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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 presented. 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
principle, 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 MEDIGAO DE
VELOCIDADE DE FLUIDOS USANDO TERMISTORES AQUECIDOS

RESUMO

Neste trabalho, dois instrumentos para medicdo de
velocidade de fluidos s&o apresentados. Os sistemas usam
termistores comerciais aquecidos por duas técnicas distintas:
pulso de calor e manutencdo da temperatura constante. Cada um
deles corresponde a um instrumento especifico. No primeiro
método de operacdo, a excitacdo da sonda é periodicamente
alternada entre baixa e alta poténcia. Em baixa poténcia, a sonda
funciona em modo sensivel a temperatura, e em alta poténcia, em
modo sensivel & velocidade. O transiente térmico, devido ao
periodo de resfriamento, apds a plicagdo de um pulso de calor, ¢
correlacionado & velocidade do fluido na vizinhanga do sensor. No
principio de temperatura constante, a temperatura do sensor &
mantida constante variando-se a poténcia dissipada pelo
thermistor, e o regime permanente de transferéncia de calor é
correlacionado com a velocidade do fluido. Para cada método de
aquecimento, s&o descritos o modelo matematico e o circuito
eletronico usados. As sondas sdo previamente calibradas em
termos de variagcdo de temperatura, por meio de um banho
termostatico, para a determinacdo das curvas de resisténcia-
temperatura e estimag&o das constantes de tempo. Apos isso,
passa-se a calibrag&o para velocidade de ar, esta variando de
0,01 a 12 m/s, usando-se um calibrador comercial. E verificada a
aplicabilidade para numeros de Reynolds (baseado na largura
média da se¢cdo de teste) até 32.000, por teste em tunel de vento.
Analise das performances e limitagbes dos instrumentos é dada. A
automacdo da aquisicdo de dados ¢ realizada usando-se um
computador pessoal e uma placa de aquisigdo programavel, de
modo que o pulso de calor, no primeiro método, pode ser
controlado via PC.

PALAVRAS-CHAVE: TERMISTORES, ANEMOMETRIA, PRINCIPIO
DO PULSO DE CALOR, PRINCIPIO DA TEMPERATURA
CONSTANTE, AUTOMAGAO DA AQUISICAO.
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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



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 principles 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 principle 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




electrical resistance R decreases exponentially as temperature
rises.

When one permits electric current to pass through the
thermistor, it suffers an internal 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 principle 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
neral correlation between velocity and temperature was studied.

ge

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.




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 electrical 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



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 installed 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 fiow

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
surround'ing fluid temperature. If the current is high enough to

generate heat, the thermistor output voltage is now a function of



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 periodvically 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 ga
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
delivered to the probe, and its temperature was

mA 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 cauéed 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.




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 fall to a minimum. The

temperature of the thermistor reduced to the ambient temperature.

Figure (1.3) shows the probe temperature vs time.

1,6
Hea puse circuit response for thenistor 1, vith s=200 Hz,

” puse duration of 0,5's, and codling period of 5,0,
) ; . . :
%1,2_ ; : ; :
g z E ; :
g cooling :

3 1,0~
puse

g 0,84 I ' i

06 L ; T T T T T T —

0 5 10 15 20 25

Time (sec)

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 principle of work, the probe temperature is maintained
constant by varying the dissipated electrical power over the
thermistor, see figures' (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.

0'045J Lo TowBO82K
0,040 | °
0,035 ° A R > ¢ Tou03.15 K
A a
] . R
0,030 - R
] a v
O 0,05 $ v
a _ o,
Y
A ¢ 4 [ <& <& © T =30982 K
0,020 H e ° ° bulk
. & v
oy
oo154  §
&
0,010 ;
, T T T i T T —
0 2 4 6 8 10 12
Air Velocity (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.

' “These figures are examples of circuit responses, but are not correlated to results presented in chapter five,
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Figure (1.5) Characteristics of the constant temperature circuit

response probe temperature vs air velocity.

The sensor temperature must always be above the ambient

temperat‘ure 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 an automatic

bridge-balancing operation, however, in this study only average

velocities are dealt with, although applications to Reynolds

numbers up to 32,000 based on duct average width, i.e., turbulent

flows, had been executed.

The equilibrium will arrive at any steady-flow velocity. The

equilibrium power is a measure of velocity. Velocity fluctuations

3 e .
BLAULSTRARL poue
el iy '“'3\44'.,‘.\;'}5', {:w‘

U MRy
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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

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 of power is

necessary at high velocities. That will not be tfreated here.

1.4 - LABORATORY AND FIELD APPLICATIONS

The systems were analysed for the case of air since the

majority of laporatory practical applications makes use of a

gaseous medium as the working fluid. However, there is interest in

the development Of instruments using thermistors to make

measurements of water flow within porous media. An example of an
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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 Uberlandia, 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 pased 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

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

Therefore, covering, in a general form, the usage of thermistors

for anemometry. In order to achieve the main objective, the

following steps had to be carried out:




14

a) 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 instrumentation system making use of a

Personal Computer and a programmable data acquisition and

process control board. The electrical pulse on the first instrument

was put under control of a PC.




2 - THEORETICAL ASP

2.1 - NTC THER

The NTC thermistor

resistance var

expression:

R(T) = Ae (B/T)

where A and B are regr

resistance at a

ies with

CHAPTER TWO

ECTS

MISTOR MATHEMATICAL MODEL

is a semiconductor whose electrical

temperature, following an exponential

(2.1)

ession parameters, and R(T) in Ohms is the

n absolute temperature T. Parameter A represents
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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 voitage E through the

probe, and the corresponding current I, since:

R(T) = E/I (2.2)

Equation (2.1) obeys a two constant law, and is only an

approximation derived from physical considerations. Recent new

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

thermistor are proposed in the literature, which provide a closer

approximation than the conventional equation. Kaliyugavaradan et

al. (1993) presented a four-constant equation derived assuming a
hown in figure (2.1):

two-terminal equivalent circuit as s

—

Is

—_—

BT
R=A¢

RtUt —_——

—
-

Equivalent circuit model for a

Figure (2.1)
thermistor suggested by Kaliyugavaradan et al. (1993)

In this model, the thermistor, represented by a temperature

(B/T), has a small conductance g_across
p

dependent resistanceé Ae
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it and a low resistance I in serie with the parallel combination.

For this model, that authors proposed the relation:

where r_ and g, are assumed constant in a certain range of
S

temperature, and Riot is the total resistance.

Although having a petter fit and providing better accuracy,

when compared to the conventional model, for the same
temperature range, the use of the four constant mode! was not

adopted in this work, since the method did not show convergence
for the calibrated temperature range. Although the manufacturer’s
R-T data had not been used and uncertainties had been introduced
by the R-T calibration system, the procedure was perfectly

justified, since it was the only way to check the applicability of the
model by laboratory experiments, see figure (2.2). Use of the
manufacturer’s R-T data would have resulted in greater
uncertainty, since these had a very high tolerance: 24.9% at 80°C,

according to the manufacturer.
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2000
°  From Laboratory Calibration
1500 a «  From Manufacturer
’é\ o
S 1000 o0
g o4 R-T Celibration Curves for Thermistor 2
0 o o
ugf’ 500 a
‘ " DO n o
°f o o, o
0
T T T i T 7 7
30 340 30 330

Temperature (K)

Figure (2.2) Comparison between manufacturer ang laboratory R
calibration data.

A computational routine used in an attempt tg find the foyr

Parameters is presented in appendix A.

2.2 - THERMISTOR STEP RESPONSE

For this study, it is considered that the probes follow g first

Order response equation, given by:
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dqo ‘
dt
where q, - the output quantity

q, - the input quantity

t - time

‘ ameters, assumed co
a,, a, b, - phy3|cal par nstants. |
response for this kind of

Therefore, the normalised

instrument is given as (Jordan, 1983):

a() qO ao
0 1 lexp(-— D (2.5
b() qi p al )

which can also be writtén as:

ot ‘
L 1 - exp (-t/7) (2.6)
kq;

where © (equal to a,la,) is the time constant and k (equal to b /a)
is the static sensitivity, also called gain factor, given in terms of
the parameters of the differential equation (2.5) for a 1st order

instrument.
a step has been applied to the

In often used methods,

instrument input and © N&s been measured as the time to achieve
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63.2 percent of the final output value (for instance Doebelin,

1976), since, from equation (2.6):

~ 0.632 (2.7)

@ | =—

9o |t:7:q0|t=00 =] -

The time constant © was estimated for each probe, by

plunging them into hot water, and monitoring their subsequent

response. A comparison between the measured time constants and

that from the manufacturer was done.

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

the expression:

m Cp
7 hA (2.8)
S
where m - mass of thermistor

cp - specific heat of the thermistor on water

h - mean heat transfer coefficient

Asg - wetted surface area.

It must be clear that t is not a constant parameter for a given
sensor, once it ma&y decrease by decreasing m and ¢ or
increasing h. AlsO, h depends on the surrounding fluid and its
velocity'. The approximate value for the time constant was

the application of the probe in this

estimated in water and

; it.
! After all, this effect is what we want t0 explo
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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 Ilimitations 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 (1988):

2 _2,\-05
Fo = (1 +w'z") (2.9)
Equation (2.9) represents a correction factor that can be

used to diminish the limitations of thermistors to measure

fluctuating temperature signal input.
The sensitivities to fluid temperature and speed variations

have special importance on the characteristics of an instrument
with heated thermistors. The sensitivity to a given variable js
defined as the fractional rate of change in thermistor output
voltage with respect to that variable, the other variable maintained

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

2) and (2.13), modes of operation:

JE

(2.10)

Q
-

(2.11)

)
<

i (2.12)

1
br = T521

where St and

temperature and

sensitivities at con

— (2.13)

Sy are sensitivities at constant current to
\

speed variations, respectively, and Ir and Iy are

stant temperature to temperature and speed

variations, respectively.

A graphical
is shown in figure
In figure (2.

account to plot th

mm-dia thermistor in air

that the sensitiVv

representation of St and |y for the circuits used

s (2.3) and (2.4), respectively.

3) data from the heat pulse circuit was taken in
sensitivity to temperature variations of the 2.54

e

at zero speed. It could be inferred from it

) es as power across the
ity decreas P
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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.

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 To. They assume a moderate convective heat transfer

coefficient h, which implies (T-T,)#0, and consequently:




25

260 (R, t)
kr r = h(9(Rs, t) (2.14) |

where 0(Rs,t) = T-T, ’I
|

r - radial co-ordinate I

i

k¢ - 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 h. (average thermal convective
conductance), and that the environmental temperature T, 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:

Thé change in = The heat transfer

internal energy by convection

_,OCVol dT = he As (T-Too) dt (2.15)

where p - density of the fluid

c - heat capacity of the bead
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V., - volume of the bead

Ag - surface area of the bead.

If T> T,, the minus signal indicates that the internal energy

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

dT heA s
T -Tw pcV ol (2.16)

integrating that equation from t=0 to t:

T hcA s
L 223 gy (2.17)
T()T—Too pCVOI()
produceé:
-Too hcA
In . (2.18)

where n is the integration constant.

(2.18) can be rearranged as:

T-Too ‘ hcAs
—_ = ' -—1t
TO-Too nexp ( /OCVOl ) (2'19)

with n'=1, since T=T, at t=0.
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Note in equation (2.19) that (hoAs)/(pcVa) is the inverse of

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

Consequently, higher method sensitivity can be achieved if small

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

five).
nt approach to the problem of a

Equation (2.19) is an excelle

rigid sphere in a fluid subject to steady flow and temperature

fields.

If, however, the problem involves heat transfer from a sphere
to a fluid subject now 10 unsteady flow and temperature fields, a
oerturbation method must be applied to derive the heat transfer
equation The temperature field is decomposed into the undisturbed
field and disturbed field dué to the presence of the sphere, and its

n the energy equation. That will

solution yields a history integral i

this work, but can be found in detail in

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

not be treated in

Michaelides and Feng
(1959).

2.5) shows the dimensionless temperature

and Carslaw and Jaeger

The plot of figure (
sult of application of equation (2.19) in

decay vs time, as a ®

experimental data.
nitial decay period (t<tp), as it does not

If one disregards the |
d theory, therefore, the slope, of the straight line

obey the propose€
e has a direct relationship with the

obtained by this procedy’
may be found from the knowledge of the Nu

velocity, because h
h is a function O

i the Re number, i.e., the velocity.

number, whic
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The other parameters aré supposed to remain invariable over the

employed bulk temperature range.

1
n sl o aa e

(Ln Scale)

0,36788 -

013534 -

(T-Ti nf)/ (TQ' inf)

Time (sec)

Figure (2.5) Temperature decay behaviour of thermistors,
(semi-logarithmic plot).

dimensionless temperature vs time

) shows the dimensionless temperature decay on

a semi-logarithmic plot immediately after the application of a heat

Figure (2.6

pulse. The dimensionless temperature is normalised by a
ed initial time to which eliminates the

temperature To, at @ select
e slope of this curve can be found following

period of transition: Th
e described in Appendix B, and is utilised to

a procedure to b
curves for the heat pulse circuit. It was

e calibration

city was well

construct th
fitted by a second degree

found that the vele

e slope, v=P,(S), S€° chapter five.

polynomial in th
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Figure (2.6) Normalised temperature decay.

OF FLUID VELOQITY USING THE CONSTANT

2.4 - ESTIMATION

TEMPERATURE METHOD

This section describes the use of NTC thermistors maintained

rature for air velo
an expression that represents the

at a Constant tempe CIty measuremem_

In order to derive

when submittgd to a constant

behaviour of the thermistor

S assumed that its shape is perfectly spherical and

temperature, it i
s uniform at all times and the same as the

its internal temperature !
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te
Mperature of the surface in contact with the moving fluid. Th
en,

if
the effect of radiation can be neglected, the heat trg f
Nster

e - , .
Quation for the thermistor within a fluid at temperature T, jg

P = hC AS T-Too
(T-Tw) (2.20)

P - dissipated electrical power = R(T)}?

Where
h. - convective heat transfer coefficient
A - surface area
T - probe temperature
T. - environmental temperature
R(T) - thermistor resistance
| - current across the probe.

In  velocity measurement, the principal interest jg the

dependence between flow velocity and the probe overheating. F
. For
@ given range of velocities and fluid density, h=h(V) (ang h h
=N¢, as

already mentioned) is a function of fluid velocity ang has th
e

9eneral form (Doebelin, 1976):

(2.21)

h=a+pJV

Where g and b are determined by fitting the experimenta| dat
a

Within a given range of velocity
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According to Carslaw and Jaeger (1959), thijs equation
was

fir i '
St proposed in 1914 by King, and is called King’s law (2.21)
. (2. can

al
SO be deduced from observation of the Nusselt number defi
Ined

for a sphere:

Nu = Ny» + C Pr" Re™ (2.22)

Where Nu - Nusselt number (hL/K;)

Nuw - 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
lm - Reynolds number parameter

n - Prandtl number parameter

v - kinematic viscosity of the fluid

o - thermal diffusivity of the fluid.

The empirical parameter m=0.5 was reported by numeroy
s

iNvestigators, according to Yovanovich (1988).
As the real phenomenon is rather complex, other relation
S

Similar to equation (2.21) that correlate the fluid velocity to th
e

found experimentatfy by many

Probe heating have been

reSearchers. A Comparable formula was proposed by Kung et al i
. in

1987, according to Sobrinho and Maciel (1994):
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1
AT 27 b V" (2.23)

where a, b and n were determined by fitting the experimental data
and AT is the difference between

within a given rangé of velocity,

probe and fluid temperatures.
Also according to the same authors, Grahn (1968) proposed

an equation given by:

h=a+bln(V) (2.24)

Sobrinho and Maciel (1994) used, for a given temperature of

the fluid T., an equation:

AT =T - To =a+ bV (2.25)

e heated probe.

where T is the temperature of th
it was found, from observation of

In the present work,
experimental data for a given fluid temperature T,, that the

t transfer coeffic

al in Wi

ient h was well fitted by a second

convective hea

degree polynomi

h=a+bﬁ+cV (2.26)
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Where a
. b and c were determi [
rmined by fitting the e i
xperimental d
ata

Withi i
hin a given range of velocity.
he '
velocity can be expressed as a function of circuit
. | uit output
ge and fluid temperature, by substituting (2.26) in (2.20
. . ):

[-b' + lf2—4c%a“““ll““)1
Vzl (T-T=)" |
L o J (2.27)
which can be written as.
-b' +
(2.28)

e obtained by multiplying the initi
itial

roar

Where a’, b’ and C
d ¢ by the probe g
sign before the square root term i

in

eometrical characteristic A
S.

Parameters a, b an

T :
he possibility of a minus
(2.27) ' i
' and (2.28) was not considered, as it did no
' t corres
pond to
lity observed.

the physical rea
g with steady-state,

it is often needed to

Although dealin
temperatures, and the
se

different fluid

me .
asure velocities at
d to have @ dependenc
e correlati
ion with

pa
rameters were observe
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fluid initial temperature. n this work, an empirical polynomial

mode| of degree two in T, Was adopted:

— 2 i
a' = a1 + a2 T + @31 (2.29) |
regression parameters. Analogous '

where a;, a, and as were

formulae were used for b’ and C'.




CHAPTER THREE

3 -
DEVELOPMENT OF THE ANEMOMETERS

During this research, tWo basic i
, electronic circuit
s to operat
e
e designed, buil
ts. As the tests called for correctio
ns of

the the i
r
mistors wer t and tested: the heat pulse and

con ' eoul
stant temperature circul

the circuits. initi
ircuits, initial @ ne on a solderless prototypin
g

b
oard. The circuits will P€

improvement will be d
' one in |
ater

as i
well as suggestion® of

Chapters.
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3.1 - THE HEAT PULSE CIRCUIT DESCRIPTION

The circuit used 10 study the transient behaviour of

thermistors in anemometric applications was constructed using: an
input voltage regulator a constant current source, a differential
amplifier, an amplifier gain control and an inversor block, as

shown in the diagram of figure (3.1):

MOTooW =Moo O MEE—r o< MOZ=mEmTmD

........................ e

AMPLIFIER GAIN|
CONTROL | |

a1
]
K

,.
)
1
¥
1
i
1
:
-
2
-
A
2
ARE—
RAE

U3 il

LH7A1H o
Sy — D
---------------------------- ]

he heat pulse circuit.
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The input voltage was regulated by a voltage divider, and
fixed to a value that corresponded to the current source block

requirement (1V). The constant current source operation was
established by the ratio of its operational amplifier voltage input
and the equivalent feedback resistance, determined by the two
feedback resistances R11 and R13, which provided two levels of
o of thermistor performance (heating

current, according to the mod

or cooling phases).
ulse input from the computer was set

For instance, when the p

“0” the transistor Q2 (BC547) wa
elivered to the base of Q3 (BC547)

in logic s not conducting and the

reference voltage (5V) Was d
(MOSFET IRFZ48),
he heating phase, and the equivalent

and the gate of Q1 switching them on. The

Circuit was then operatingd in t

as calculated by the parallel group of R11

feedback resistance W

then, regulated for the current source block

and R13. R13 was,
rrent of about 10.9 mA to the sensor. Also

supplying a constant ¢U

in the amplifier gain control block, was put in

the resistance R15,
cational amplifier gain became 0.15.

short-circuit and the ope

. hand, when the
yrated, and Q3 and Q1 was turned off.

On the othe oulse input was set in logic “1”

the transistor Q2 was sat
rating in the €O
t current source, was equal to R11. A

The circuit was ope oling phase, and the equivalent
in the constan
0.115 mA was Sup
hanged the circuit gain to 10.15.

resistance
plied to the thermistor. The

constant current of

amplifier gain contro! again ©
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The current wa indi
s known indirectly b '
y reading the vol
tage over

R5 (with '
an established value of 100.6 0
) hms). R3 and
R4 were

base resi
istances and were re i
quired by the A/D board
for operati
ng

in differential mode.

A differential amplifier, after the current source block
ock was

res nsi ishin ou e
pPo sible for furnisni g an tput voltage equal to the diff
n ifTrerence

bet een th ian i h e
wee the sig als app||ed to its illpUtS (ill fthe case t n
| ) e s SOl
wire n am ifier P ns 2 a“d 3 mu P ed b a
voltages betwee pll | [ ) Itipli
! y gain

As its function was similar to
a

(selected as 1, for the case).

VO ll“ | I’ a i i I

(d not allow current trough it. Howe
: ver,

C ' .
urrent level, i.e., it wou

this was e : :
not verified In practice and a slight dis
en

t
he calculated and actual resistances was observed
. The

ed to correct this discrepancy will be dealt with
ith in

procedure adopt

the next chapter.

gain control was composed of an operati
ional

The amplifier
stances controlled by the pulse i
nput

amplifier with the gain resi
S inverted in relatio

had exclusively the purpose f
0

Si '
gnal. Its output w@ n with the input signal

amplifier

coming from the pre

The inversor
cedent block. No gain

inverting the signal
utput voltage was read by the A/D

existed in this blockK and its ©

board
sed in this circuit were LM741H

a4l amplifiers u

f +15V.

All operation

ical feeding 0

with symmetr
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3.2 - THE CONSTANT TEMPERATURE CIRCUIT DESCRIPTION

The applied constant temperature circuit, as shown in figure

(3.2), was essentially a bridge circuit that operated by adjusting
the power through the sensor to keep its temperature (that is its
resistance) constant. The unbalanced bridge produced an
umbalanced voltage, which was applied to the input of a high-gain
amplifier, that supplyed the bridge feedback voltage. As the power
mistor resistance R increased, its temperature and

ycted the bridge back to the equilibrium.

over the ther

thus its resistance cond

the desired probe temperature

This feedback system maintained

for every velocity.
hat the pridge was initially unbalanced (which

Supposing t
peration of this circuit, since the probe

was the actual form of o
rring heat to flui

fluid is at a zero velocity), dué to changes in fluid velocity for

ifference of voltag

was always transfe d in its vicinity, even when the

e applied to the operational

instance, then the d
virtue of thermistor resistance and

amplifier LM741H, by

would cause the electric tension that fed the

temperature changes
' sted to restore the original value.

bridge to be Jutomatically adju
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CONSTANT TEMPERATURE CIRCUIT

+15Y
R 11
Fze B32E
=] — | LM741H
1
Reading E
y of "=z
oltage jre} o —1BY
= P28
=+
Reading -
of i
Current Eg
=1

—18v

Figure (3.2) Diagram of the constant temperature circuit.

R2 and R3 were chosen according to the

The resistances R1,
ration. The same value was used for

selected temperature of ope

rovided the best operational condition to the

all of them, which P
robe resistance R was theoretically maintained equal

ponded to a fixe

n on the circuit other than enabling

circuit. The p
d temperature. R4 was of

to (R3-R4) that corres

100 Ohms and had no functio

current measurement:
¢ 375, 496, 69
s was chosen as it corresponded to a

The values © 6 and 1000 Ohms were tested in

the circuit, but 696 ONM
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temperature of operation above the utilised fluid temperature,

without overheating the probe.

The probe wire voltage (or current or power), adjusted to

restore the bridge balance, corresponded to a specific velocity V

on a calibration procedure at a constant fluid temperature. Once

calibrated, the anemometer could be used to measure fluid velocity

by means of reading the output voltage and getting the

corresponding velocity from a calibration curve, like figure (1.4).

As the calibration assumed the environmental temperature to

be kept constant during that procedure, a calibration taking a

range of temperature in account was tried, as will be described in

chapter four.

In the circuit of figure (3.2), the operational amplifier was fed

asymmetrically with 0-30V. This was necessary in order to amplify
bridge to a value of 0~30V

the range of tension supplied to the

(instead of o~15V, for symetric feeding), on the contrary, the

amplifier saturation could be attained for velocities lower than that

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

diameter glass encapsulated thermistors, supplied by Fenwal

Electronics, models 121-102EAJ-Q01 and 120-102EAJ_Q01,

respectively. From now on, they will be called thermistor 1 ang

thermistor 2, respectively. Details of probe geometries and

dimensions are shown in figures (4.1) and (4.2):
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Figure (4.1) Glass encapsulated probes.

50,8 mm —_—
| STANDARD GLASS PROBE
v ——
B i 31,75 mm
i MINI PROBE
12,7 min
12,7 mm
! s
- 1,52 mm-clia

Figure (4.2) Probe geometries and dimensions (not to scale).
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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 well as to

evaluate their time constants.
The two regression constants of the NTC characteristic

curves were obtained with help of a mercury-in-glass thermometer,

with 0.1 °C of resolution, and a thermostatic bath with capacity of
161 , filled with distilled water. The bath, as shown in figure (4.3),
permitted a temperature increment of 1.0 °C, presenting a refined
h allowed good orecision on the procedure. The probe

n two different manners: (1) Installed in

control, whic

calibrations were done i

and the power set in the low mode,

the heat pulse circuit,
rature variations, and (2) Out of any

therefore registering tempe

iscrepancy was observed between these two

circuit. A slight d
ature near the lower and upper ranges

results, for values of temperl
fact was already commented in the previous

of calibration. This
esistance calculated from the R-T

chapter. Consequently, the T
e sensor installed in the heat pulse circuit

data acquired with th

ferent when o
resistance with multimeters of 41/2

d with the dat i
was slightly dif pare a obtained by

reading directly the probe

0.1 Ohms.

digits accurate to
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hermostatic bath utilised for thermistor R-T

Figure (4.3) T
calibration.

In the heat pulse circuit, the probe resistances were obtained
ge across the thermistor wires and

indirectly by reading the volta

knowing the applied current over it.
A correction for the observed problem had to be done for
both sensors, although the theoretical circuit gain resulted in
acceptable values for the range of probe utilisation (25~40°C). The
r both probes. The discrepancy on the

trends were similar fo
s can be seen |

n of the difference between the resistance

calibration curve n figure (4.4).

By “examinatio

the theoretical circuit gain and the actual

calculated with

fit of degree two was done, which

resistance, a polynomial
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2000 o
= 1500 & o Out of Circuit
5 . | e In Pulse Circuit
E 1000 s . R-T Calibration Data for Thermistor 1
= 5
.8 T
0 > 2
g w0 ﬁ
4] a 8 g
f
B8 g3 g4
0~
J_’_'_____‘_____.'—-—-—r"—'r' T I ) : j !
30 340 360 380

280 300
Temperature (K)

Figure (4.4) R-T calibration data for thermistor 1.

provided a maximum deviation of 1.9% from measured resistance

(against 18.6% using the theoretical form of calculating the

resistances with the pulse circuit output):

R
R - 1
a
R = PZ(R) (4.1)
Ra
Where R - resistance obtained from pulse circuit output

R, - actual resistanceé

1 - ideal ratio
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P, - second degree polynomial in R

Equation (4.1) can be written as:

Ra = (1 - P2R)R (
4.2)

from the readi nd c
ings of probe wire voltage and
urrent, in the circui
; ircuit

of heat pulse at tem | m
emperature sensing mode. Doi
. ing that, the he
, at

pulse circuit was adj
justed to the R-T calibratio
n curves obtain
ed

with zero power applied to the sensors.

Data of R-T calibration for th
e two sensors, a

two constant ' '
regression fit, are represented in fi
igures (4.5) and

(4.6):
8,0 -
y=A+B*X

7.5 - param \Value sd
n A -4,40537 0,02316
< 707 B 3421,88492 7,45323
|
S o
C 65 R =0,99995
4 > D = 0,00022, N =24
Q p = 2,6898E-45
= 6,0 -
b .
$ 55 -] Fitted Curve for Thermistor 1 (R:AeB/T)
(1 _ , -440537+3421.884

R=e 2T =0.012212 ¢ 3421.88492/T
5,0 -
4'8 0026 0,0028 0,0030 00032 ) :
' ' ' 0032 0,0034 0,0036
4/Temperature (1/K) '
Fitted calibration curve for thermistor 1
r1i.

Figure (4.5)




48

Figure (4.6) F

The R-T curves for thermistor

3421,88492/T

0,012212 ¢

0010392 e3445,12029

The time constant T

described in chapter tWo

adopting. the time t0 achieve

Time constants in ai

5] YATETR
Param Value sd

o 709 A 456676 0,02074
§ B 344512029 6,67682
B esd T
c 0 R =0,99996
= 1 SD =0,00827, N =24
D 60 P =2,0611E-46
[an
9 .
w Fitted Curve for Thermistor 2 (R=Ae®'T)
$ 5,5
0: R = e-4.56676+3445412029/T =0.010392 e3445.12029/T

5,0 -

4,5 J .

0,0026 0,0028 0,0030 0,0032 0,0034 0,0036
1/Temperature (1/K)

itted calibration curve for thermistor 2.

s 1 and 2 were, respectively:
(4.3)
/T

(4.4)

was estimated for each probe, as

utilising the same thermostatic bath

63.2 percent of water temperature

r of 22 sec for the glass probe and 10 sec for




49

the mini probe were supplied by the manufacturer. These values

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

times thét in water (Rasmussen, 1961).

350
QRO
. /
£ sn0-
g s
= °
o o Tvater =70°C
g 3201 ° * order system step response.
£ ;
- ;
o 30+
Q [
o o
n- [+
300 o
o0 +——T | T " T y 1
2 T > 4 6 8 0
Time (sec)

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

The procedure was repeated for bath temperatures of 60, 70

and 80°C, and the response curves prior to dipping of the
thermistors into the experiment were collected at a sampling
frequency of 1000 HZ by the automated data acquisition system,
described in section (4.5). The estimated time constants in air
4 7.3 sec, for the glass probe and the mini probe,

were 22.5 an

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 level 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

the circuits, as well as for allowing their correct operation:

a) Digital multimeters accurate to 41/2 digits, which permitted

adjustment of voltage and current levels for correct operation of

the circuits, specially in the initial phase of building. In spite of

helping, their presences in the circuits showed significant

influence on the output values, which could only be eliminated with

the automation of acquisition of this information, and substitution

of the multimeters by the differential channels “0" and “1” of the

A/D acquisition board.




N

51

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 1o 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).

C) A square wave generator model ETB-515 (Entelbra S.A.) was

utilised in the initial phase to apply the pulse, permitting to control
frequency and shapeé of the electric pulse. The automation of the
acquisition substituted this equipment by the digital output
“outport O”, see figure (4.15), of the board, which permitted to put

the heat pulse under the control of the software.

4.4 - CALIBRATION TO AIR SPEED

o air velocities was conducted in a probe

The calibration t

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

m/s.
rator was connected to an air compressor (model

The calib
MS-V-10/175, Schulz s.A.), and the compressed air was filtered

Besides filtering, this equipment included

inside the calibrator:
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everything that was necessary for flow control, as shown in figure

(4.8):

B CALIBRATOR

Pressure Heat
Yalve rEgUIﬁtUr exchanger chamber D3 chamber D2

[_—__:31 11 Proke
nosttionet

Trap Fan

Fitter
Pressure tap

model TSI 1125 Calibrator.

Figure (4.8) Block diagram of

calibrator model TSI 1125.

Figure (4.9) General view of probe
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The chambers D2 and D3, utilised for calibration, are Show‘n

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

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

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

from 0.63 to 15 m/s, while the low range chamber has an internal

diameter of 71.7 mm and can be used for velocities from 0.01 to

1m/s.
FigUre (4.9) shows an electrical resistance for heating the

inlet air to the heat exchanger. This was done to permit an

investigation of the influence of the fluid temperature on the
instrument calibration. The electrical power was supplied to the
resistance by connecting it in series to a variable a-c power
supply. The fluid temperature was monitored with a mercury-in-
glass thermometer of 2°F (1.1°C) resolution.

The air velocity was obtained by means of measuring the
pressure. differential across an orifice of pressure tap with water
s. There is a relation between velocity and

and mercury manometel

(chamber pressure-atmospheric Pressure),

pressure differential
manufacturer in the form of calibration

which is provided by the
s of the probes affected the free uniform

sheets, As the geometrie
r average hot-wire geometries were used

flow, sheets corrected fO

(see appendix C).
4 air velocity, a correction factor for

For each calculate

ambient condition$ was applied, according to manufacturer’s
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fécommendations. 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,
303.15, 306.48 and 309.82 K. The probes were placed 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 g

Steady-state condition before data were collected (15~30 min).

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

each temperature and for each sensor, for both circujts.
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Figure (4.11) Detail of probe placement in chamber D2

For the constant temperature circuit, the procedure involved

an acquisition at a rate of 100 Hz during a period of 2 sec, after

fluid steady conditions being achieved. The averaged voltage and

current (and consequently the power) were correlated to air

velocity and fluid temperature.

For the heat pulse circuit, an increased sampling rate of 200

represent the phenomenon accurately. A

Hz was selected tO

cooling period of 3 S€¢ was adopted and heating periods of 2 and

rred for thermis

heating_and-cooling periods were imposed, but

1 sec was prefe tor 1 and thermistor 2, respectively

Three consecutive
only the first two wereé considered. At the first cooling period
(before any pulse application), the probe temperature was
approximately the same as the fluid's, and an average of 400
readings (2 sec) Were taken to obtain T,. The linearization,
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according to equation (2.18), was applied to the second cooling

phase. The initial temperature To was set for an initial time of te=1

sec. After this, the points of the two sequential seconds were

handled by a subroutine (see appendix B) of the software to

calculate the slope of the linearized curve and associate it to a

velocity.

4.5 - DESCRIPTION OF THE DATA ACQUISITION SYSTEM

Data acquisition and control systems are used in the

following applications:
iables;

signals into digital signals, which are

a) sensing physical var
b) converting analogue

computer readable;

plotting and logging the acquired data to storage

c) processing,

devices;

cess.

d) controlling @ pro
quisition and control system was composed

The used data ac
poard model DAS 1402 CyberResearch

of a data acquisition
installed in @ personal Computer 386 DX40. The board was
programmed in the janguage Borland C++ (although commercial
data acquisition and analysis packages were at hand for operating
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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:

1st) Cost.

2nd) sampling rate, i.e., the frequency of sampling. It is

[ t least twice the highest
necessary that the sampling rate be a g

(4.12) Experimental apparatus for automating the
Figure (4.
’ acquisition of data.

. to satisfy the Nyquest
tudied phenomenon (
frequency of the S
. . dify the perceived
ling frequencies may mo
theorem). Lower samp

m of the studied signal, known as “aliasing”. On
ctru

frequency spe |
h speed poards are more expensive.

the other hand, hid
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3rd) resolution, i.e, the aumber of divisions into which the full-

scale input can be divided. For instance, a n-bit resolution permits

to divide the full-scale input signal into 2"" equal intervals. The

board can detect only input changes greater than the ratio (full-

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

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

normally have a low cost, and are utilised whenever the input

signals have a common external ground, which may or may not be

the remote ground. Differential inputs offer greater noise immunity,

and are used for measurement of several input signals with no

common ground.
5th) the presence of sample and hold circuit allows acquisition

annels at the same time.

ess (DMA) allows the maximum speed of

of multiple ch

6th) direct memory acc

transferring data from poard to computer memory.
(D/A) usually are wused to control

7th) analog outputs

experiments.
puts and outputs (DI0) are used, for instance, to

8th) digital in
| clock controlled signals.

generate pulse Of other

ed data acquisition board had the following

The select

characteristics:

pling rate of 100 KHz with 12-bit resolution;

- maximum sam
8 differential analog input chan‘neIS'

16 single—ended or

rable for either unipolar or bipolar signals;

switch configu

s individually p

mmed for gai
- channel rogra gains of 1, 2, 4 or 8;
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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 internal clock or an external 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 is described in CYRDAS 1600/1400 Series User's

Guide. Figures (4.13) and (4.14) show the board installed in an

accessory slot of the computer and the rear wiring assembly of the

board, respectively.

f the board in the computer.

FiQure (4.13) Installation O

The configuration utilised for the board was 8 differential

. . N
channels in unipolar mod
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¢ wiring assembly of the board.

Figure (4.14) Rea

The board was programmed to achieve the best control of
acquisition frequency, making the computer to work exclusively
dedicated to the acquisition, e.g., no command could be executed

he acquired data was transferred from board

during this routine. T
to computer memory \n the interval between two consecutive
acquisitions. This was done by the acquisition loop routine ‘that
n the board, which informed when the

monitored a specific port ©

data was available.

The program accessed directly the register level using /O
instructions. There aré 32 /0 mapped addresses, each one named
according to the CYRDAS 1600/1400 Series User’'s Guide. Each
word length, whose bits are defined by bit

base address has byte
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names. The control of board features was done by writing to a

specific bit-name of a given base address.

The control of the sampling frequencies was done by means

of the counter “0" connected to the internal clock of 100 KHz,

which worked as a time delay, permitting to program frequencies

from 2 to 50kHz (1 to 25KHz in case of using two channels) per

i DAS1600 Series only ;

diff/S.E. uni,u,»m/t;ipdrTj 5
I selection selcction porta |-e—P=- 8 higy
B instrumentation : porlb |~ad—Pm=- 8 bits |
anplifier [ sampling port ¢l ﬁ__g 4 bits |
§or 16 1 12-bit ADC P it ch 4 bits |
analog mmmm .................... np_‘i .............. i
input ain j ADC &'.‘,‘:“" op2
channels selectivn data register opl
ch /15 » op0
- | 4-biy [ Biip3
i DAS1600 Series only | mux increment status input ;p%cm_r 0 gate
? v vasme BN & control Jogic register register ipLKriE
; 0V,5Voruser] | — ipOitrig O/xpetk
]

—" i lﬁ-bitt
internal data bus counter E cggto

i
T6-bi programmahle
counter | interval timer

i

unip&lar/l_ripnlnf
selection

' - I timer ] out
i DAC 1 12 bit enable N %

iy Atl multiplying D/g register ——a-51 g{‘éf“?
Pou " -

(100 kHz]

f‘b‘m V, 5V or user ] - [10 MHz]
/A L sclection address decode DMA  ||interrupt control

irefin & sclect control logic logic

<:_’ ' |SA PC AT, PC/XT BUS >
- Y

k diagram, from CYRDAS 1600/1400
Guide.

(4.15) Board blo¢

Figure ,
geries Users

o sampling frequency and the total process

channel. Knowing th
of events to be acquired could be

duration, the number
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determined. This information was important, for instance, to

program pulse application. An internal routine in the acquisition
loop verified the exact moment of heating or cooling the probe, for

example. The pulse was generated by writing directly to the bit

OPO (outport zero) of the output register, see figure (4.15).

The program called ONDA permits a complete control of the
electronic circuits, as well as storage of data on computer memory,
log them to a disk, plot on the display screen, show data in
memory ‘and analyse data. The overview-level IPO diagram for

program ONDA is found in figure (4.16).

Input Quiput
1 Circuit characteristics | Retrieve input 1 Data to monitor
2 Pulse frequency, sampling 2.5tore 2 Data to hard disk
frequency, total acquisition 3 Convert date 3 Data to RAM
time 4 Control circuits 4 Data of velocity
3 Fluid temperature :> 5 Caleulate welocities —___: > 5 Data of circuits
4 Signals 6.Analyze data 6.Pulse control
5 Pre-recorded data can also 7 Display dat'a
be procéssed 2 Show data i MEMOLY e
/

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




CHAPTER FIVE

ND DISCUSSIONS

5 . RESULTS OF EXPERIMENTS A

5.1 - PERFORMANCES OF THE THERMISTOR ANEMOMETERS

On the whole, the two circuits tested with the anemometers

formance, @S already commented.

showed a good per
The constant temperature circuit maintained the probe
o at 593.84 OhMS

with 95 percent of the readings falling

: e theoreti '
average resistanc (th ical resistance was

equal to 593.00 Ohms)
hat means. th
according to equation (D.3)"). The

Within +3.88 ohms. T e constancy in temperature was

accurate within +0.03 percent (

J . .
de with hel atistical software Origin V3,5 and appendix

1 : 3
- . . ofagra hical and st
D The statistical analysis was % p of a grap
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actual resistance was known indirectly by reading the output

voltage and current (tension across @ known resistance) with the

acquisition system. The estimated uncertainty in this procedure

was +10/2'% V for this circuit.

The heat pulse circuit showed an excellent performance in
the appl'ication of the electric pulse, since the average time
required to establish the final current level was around 0.03 sec,
with obtainment of 99.4 percent of the final value after 0.005 sec.
The estimated uncertainty in voltage readings was +2.5/2'2 V for
this circuit. At low power, @ negligible power of about 10°° W was
dissipated by the probe, while about 0.1 W was delivered to the

he pulse period, which could not cause any damage.

probe during t

5.2 - THE HEAT PULSE METHOD RESULTS

oulse method, &° already exposed in cited works,

pable of detecting f

The heat
luid motion, as much in

demonstrated to be ¢2@

s in porous medium. Figure (5.1) shows a family of

homogeneous 2

plication of a 0.7 s pulse in thermistor 2

curves obtained with ap
varying from ©
e to determine fluid velocity using the

to 15 m/s. The results indi
for air velocities ndicated

that the sensor was abl

adopted model was presented in chapter two,

pulse method. The
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e of the normalised temperat
ure

an ;
d, according to it the slop

de
cay could be correlated to the fluid velocity
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ponse in air following a 0.7 s heat
: ea

Figure (5.1) Thermistor 2 1€S

locities varying from 0 to 15 m/s

pulse for air ve

ws the normalised tempera
| ture deca
ys for

Figure (5.2) sho

nd differen

t with the

thermi !
hermistor 1 a ¢ air velocities, after a heat pulse of

of 2

proposed model. Similar family of
o

sec, in agreemen
curves was obtai '
ained for thermistor 2. The effects of
pulse durati
on

re were also investig
ated, as
) explained

and fluid initial temperaty

next.
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T=T,
1,001, 0
o
c
< V=006 m/s
V=051 m/s
HE V=239 m/s
1
=]
=
E V=697 m/s
I—'- V=10.20 m's
=
0,37 —//—f |
1 2

0
Time (s€c)

ormalised temperature decay for thesmistor 1 and

Figure (5.2) N
following a 2.0 s pulse.

different air velocities,

5.2.1 - Heat pulse duration effect:

pulse duration on the slope of temperature

The effect of heat

ied in air for velocities ranging from 0 to 10 m/s
| )

decay was stud
and heati times of 0 5 1.0, 2.0 and 5.0 s for thermistor 1 and
n gating tim 2
| d 1.5 S for therm

n7 percent for the former thermistor in a

istor 2. Although the slope had
0.3, 0.7, 1.0 an

remained invariant withl

figure (5.3);
(5.4), where greater variations were

: the same thing was not observed
given velocity, se¢€

for the latter, see figur®
e explained with €

the adopted calibration was in

quation (2.18), where initial

observed. That can b

re present. Hence,

conditions we
pulse duration. Also, for a given velocity,

reality dependent of the
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a relatively short pulse did not show a very defined behaviour. On

the other hand, excessive periods of heating could unnecessarily

enlarge the time required for a single reading, as well as to cause

disturbance in the medium around the sensor.

(Ln Scale)

(T- Tinf)/ (TO - Tinf)

o -

Time (s€C)

S

pulse duration on the slope of normalised

y for thermistor 1 (V=7.60 m/s).

Figure (5.3) Effect of
temperature deca

pulses were only admitted after the probe

The effect of pulse magnitude was

At all times,

reached the fluid temperature.

not studied.
calibration procedures were conducted

Therefore,
for the cooling phase, and pulses of

considering a 3.0 S duration
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Figure (5.4) Effect of pulse duration o
stor 2 (V=6.00 m/s).

temperature decay for thermi

ors 1 and 2, respectively. The process

20s and 1.0 s for thermist

calibration curves needed acquisition of two

of generation of the
the bulk temperature was

consecutive periods. in the first,
g the temperature information contained in

calculated by averagin
e of the normalised temperature

the initial 0.5 to 2.5 s- The s1°P
g the second cooling period, considering

decay was calculated usin
time and obtain

emi-logarithmic plot until the third

. ing the straight li
te=1 s as the initial ing ght line of the

temperature pehaviour on a s
shown in figure (5.5)), which

second (end of cooling phase,

least squa
a new velocity reading, was done

res linear fit. The process of

Provided a very good

reapplying another pulse, € g.
o the fluid bulk temperature

t
after a period fof the probe to return
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(approximately 20 s for thermistor 1, which was of the same order

as its time constant).

) yscale(Y) =A+B* xscale()
1,00 2, where scale() is the current axis scale function
@ Param Valuesd
(§ A -0,01608 0,00191
7 B -0,47638 000168
=2
R =-0,99877
T SD =0,01379, N =201
/: v=10,10 m/s “ P = 1,3152E-261
Io i ""?-w 0
=
“E
037+
c
W’ ; i ;
1 2 3

Time (s€c)

Figure (5.5) Temperature decay curve slope.

5.2 2 - Fluid bulk temperature effect:

The calibration Was performed for a fluid temperature range

s shown in figure (5.6). For this range of

of 299.82 to 309.82 K, a

malised temperature slope varied with only

temperature, the nof

+4.3 9% of full scale.

calibration curve for thermistor 1 was

Therefore, the
ves on the same plot, figure (5.7),

hering all cur

polynomial.

generated by gat

and fitting a second degree€
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T=299.82 K
T=303.15K

T=306.48 K
T=309.82 K

Air Speed (M/s)

pration curves for the 2.54 mm-dia prob
e at

Figure (5.6) Cali
several fluid temperatures.

The method provided an average error of 15.7 percent f
or the

lation with calib
a large rangeé of velocity to obtain th
e

u i
r

t .

his fact was the use€ of

e for small value

magnitude of 200 percent. For a short
rter

fitte |
d curves, wher s of velocities, like 0.05 m/
: s

ould reach 2
0.1 to 12 mls,

the error ¢
the error was reduced to 7.56

range, for example
That suggests that, for a more e
xact

so on.
look-up tables than curve fit
S.

percent, and

it is petter to useé

calibration,
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Another way is to specify small ranges of velocities for calibrating

the instrument.

2 y=A0 +AIX+A2X2 +A3 X3 +...
\
0 N parameteValuesd
4 X AD 63359595 0,39679
g A1 59960654 25163
A2 4424570 3,72052
e R =0,99739
= RA2=099478
'g- SD =0,25686
4
b7
=
<
2 - terval -
g5 %confidence interva g T -
) ——— ~ E\\EI’U%.,,E -
O e
’ J y T T T
- " gy 040 035 0,30 025 -0,20
f ' _1
Sope (s”)
Figure (5 7) calibration curve for thermistor 1,

air velocity VS slope.

A similar curve was obtained for the other thermistor, see
res show that the thermistor 2 provides a

figure (5.8). These figu
., for the same velocity range a

better sensitivity to the method ie

greater élope range IS achieved with the smallest sensor.
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12 1 y=A0+ATX+A2X2+A3XS +..
] ~ Parameter  Valuesd
10 %
AD 1,6100319 0,14288
' <X Al 16624768 0,79333
-8 A2 45772071 0,95384
w7
Es R =0,098%
D R/2=0,99679
o SD =0,20147
5
{ .
24 5% confidence interval
0] R
23 s 04 03 9O
0,8 07 0,6 0, , , 2
Slope (S'1)
Figure (5.8) Calibration curve for thermistor 2,

velocity VS slope.

air
The calibration expression for
respectively:

2
V = 633596 + 59.96065(5) 14424570 (S)

2
V = 161003 + 1662477 F 45.77207 (S)

Where V - air velocity (m/s)

S - slope (s

thermistor

1

and 2

(5.1)

(5.2)

are
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5.3 - THE CONSTANT TEMPERATURE METHOD RESULTS

The constant temperature principle demonstrated good
fluid velocity measurement, including the

applicability in
possibility to measure fluctuating components of velocity. Figure
ponse in terms of the output voltage vs

(5.9) shows the circuit res

air speed.
457 x X 2 Tpu~299,82K
. .
1 . x
40 x> ga @ g @ TpuB03 15K
= o
* an
) B
E a o TouS0848 K
23,5— & @ - y
& o B

% x 9 n
8 & o
A 310_ ¥ [}
S faqn « wm ¥ w TouS09.82K
5 ] é‘g : s ®
a A i
3% ¥
' 8

2,0 - f

1'5—J 2 4 6 8 10 12

0
Air Speed (m/s)

5.9) constant temperature circuit output voltage for

locities and f s - thermistor 2.

Figure
; | [uid temperature

several air vé

geen in the above figure, the fluid temperature

e

significantly influenced the calibration CUTVES, and a source of

error was the way in which fluid temperature was read. A
was
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C g . .

haracteristic of this circuit was that the probe had t ¥

. 0 be b

| T . [h

nsensitive to fluid temperature, hence, the fluid temperatu ‘
re was |

re - -
ad with a mercury-in-glass thermometer installed before th
e

c : , :
hambers of calibration. ThIS caused inaccuracies in fluid bul
ulk

ed with fluid temperature

te .
mperature measurements, which vari

0,0080
12 Wy 3 ‘\777 %l
v v v
0,0025 - v
v 8 Lh %
Al a g
XN o &
8 99 © 7
w %o £ 7
~ O,M# AA(EA DD
Ny HE A;A N
E'/ a 8 @ {
A O
@ 000151 °
Wg%
ﬁ 7% 08
¥ Agg
0,0010 ‘§§
| 3
0,0005 - T T .
oo os 10 15 20 25 30 35
Sqt (Velocity)

the constant temperature circuit vs

Figure (5.10) P/AT response of

for several fluid bulk temperatures - thermistor 2

sqrt (velocity)

nt at 299.82 K to 0.5 percent at 309.82 K. The

from 0.2 perce
emometer showe

d to be strongly affected

constant temperaturé an

by those inaccuracies:
Figure (5.10) summarises equation (2.28), with a plot of
(V) for several fluid temperatures.

2
EY/(R (T-Tinf)) VS sqrt



Separated

regression parameter

plots of each respons

0,0025

: o,oogoj

| = 0,0015
o

0,0010

0,0005 -}

y
Parameter Valuesd

0,0 05 1.0

Figure (5.11) P/AT V3 sqrt

75

=Ao+A1x+A2%2+A3%3t~

e curve permitted to fit the

s required by the model:

15 2,0 25 30 35
Sqrt(Velocity)
(velocity) at 299.82 K - thermistor 2.
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y =A0+AT x+A2x2 +A3XB t...
s
0,0025 Parameter Valuesd

e —————
AD 6,4380087E4 T, 7327E-6
Al 856416694 O 00001
A2 -1,016261E4 3,86E-6

0,0020
. * R =0,99951
o~ [_.E R/2=0,99902
L 0 00002
= 0,0015 D=0,
14
0,0010

00 05 1.0

0,0(D5 w v T
A 1 20 25 30 25

Sart (Velocity)

TouB03,15 K

Figure (5.12) P/AT VS sqrt (

Figure (5.13) P/AT VS sqrt

velocity) at 303.15 K - thermistor 2

E y:AO+A1X+A2X,2+A3x/8+"'
0,w25_ Parameter ValLEsd
1
0,0020
W2
wij &
£
& 0,0015
0,0010
J 00 05 1,0 1,5 210 215 ' 3110 I 3,‘5
Sqrt(Velocity)
| _
(velocity) at 306.48 K - thermistor 2
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0,0030
kY
g—.—-—.
. 0,0025
T, 509,82 K
y = A0 +Al X +A2X2+A3 X8 +..
0,0020 Parameter  Valuesd
~ | TE
wi A AQ 7,0004425E-4  0,00004
E A1 0,0013328882  0,00006
0.0015 - A2 -2,2006792E-4 0,00002
R =0,99175
. R0=0,98357
y SD =0,00009
0,0010
_m T T T . !
00 05 1,0 1,5 20 25 30 35
Sart (Velocity)

velocity) at 309.82 K - thermistor 2.

Figure (5.14) P/AT vs sart!

s of a, b and ¢’ were obtained as a

From these plots, four set

function of fluid temperature. In order to establish the dependence
of that parameters on pulk temperature, @ plot of each parameter
vs fluid temperature Was made and a second degree polynomial
was fitted, according to equation (2.29):

T
T AN B R
Fatn ot v

oSS Ve
T et T ety Yo

® - The figures (5.11) o 5:14) ention Ao, Arand Az respectively, i.e., a=Ao, b=A, and c=Ao.
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0,00071 7 y=A0 +A1X +A2 X2 +A3XS ..

|
0,00070 Parameter Valuesd ©
o009+
000068 -
0,00067

0,00066

0,00065 -

0,00064
T
k 310

Fluid Temperafure (K

luid temperatur

e - thermistor 2.

Figure (5.15) @' Vs f
0,0014 y=A0+A1X+A2X/Q+A3x’B+... °
0,0013 - parameterValuesd
A0 0,681 017420,36957
00012+ a1 -0,0045151333 0,00243
000114 ¢ 06790
e R=0,95849
oooto- 5D 0.0
0]
0,0009 J
0,0008 -
[0}
O,CXD7 - 3(1) sm 304 3% BCB 310
Fluid Temperaturé (K

temperatur

Figure (5.16) p’ vs fluid

| e - thermistor 2.

“:t
]
|

:
|
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-0,00006

-0,00010

-0,00012
| = A0 +Al x+A2x’2+A3x’3+...

 ——

-0,00014
i Parameter Valuesd

-0,00016 |

| o 017151648 0,09644
A1 0,0011378557 0,00083
-0,00018 1 ap 1,8880389E-6 1,038E-6

0,00024 —r___l_‘__r,_,.—_—f———r'—*“‘——_"'r . ,
304 306 30 310

Fuid Temperature K

¢’ vs fluid temperature - thermistor 2.

Figure (5.17)

With a'=a’(T.), p’=b'(T-) and ¢'=c’'(T.), the fluid temperature

tage, expression
nience in this procedure was that

and the output vol (2.28) gave the fluid velocity.

re, an inconve

As menti.oned befo
the fluid temperaturé had to be sensed by another probe, which
might or might not bé incorporated into the circuit. In the present
work, temperaturé values weré read with the mercury thermometer,
during calibration, and with other thermistor during applications,
were introduced to the model via keyboard. An example on how the
mode| fitted the calibration data is shown in figure (5.18), for a

fluid temperature of 299.82 K:
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Toun"299,82 K
45 AVERAGE ERROR = 0,08617 e
e
ST
.

—~ 40 rg;ﬂ’//
4 /
g
(]
g35
§ —O0— Calibration
= k —0— Model
£ 30 ;-*;5;
S| g

b

25
T 7 T T
0 2 4 6 8 10
Air Vielocity (m/s)

Figure (5.18) Fitted calibration curve for constant temperature
" Gircuit at Tbulk=299.82 K - thermistor 2.

The average percental errors for different flujd temperatures
Were 3.617 at 299.82 K, 8.944 at 303.15 K, 11.977 at 306.48 Kk and

23.295 gt 309.82 K for thermistor 2. The same trend was Observeq

for thermistor 1.
The increase in average errors with fluid temperatyre were

attribyteq mainly to the occurrence of dispersion in the data for

the two higher calibration temperatures, as can be seen jp figures

(5.13) ang (5.14), due to smaller differences between temperatyresg

°f fluid and probe operation, which called for lower power tq be
deh‘vered to the probe. At high fluid temperatures, the probe

Worked with great sensitivities to fluid temperature ang velocity

Variations therefore, catching all fluctuation in temperatyre
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Fu
rthermore, the same commentary about velocity range g F
1 or the

heat pulse anemometer, is needed here.
Figures (5.19) (5.21) show a’, b’ and ¢’ as a function of f id
ui

temperature, for the 2.54 mm-dia probe.

0,00125
) y=AC+AT X +A2 X2 +A3 XS +..

ParameterValuesd
0,00120
A0 0,182159730,0131
A1 -0,0012082484 0,00008
A2 2,0148367E-6  1,4104E-7
0,00115
R =0,9998
R2=0,9996
8D =3,1342E-6
0,00110
0,00105
0,00100 - Y T T " T 7 I ! ! i |
) 304 306 308 310

Fluid Temperature (K)

Figure (5.19) a’' vs fluid temperature - thermistor 1.
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AQ 0,224900220,08437 !
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Ap 252020806 90817 :'

- — .

0,0010 - i

A R =0,9969 L
re] R/2=0,9938 L
SD =0,00002
0,0009 - ;
0,0008 - b
1]1"1
l
300 a0 304 306 308 310 5
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Figure (5.20) b’ vs fluid temperature - thermistor 1.
i

0,00010
0,00012 ji
2
0,00014 - i
‘ i
O -0,00016

-0,00018 -

-0,00020

o,oomJ

rature - thermistor 1. !

» ys fluid tempe

Figure (5:21) €
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The adjusted calibrat

are respectively:

0.1822 - 0.0012 Tt + 2. 0148x10° T¢”

0.2249 - 0.0015Ts + 25203x10 Te?
0* Tr- 54846x10 Te?

a1t =
b1 =
=-0.04 82 +3.2488x1

Jaz = 0.0315 -OOOOZTf+35257X10 Te?
o 6 T¢?

by = 06810 - 0.0045 Tr + 7.4923x]
80x10 Te?

2 =-0.1715 + 0.0011 Tt - 1.88

ion parameters for thermistor 1 and 2

(5.3.a)

(5.3.b)



CHAPTER SIX

6 - APPLICATIONS

Once calibrated, the instruments were evaluated by a wind
e test section gverage width (a+b)/2, see

32,000 (based‘ on th

figure(6.1)) was verified:
prised of the determination of a velocity

The experiment com
ch anemometer, for subsequent

profile of the test section with ea
tube result (detailed in appendix E).

Comparison with pitot
utilised with

r 1 was tested wit

Thermistor 2 Wwas the constant temperature

and thermisto

h the heat pulse

a8nemometer,

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

dimensions were a=65.4 mm X b=64.3 mm, conform figure (6.1)

The transducers were introduced into the tunnel through an orifice
situated in the middle of the upper surface. In order to collect
pairs of data (vertical distance, Yy, VS air velocity, V) the aluminium
tube (see chapter four) ysed to introduce the sensor into the
tunnel was fixed to a beam calliper, which allowed to vary the
y—direction. The same was done for the

position of measurement in

Pitot tube, figure (6.2).

o
/ B

/

m for the wind tunnel.

Figure (6.1) coordinateé syste
(not to scale)

urements it was inierred that the aluminiun
eas ]
nce WhiCh in

g procedure of be

From first m
duced serious disturbance on

stem caused flow turbul®
hat led to

nding the stem at

the velocity profile: T
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a right
angle to
the test cross section, that is, pa
, rallel to
the

stream i i
lines, similar to @ Pitot tube shape

wit
h the constant

Fluid
temperature measurement

-5 |“ -
m

ow strea from
n m h elocity

dia :
thermistor placed 5 cm d
rature was calculat m
ed fro th
e
probe

t
ransducer. The tempe

a multimeter and entere h
1 red the pro
rogram

resis
tance, measured with

via keyboard.

en with the distance betwee
n

cadings were
equal 10

The first T
the transducer radius, about
: u

nel wall

tra
nsducer and tun
re considered. Three set
S

20 :
points over the vé
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of veloci
ity profiles were det i '
ermined with each anem
ometer. Fi
. Figure

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

7]
T o
6 “'&L\{’\m
] N
E 5 !
= ] o8
> 4] S )
8 An
c \A\E\o
*f% 3- \,\o
a ] A%
8 2 o~ With Heat Pulse Cireuit i 3
. o With Constant Temperature Circuit f 4
g s With Pitot Tube ﬁ: 1S
> 1 — s ) /o/
uo’/a/
04 P A
d
2 4 6 8 10

Air velocity (m/s)

F. . H
gure (6.3) Air velocity profile 1N the wind tunnel (Re=32,000)

d in figuré (6.3), the flow was not laminar

As can be observe
undary layer can be observed

A divie:
division of core region and bo
ed to compare the per

tot’s was
an average error

The
refore’ the form adopt formance of each

de .
veloped anemometer with the Pi

e mean velocity acquired out of the

Ca

lculated in relation to
starting from the
e anemometer was of 2.2 %, which

ndary layer region, fifth measure. The relative

er
ror detected for the heat puls
nty of

the Pitot tube measurements

la .
Y within the uncertai
and was in conformity with the expected

(estimated in 3.5 %)
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good accuracy for this range of

result as the calibration showed
the constant temperature

velocity. The relative error for
%, had explication in the already

anemometer, calculated in 14.3
and could be faced as a limitation of the

Commented causes,
ation caonditions and a fluid

method, which needed better calibr
nformation of temperature either by

temperature compensation (i
n the circuit. Besides, the

the same probe or other one) present i
06 K, which proved influencing the

test temperature was around 3

be operated with great sensitivity to

Measures, as the Ppro

temperature variation.
howed satisfactory

e. both anemometers S

In spite of the aboV
g applied in measurement of

responses and possibilities of PeIM
he constant temperature anemometer

AVerage velocities in fluids. T

with fluctuating levels of velocities (that

also promised to work

Cannot pe seen in figure (6.3)):



CHAPTER SEVEN

7
- C
ONCLUSIONS AND RECOMMENDATIONS

f two different thermistor anemometers

The development ©
standing of the sensor applicability in

res .
ulted in a good under
Two circuits were constructed and

fluj
d velocity measurements.
e constant temperature. Both showed

tes
ted, the heat pulse and th
y measurements.

dre . .
at suitability for mean velocit
quisition was essential for the

The automation of data ac

estigation. Thanks to the control of the heat

Su
Ccess of the inv
ysis at cooling phases, the

as data anal

Pu| '
se duration, as well
measurement. Also, the

tra . H
Nsient anemometer enable velocity
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@utomation 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

in order to achieve reliable measurements.

temperature method,
The deviations were also attributed to the great range of velocity,
2 to 10 m/s. Another possible cause of error,

Which was about 10
t conduction through the probe

not yet considered, could be hea

g,aSS “neck”.
made use of the transient

The heat pulse anemometer
r during the cooling period after a pulse

behaviour of the thermisto
re in agreement with the

application. The experimental results We
d temperature used for calibration

theory. Also, the range of flul
the mean velocity

(299.82 to 309.82° K) did not affect
Measurements.

The results of the pulse duration tests showed significant

the same calibration conditions

effect on calibration, and, hence,
plications of the instrument.

Were suggested to be used in @P

y accurate, the method presented the

Although relativel
fluctuating

being

inadequate to measure

'Nconvenience of
se it needed a finite time to operate.

Components of velocity, becau
ntary can be done a

robe temperature returning to

. bout repulsing, that is,
At this stage, no comme P

application of a new Pulse pefore p
the steady state flow fluid temperature.
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The 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

nd flow conditions. In addition, an

Controlled temperature a

INcrease in the temperature of operation (probe temperature) could

help to reduce sensitivity to temperature variations.
It can be concluded that the characteristics of stability,
ivity to temperature variations

Mechanical resistance and sensit
ood velocity sensor, when under the

Made the thermistor a very d
osed methods, with applications in a

Control of one of the prop

Many laboratory experiments, engineering and industry.
nemometer can be used for measurements in

The heat pulse a
s to 12 m/s. The average

the range of velocities from 0.05 m/
instrument error is about 15.5%, with 95% certainty.
mometer has been tested in the

The constant temperature ane
Same range of velocities mentioned above. The average instrument
€rrors vary with fluid temperature from about 3.5% at 299.82 K to
aboyt 23 .59 at 309.82 K, again with 95% certainty.
ents, theré is scope for improvement of

With future developm

th
€se performances.
s for future works are:

Recommendation

emperature anemometer:

(38) For the constant t
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- improvement of the circuit, for reading fluid temperatyre-

- 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

four-constant  equation  (2.3)  suggested by

Kah
yYu
9avaradgan et al. (1993) was solved by a successive

Ppro
Ximation method. according to the procedure presented by
tho
R ,
€ Authors, A computational routine producing the four

arg

IMeters was written in QuickBasic V4.0. The program asks for
foyr ,

Pairs of resistance in Ohms and temperature in K (the

€m
pera'tures in increasing order and nearly equally spaced in the

Fan
ge), and verifies the convergence conditions. A listing of the

p!‘o
9"am, calleq pARAM.BAS, follows:

CLs
THERMIST ;’ROGRAM FOR DETERMINING THE R-T PARAMETERS OF A

£

' UMING A FOUR-
CO"’STAN PRINT ‘“YOUR CURVE WiLL BE FITTED ASS

PRINT “EQUATION GIVEN BY="
PRINT “1/(Ri-P1)=P2+(1/P3)EXP(- P4/Ti)”

PRINT “ENTER FOUR PAIRS OF R-T"
DIM R(4), T(4)

OR I=1TO 4
T «R:1:: INPUT R(I)
LOCATE 5+1,5: PRIN INPUT T(1)

LOCATE §+1,30: PRINT *T% e
NEXT |
X1=0: Y1=0
‘i’< R(3)/R(4): Y=0

‘(l-./'r e e e o e ANANSLTIANRLT DY T(Z)))
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)/(T(1)*(T(3)-T(2)))
(R(4))"2/(R(2)"R(3) (R(3)-

K2=(T(3)*(T(2)-T(1))
D1X=K1 *(R(2)/R(3))"K1*((R(Z)-R(?’))*

(R(4))n2; D2X=(R(2)/R(3))"K2*((R(3)*(R(2)-R(1))+K2*R(1)
((R(3)*R(4))*R(3)*(R(1))"2)
D1Y=(R(2)/R(3))"K1*(R(4)-R(3)+K1*(R(2)—R(3)))/(R(1)-R(Z))
D2Y=Kz*(R(z)/R(3))AK2*(R(2)*(R(2)-R(3)))/(R(1)*(R(1)-R(2)))
C1=ABS(D1X)+ABS(D2X)
C2=ABS(D1Y)+ABS(D2Y)
IF 151 OR GC2>1 THEN GOTO 100
.CONVERGENCE CRITERIA
DO UNTIL ABS (X1-X)<.00001# AND ABS(Y1-Y)
X1=X: Y1=Y
N=N+1
R(2))/(xry+ A=<<X*(R<z>-R<4>>+R(3>-R(2>)*<Y*<R“>-R<3)>*R<3>‘
Y*(R(1)-R(2)(R(3)-RE) K] .
F1_—_(Y*(R(1)_R(3))+R(3)-R(2))/(Y*(R(1)-R(4))+R(4)'R(2)) A
R(2))/ x>y B=<<x*(R(2)—R(4>>+R<3>-R<2)>*<Y*<R<1)-R<3>>*R(3>'
Y*(R(1)-R(2))*(R(3)-R(4))"K2 )
F2=(X*(R(2)-R(4))+R(3)-R(2))/(X (R
X=F1: Y=F2
LOOP
P1=(R(4)*X-R(3))/(X-1)
P2=(Y-1)/(P1-R(2)+R(1)*Y-P1*Y)
M=(1/(R(3)+P1)-P2)/(1/(R(1)+P1)-P2)
P4=LOG(M)/(T(3)-T(1))*(T
P3=EXP(-P4/T(1))/(1/(R(1)+P1)-P2>
PRINT X.Y,"NUMBER OF IT

R(4)))
*(R(2)-R(3))*

<. 00001#

(1)-R(4))+R(3)-R(1))*B

10 gR'NT “p1=+;p1, "P2="P2 p3=
0 OTO 11 )

b . L ONVERGENCE CONDITIONS \iVED%EIE:ZI\Il:O"I".SATISFIED
10 PRINT “[DXF1]+[DXF2I= €T IDYF1]+]

END




99

APPENDIX B

LINEAR INTERPOLATION

BY THE LEAST SQUARES METHOD

b "@phical analysis of experimental data are essential to a
elter
: Understanding of physical phenomena. In some cases,
eOre .
. tica knowledge calls for representation of the graphical
atg

Y an analytical function, for instance an e-power, polynomial

Or
¥ Strajgny line.

m An Often used method to fit a straight line to data is the
8they

%4 of least squares. The method minimizes the sum of
Squ '

a - .

85 of the distances between data and the straight line. A

dot, .

ajl ‘ _
5 ed description of the method is given by for instance Draper
Nd

. Mith (1980) and Holman (1978). According to those authors,
(X1,Y1)' (X2,Y2),.... (Xn,Yn) represent a set of n observations,

the
Fof , i e
°re, the slope (SEZ;%I) of the straight line Is:

SN ZXin ] . _
ZX_2[(ZX1)(ZY1)]/n (B.1)

" ~(ZXi)?/n

,, . .
the ntercept at X=0 of the line, is:
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[ = EYi)EXi?) - (ZXiYi)ZXi)
nXXi? - (ZXi)*

Whe
re al ,
| summations are from ji=1 to n.
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APPENDIX C

CALIBRATION SHEETS FOR
CALIBRATOR’S CHAMBERS D2 AND D3

Calip
rati
Wer, bration sheets corrected for average hot-hire geometries
inen .
o . by calibrator's manufacturer, for standard atmospheric
P (g
e N
8ity) = 1.2 Kg/m?

T (temper
. ature) = 293 K
ure) = 1 atm (760 mmHg)

C

deit3 hamber p2 chamber D3
p

89560 MmHg [velocity m/s delta P mmHg [velocity m/s B
1'413 _ [0.630 0.077 0.01 ]
2~24 [0780 0.119 [0.0125 |
7 [700 0170 [0.015 |
30 [1.25 0.300 [0.020 i
0.464 [0.025 ]
0.030 B

5.94
§§§ lll;gg l_o'%l; 0 040
625 556 T X R
Y-
8. :
755 e Joto ]
75 o ——ois ]
Fe é%?_=ﬁﬁ"?=
| oz ]
e e




Table (C.1)

C
urves were fitted for both

(C
-1.a) and (C.1.b)

Chambers,

shown

’\

S

_ 8

Delta P (mmHg)
8

8
1

F;
Qure (¢ 1 a)

20+ Al x+p2X2HABXE

y:

parameter  Valvesd

AQ 0.758498060.2084
A1 -0sarsm12 0
A 1.6729643 0,009

08261

Relation of PT
the TS! calibrator

in figures
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y=AO+AT X+ A2 X2+ A3 X8 +..

700
600 Parameter Valuesd
A0 058933285  0.16191
500+ A1 16798848 1.23169
A2 63051211 1.35826

D 40
T R =t
£ R/2=0,80999
E 30+ sp 04852
o
I 20

100

Lowrange chamber D3,
0 a0
V=.5(-.0266432+sqrt].000709859-4(. 000934689-.00158601A P)
-100 - j T T T T T T " T T T J
0,0 02 04 06 08 1,0
V(m/s)
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:\/{ 293 _1_)__) 1
273+ TAT760
Where K - correction factor
T - atmospheric temperature (°C)
P - atmospheric pressure (mmHg)
nt properties of dry air at atmospheric pressuré

Some importa

° 1 atm and temperature of 30 °C are listed below:
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{msity) /1.165 X 107 [g/cmd ]

K (viscosity) ]1.86 x 107 /g/cm s 7

v (kinematic [0.160 cm?®/s I
viscosity)

K (thermal I2.6 x 107 W/cm K I

conductivity) I I

Pr (Prandtl number) ]0.71

Table (C.2) Properties of dry air at T=30 °C and P=1atm.
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APPENDIX D

EXPERIMENTAL UNCERTAINTIES

An important question a researcher needs to ask himself is

This question will remain

about the validity of his data.

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),

Doebelin (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
Mmore difficult to talk about error in measurements, and the term

Uncertainty is used.

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

around the experimental value within which the true value ca

®Ncountereqd.
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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.
€) Accuracy - is the measure of how well an observation can be

repeated.
f) Confidence interval - interval around a mean value within which

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

+2c0 (two times the standard deviation) for single sample analysis,
and tS)/~/N for muiltiple sample experiments, where t is the
applicable Student’s t for N samples and 0,95 confidence level
(which are tabulated in some of the cited literature), and S, 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

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

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

data points are taken at each point tested.
is taken as a curve that best fits the

) Average calibration curve -
usually the least

Scattered data, based on a given criterion (

Squares),
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I} Coefficient of correlation (r’) - measures the goodness of a

Straight line fit. It varies from 0 to 1, where 0 means no correlation

at all and 1 means a perfect correlation.
K) Chauvenet's 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)m./o are available

in cited references.
Helpful mathematical definitions are:
Arithmetic mean:

(D.1)

1o
Xm = —2Xi
ni=l

where Xi denotes each of the n readings.

Standard deviation:

M a. 1/2
= [ =2 (Xi-Xm)’ D.2
7= |3 By 02
and ¢? is called the variance.
Uncertainty in dependent variable:
(D.3)

l—" AR 1/2
[

1



108

Where R js dependent on variables Xi (i=1 to n).

Coefficient of correlation:

2 _ X(Yest - Ym )?
CZ(Y - Ym)®

(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 (P:-P;).
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):

_ 2
P - Ps = pV? /2 (E.1)

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

velocity is:
2AP
V= |22
p (E.2)

Where AP= P,-P, is the differential pressure.
The total pressure is measured by one tapping facing the

s : .
tream, and the static pressure is measured by several taps made
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i
n the lateral wall of the tube, see figure (E.1). The used Pitot tube

has an outer diameter of 3 mm.

i

dynamic pressure
—_— tap
Yy — N
—.—, -\_\\ ]
static pressure taps

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

The differential pressure can be measured by a liquid column
manometer connected to the output tubes. The used manometer
was an inclined-tube manometer, having water as the manometric
fluid, and an angle o of 14 1°. For this type of manometer, there is
a correction factor for the difference in height of columns (h1+h2)

and the length in the inclined tube (h), as can be seen in the

figure (E.2).
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leg

ht.

egjuilibrivim
level

Figure (E.2) Inclined tube manometer.

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

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

d?.
Ah = hsina (1 + 57) (E.3)

where d and D are the internal 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

the equation:
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(E.4)

AP = pngh

and g is the acceleration due

where p, is the density of the water,

to gravity.




