA AD_/V, nnnn-íüDO UNTIL ABS (X1-X)<.00001# AND ABS(Y1-Y)<.00001# 

X1=X: Y1=Y
R(2))//y* v A = ((X*(R(2)-R(4))  + R(3)-R(2))*(Y*(R(1)-R(3))  + R(3)-

R(2))/,y. B^1F/x<(XRXA3)-R(2)"(V-(RW-R(3)) + R(3)-

X=F1: Y=F2
LOOPP1 =(R(4)*X-R(3))/(X-1)P2 = (Y-1)/(P1-R(2) + R(1)*Y-P1  Y)
M~ (1 /(R (3) + P 1)-P2)/(1 /ín 2
P4 = LOG(M)/(T(3)-T(1))*(T(3)  T(1))
P3 = EXP(-P4/T(1))/(1/(R(1) + P^.'  ̂ns = «.N
PRINT X,Y,"NUMBER ?F 'T^A_T‘p3 T4 = “;P4 
PRINT “P1=“;P1, “P2= ;P2, P3-
GOTO 110 ^^mhitioNS WERE NOT SATÍSFIED”

PRINT “CONVERGENCE CP^DIJidy^I| + |DYF2i= “;C2
PRINT “fDXF1l + IDXF2l= “;C1, |DYM| I

END

1 OO

11O



99

APPENDIX B

LINEAR INTERPOLATION

BY THE LEAST SQUARES METHOD

Graphi
b®tter

fh®ore(i

^tg

or

cal analysis

# í the grapíYicaunderstanding 0 rpSentati°n 0

by an analytical functi 

a straight line.

An ofte
^othod

Sclhares 

^otaíled 

ahd § 

if (X1

of experimental data are 

physical phenomena. In

essential to a

some cases,

the

of

A

n used method to fit a straight line to data is 

least squares. The method minimizes the sum 

°f the distances between data and the straight line.

ciescription of the method is given by for instance Draper 

(1980) and Holman (1978). According to those authors, 

'^1)’ (X2,Y2), (Xn Yn) represent a set of n observations 

th$rQ<
G'°fe tu dY’ cne slope (S=—) of the straight line is:

1 dx'

• J

' ^^I(SXi)(SYi)]/n

~(XXi)2/n
(B.1)

J

tfle 'ntercept at X=0 of the Une, is:
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I = gYi)(ZXi2)-(EXiYi)(ZXi) 
nEXi2 - (EXi)1 ~

(B.2)

wh©re alI summations are from i-1 t0 n
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APPENDIX C

CALIBRATION SHEETS FOR

CALIBRATOR’S CHAMBERS D2 AND D3

Ca,'bration sheets corrected for average hot-hire geometries 

W6re Siven by calíbratofs manufacturer, for standard atmospheric 

C°ncfitiOns.

(a®ns|ty) - 1.2 Kg/m3

T
^Perature) = 293 K 

^Pressure) = 1 atm (760 mmHg)
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Curves were fitted f°r
chambers,
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Figure (C.1.b) Relation of pressure differential to air velocity, for 

the TSI calibrator (chamber D3).

A factor of 1/13.6 was used to convert pressure readings from 

mmH20 to mmHg. A correction factor for varying ambient 

conditions is given by:

K = lí 293 "TH 
\V273 + TA76oJ

(C.1)

^here K - correction factor

T - atmospheric temperature ( C)

P - atmospheric pressure (mmHg)

Some important properties of dry air at atmospheric pressure

of 1 atm and temperature of 30 «C are listed below:
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Table (C.2) Properties of dry air at T=30 °C and P = 1atm.

P (density) Í1.165 x 1O'J g/cmJ

M (viscosity) 1.86 x 10'4 g/cm s

v (kinematic
L viscosity)

0.160 cm^/s

K (therma!
conductivity)

2.6 x 10'4 W/cm K

Pr (Prandtl number) 0.71
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APPENDIX D

EXPERIMENTAL UNCERTAINTIES

An important question a researcher needs to ask himseif is 

abouf the validity of his data. This question will remain 

unanswered unless he performs an error analysis on his 

experimental results. According to Holman (1978), it may be a 

simple verbal assessment of the results, or may take the form of 

complex mathematical analysis of errors (see also Moffat (1988), 

Doebeíín (1976) and Spiegel (1978)).

This section was written in an attempt to clarify the error 

analysis used in this work.

Helpful definitions are;

a) Error - the difference between the true value and the measured 

value, used for calibrating an instrument. In other situations it is 

more difficult to talk about error in measurements, and the term 

L,hcertainty is used.

b) Uncertainty - possible value of the error, that is, the interval 

around the experimental value wíthin which the true value can be 

encountered.
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c) Readability - characteristic of analog output Instruments, which 

also depends on the observer, reading the scale.

d) Resolution - minimum input value that causes a detected 

change in output.

e) Accuracy - is the measure of how well an observation can be 

repeated.

f) Confidence interval - interval around a mean value wíthin which

95 percent (customarily) of the data lie. Frequently reported as 

±2<y (two times the standard deviation) for single sample analysis, 

and tSíNj/VKT for multiple sample experiments, where t is the 

applicable Studenfs t for N samples and 0,95 confidence levei 

(which are tabulated in some of the cited Iiterature), and S(N) is the 

standard deviation of the set of N samples.

g) Single-sample analysis - when a small number of independent 

data points are taken at each point tested. An acquisition system, 

acquiring data at a frequency of 50 Khz, for instance, can be 

assumed to be performing a single-sample acquisition, if the 

autocorrelation time of the signal (inverse of Nyquest frequency) is 

smafler compared to the period of sampling (20 ps for the 

example).

h) Multiple-sample analysis - when a large number of independent 

data points are taken at each point tested.

0 Average calibration curve - is taken as a curve that best fits 

Scattered data, based on a given criterion (usually the least 

Sciuares).



107

J) Coefficient of correlation (r2) - measures the goodness of a 

straight Une fit. It varies from 0 to 1, where 0 means no correlation 

at all and 1 means a perfect correlation.

k) Ch auvenefs critereon - specifies the maximum acceptable 

deviation (Yi-Ym) in relation to standard deviation (c), which can 

be applied to eliminate dubious data points. The criterion may be 

applied only one time, and lists of ratios (Yi-Ym)rnax/o are available 

in cited references.

Helpful mathematical definitions are:

Arithmetic mean:

1 n
Xm = -SXi

m=i
(D.1)

where Xi denotes each of the n readings.

Standard deviation:

cr =
1 n ■ 
-X(Xi-Xm)2 

_ní=i

11/2
(D.2)

and o2 ís called the variance.

Uncertainty in dependent variable:

1/2 (D.3)
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where R js dependent on variables Xi (i = 1 to n).

Coefficient of correlation:

r2 = ^(^est ~ )2

Z(Y - Ym)2
(D.4)

where Yest is the estimated value of Y, correspondent to a given

X, and Ym is the arithmetic mean of Y.
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APPENDIX E

PITOT-TUBE OPERATION

A Pitot-tube is used to measure velocity by determining the 

difference between stagnation (total) and static pressure (Pt-Ps). 

The velocity is related to the differential pressure (dynamic 

pressure) through the Bernoulli’s theorem (incompressible case 

only, i.e. M~<0.3, where M is the undisturbed Mach number):

Pt - Ps = pN2 /2 (E.1)

where p is the fluid density, and V is the fluid velocity. Hence, the 

velocity is:

2AP

V P 
(E.2)

where AP = Pt-Ps is the differential pressure.

The total pressure is measured by one tapping facing the 

stream, and the static pressure is measured by several taps made 
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in the lateral wall of the tube, see figure (E.1). The used Pitot tube 

has an outer diameter of 3 mm.

r

Figure (E.1) Measurement of differential pressure by Pitot tube.

The differential pressure can be measured by a liquid column 

rnanometer connected to the output tubes. The used manometer 

was an incíined-tube manometer, having water as the manometric 

fluid, and an angle a of 14,1°. For this type of manometer, there is 

9 correction factor for the difference in height of columns (h1+h2) 

ar>d the length in the inclined tube (h), as can be seen in the 

f|9Ure (E.2).
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Figure (E.2) Incíined tube manometer.

Hence, the actual height (see Preobrazhensky (1980))

Ah=h1+h2 can be derived easily from geometrical considerations: 

Ah = hsin« (1 + (E.3)

where d and D are the internai diameters of the leg and the well, 

respectively.

Knowing the differential pressure, in terms of Ah, the

Pressure differential AP in equation (APF.2) can be obtained by

equation:
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AP = p 

where pw i

to gravity.

gAh

the density of the water, and g js the acceleration due


