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u Module 1: Foundation of Al Sensors

u Module 2: Sensors for Electrical Systems

u Module 3: Sensors for Mechanical Systems
u Module 4: Sensors for All Environments

u Module 5: Sensors for All Industries
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Remember your mission as MAE
undergraduates &

u You are here to grow your knowledge
and skills so as to be able to design
machines with controllable behaviors
and hopefully in some intelligent
ways.
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How to fulfill your mission?

To apply learnt knowledge and skills into the implementation of the following
universal blueprint underlying all the intelligent machines or systems.

u
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Why to study this course?
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Gas & Water
Leak Detection
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Smart Environment

O

We are living inside an ocean of signals
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How to study this
course?

u To put yourselves into the
mindset of designers of
networked sensors as
products:

u

u

u

u

Who are the users?
What are the needs of users?

What are your Internet of
Sensors, which could meet
the needs of your users or
buyers?

What are the solutions
behind the design of your
Internet of Sensors?

Practice with MATLAB

Market Demands or Needs

{

Product Specifications

{

Design Specifications

{

Conceptual Design

\

Selection of Materials/Components/Devices

{

Embodiment Design

{

Prototyping

{

Optimizing
'

Production

{

Marketing
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. . Module 1: Foundati fAlS
What are you going to study In | [yt e s
A Randomness of Physical World

th IS CO u rse ? A Basics of Conceptual Worlds

A Fuzziness of Conceptual Worlds

Randomness

—

= =

Action

Physical

Conceptual
Al Loop

=

=

N~

Module 2: For Electrical Systems Module 3: For Mechanical Systems Module 4: For All Environments ~ Module 5: For All Industries

A Measurement of Voltage A Measurement of Position A Measurement of Pressure A Measurement of Fluid Level
A Measurement of Current A Measurement of Velocity A Measurement of Temperature A Measurement of Flow Rate

A Measurement of Resistance A Measurement of Acceleraton A Measurement of Humidity A Measurement of Sound/Voice
A Measurement of Capacitance A Measurement of Force A Measurement of Vibration A Measurement of Photometry
A Measurement of Inductance A Measurement of Torque A Measurement of Air Quality A Measurement of Geometry
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How to apply?

Directly-detectable

Readable Values

7

Not-Directly-detectable Directly-detectable
. . NI Sensory Data with AI Se NSOrs
Physical Quantities Unbounded Error
Under Measurement Sensing >
|:> Eanguagei
Sensory Data with :
. . Bounded Error . . {Be“efs}
Calibration > | Fuzzification >
{Texts}
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True Foundation of Machine Intelligence

A One Tool
A Two Worlds — &
. C
A Three Intelligences Machine Intelligence o
A Four Pillars =
5 2 " 9
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o <
Computer-Aided Intelligence
NEW FOUNDATION OF : ) R
ARTIFICIAL Human Intelligence 3
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INTELh'fENCE Natural Sciences Social Sciences o
Knowledge =
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Human Languages %
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Todayos Lectures &

u Module 4: Sensors for All Environments
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Outline of Module 4

u Lecture 1:

u Measurement of Pressure
u Lecture 2:

u Measurement of Temperature
u Lecture 3:

u Measurement of Humidity

u Lecture 4:
u Measurement of Vibration

u Lecture 3:
u Measurement of Air Quality

Bﬁ'cﬁ@ TO SCHOOL!!
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Outline of Module 4

v Lecture 1:
u Measurement of Pressure

Bﬁ'cﬁ@ TO SCHOOL!!
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Outline

u Understanding of Pressure

u Computation of Pressure

u Measurement of Pressure
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Outline

u Understanding of Pressure
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Definition of Pressure

u Pressure Is the force per unit area applied
perpendicularly to the surface of an object (e.qg.
sensing elements), over which the force is

distributed.

l_f Perpendicular force

Pressure =
ELII-‘FEICE difeéa on WFIICH tFiE FCII'CE! IS al:tll'lg

- _ N
/"7 ressure = —2

= Nm’ (Newtons per square metre)
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Unit of Measurement of Pressure

Nanyang Technological University

Conversion Table

Pascal Bar Technical atmosphere Standard atmosphere Torr Pounds per square inch
V*T*E
(Pa) (bar) (at) (atm) (Torr) (psi)
1Pa =1 N/m? 1075 1.0197 x 1075 9.8692 x 1076 7.5006 x 1073 1.450 377 x107*
=100 kPa
1 bar 10° s 5 1.0197 0.986 92 750.06 14,503 77
= 10° dyn/cm
1 at 9.806 65 x 104 \ 0.980 665 = 1 kp/em? 0.967 8411 735.5502 14.223 34
1
. 1.013 25 x 10° \ 1.01325 1.0332 1 =760 14.695 95
atm
1 = 1’760 atm
133.3224 1.333224 x 1073 1.359 551 x 1073 1.315789 x1073 1.933 678 x 1072
Torr =1 mmyg
1 psi / 6.8948 x 103 \ 6.8948 x 1072 7.030 69 x 1072 6.8046 x 1072 51.714 93 =1 Ibf /in2

\

Basic Unit of Measurement

1 atm = 101.3 kPa
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lllustration of Atmospheric Pressure

P,m = 101325 Pa

A
Patm |- SNPRRREN
atm \\\\ pressure
\ 101325 Pa
.
§ Absolute Zero
\ pressure

J ---------------- | D S G GND GED GND GES NN GES GED GED SN J
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There Are Three Different Types of Pressures

AY
u  Absolute pressures

u  Gauge pressures (including vacuum
pressures also known as negative k-
pressures) S N

Atmospheric |
Pressure {

u Differential pressures

e e e
-
-

Z

Absolute Pressure Gauge Pressure Differential Pressure

— Pk

"Eb Fi- REF < P2
Sl &
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lllustration of Difference between
Absolute Pressure and Gauge Pressure

Tube Pressure
§ -A --------------- - LR __J

Gauge Pressure

275790 Pa

P tube

p Atmospheric
atm 't el N N SRR
Absolute
Pressure
101325 Pa
Absolute Zero
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Concept of Vacuum Pressure (l.e.
Negative Pressure Relative to 1 atm)

A Vacuum gauge
Pyac = 1000 Pa
p Atmospheric pressure The pressure inside the
atm § A pipe is lower than atm.
§ P,,. = 1000 Pa
I § 2 5 ___Water Pressure
B B
. S—
\} [101325 Pa \\ Abaclitia abs atm vac
N\
Eressure P,y = 101325 — 1000

D = | .’« ] i rrf j;i‘iL
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Comparison between Gauge Pressure
and Vacuum Pressure

P > Atmosphere P < Atmosphere

I

Gauge
Pressure

!

Also called as
Vacuum Pressure

A, Positive Pressure B. Negative Pressure
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Applied Forces in Pressure Can Come
From:

u Objects in solid state

u Objects in liquid state

sublimate
u Objects in gas state WY —  —— 5
; /jj\l rl‘ d"m ~f :,"‘.:‘ |"A",- "9..",_‘ .".."| (:" O O l\-_"
\'i.?'g ice :"',-\;} wéter N Cf'fs,ssag‘“)
A «— —
solidify condense

\ /

desublimate
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Hence, pressure could
be produced

u Solid

Low pressure

High pressure

u Liquid
u Gas

Small pipe

Hollow glass tube attached
to rubber stopper

— Water jets

Combining the
two gases

—_

Protar= P71+ P2

Volume and temperature are constant
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Case Ix Pressure is producedby
particles (State of Gas)

Closed Space Open Space

Top of the Atmosphere

1 |
A /s I Weight of the air in the column
. 4 ' % . | applies a pressure to point "X"
oo Column of Air| |
. ‘ - 1
- . ! :\ . \_" fl Surface
- \ ’ = / i? /

<Y oy

Equation of Ideal Gas: - —

R=0.0821atmL/Mol K R=8.31kPalL/Mol K
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Example of Constant Volume

. x1osNI§$
1.0
1.1
12
13
14

100 373

0+C

X 105N/m2

Pressure guage

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Example of Constant Temperature

Frozen: Mass & Temp.

@
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Exampl e of Daltonos

gasA, P, gas B, Py gasC, P
o e © - °
° ° L e °
o ® ¢
® ° °
® ® o o
® [ ® ® ® e .

all three combined Vto make a mixture

°
mixture A, B,&C|_ ¢ o o |Pia=Pp+Pg+P. -
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Case X Pressure is produced by
fluids (State of Liquid)

Ww 0" Column of Fluid
&

Weight mg _rVg _
Area A A

Pressure
) ¢

Pressure at
depth h:

P = pgh _
e Depth here refers to vertical depth
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Example Showing Pressure Equality
at Same Vertical Depth

Well A Well B

4

Same MV

True Vertical Measure Depth
Depth (TVD) (MD)

h 4
Same hydrostatic pressure down
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Example Showing Pressure Equality
at Same Vertical Depth

Atmospheric Pressure

Free
Surfac

VR

h,=hy,=h.=h,=P,=P;,=F.=P,=P,, +pgh

=
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Bernoull 1 0s Equati o

P+ rhg +% rv° = Constan
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Case ¥ Pressure is produced by
rigid objects (State of Solid)

FORCE

PRESSURE = ARER
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Outline

u Computation of Pressure
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Example of Computing Gauge Pressure

0 0 " '¥Q

C

Vacuum
Pressure

(@) (b)
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Example of Computing Differential
Pressure

U-tube manometer

Applied Applied
pressure P,  pressure

(greater) (lesser)

T U U N /(9]
Transparent Heasg,
tube allows
liquid columns _}__

to be seen
Liquid
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Example of Computing Pressure of Liquid

u As shown in the figure, a u -tube contains mercury with the density
of 13.5 g/cm3. The value of his 10.0mm. The atmospheric
pressure is 1.0 atm. What is the unknown pressure P?

Unknown Pressure l Po
P —=
u  Answer: Fluid of interest ?fh?'lis:;::::g pressure
(Gas in most cases) in most cases)
h
P = F)O + DP Reference Fluid
Density g
(Liguid, e.g.,
water or mercury)
P=P +rgh
Gage Pressure AP = P - Pgp = pgh
5 5 (4 p -’-[
L PTIH PTVW P&® — P TP
T8t p
L PTIEH PTV W P P TV W
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Example of Computing Pressure of Liquid

u As shown in the figure, the u -tube contains mercury with the density of
13.5 g/cms3. The values of hl and h2 are 23.0cm and 20.0cm, respectively.
What is the pressure difference between point A and point B?

u  Answer:

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

Example of Computing Pressure of Gas

u Atire contains 5.0 litres of air. The mole number is 0.225 mol. If
the temperature of the air inside is 30.0 Celsius, what is the
pressure of the air inside the tire?

Answer: R=0.0821atmL/Mol K

P = ﬂ-
V
| 0.225° 0.082 (273+30)

5.0

P

P=1.11%tm
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Example of Computing Pressure of Solid

u  What is the pressure applied to the table by the book?

u  Answer of Case 1. \

5 P@ P e
g T

u Answer of Case 2:

g P P S
P81 T
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Example of Computing Pressure of Solid

u The mass of an elephant i1 s 500.0 kg.
100.0 cm?. If the elephant stands up with two legs as shown in the
figure. What is the pressure exerted by the two standing feet on the
ground?

u  Answer:
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Outline

u Measurement of Pressure
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Applications Iin Industry
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Applications in Daily Life

Applications of

Atmospheric Pressure

M o) 001/326 - [ S I
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Interesting applications in medical
field (e.g. smart shoes)

i 400
60 -
350

50
300

40 250

30+

Pressure (kPa)

20+

100

10
50
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Smart Carpet
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Other Applications (continued)
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Other Applications (continued)

Tonometric load

Bending resistance lW Surface tension
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Principles of Measurement

u  Principle 1: Pressure (or pressure variation at a diaphragm) is
converted into voltage which could be measured automatically.

u  Principle 2: Pressure (or pressure variation at a diaphragm) is
converted into resistance, which is then converted into voltage.
Voltage could be measured automatically.

Measurement of Pressure from Gas or Liquid

l Diaphragm s

I
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How to apply principle 1 to design digital
measurement and sensing systems for

pressure?

Pressure is converted to voltage which is measured by digital voltmeter
(e.g. microcontrollers).

u

Voltage

Synthesizer

Pressure St votage Analogue
Voltage
Conversion Comparator

Stop signal

All microcontrollers are programmable digital sensors of voltage!
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How to convert pressure into voltage?

u  Pressure acting on piezo-electrical materials will produce voltage.

Lz

PRESSURE APPLIED
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How to convert pressure into voltage?

u  Pressure acting on piezo-electrical materials will produce voltage.
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Comparison of Using Pieze 7 Eﬁfm
electric Materials for 'nli /"

Sensing Force, Pressure and A% Y
' —
Acceleration ﬁ: oo
—>
\

Converted Fore Base Crystal
_ Piezoelectric Material
Inertial Fore
= E
Force Sensur Pressure Sensor Accelerometer
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How to apply principle 2 to design digital
measurement and sensing systems for

pressure?

Pressure is converted to resistance which is then converted to voltage.

u
Finally, the voltage is measured by digital voltmeter (e.g. microcontrollers).

Pressure/ Voltage Digital
e Synthesizer Counter

Conversion

Pressure

Resistance Voltage

weoccrce [ Analogue Digial
Comparator Display

Conversion

Stop signal

All microcontrollers are programmable digital sensors of voltage!

(Learning, Teachingxo > (Research, Innovation) <o> (Leadership, Service)



Nanyang Technological University

SOI Utl O n 1 Of Pressure Measurement With Strain Gauges on Diaphragm
Converting Jeeedd ——
Pressure Into

Resistance

Tangential Stress

When pressure increases, radial Tm ==
stress is larger than tangential
stress. Hence, the changes of
resistance in R1 and R3 will be
larger than the changes of
resistance in R2 and R4.

Side View Top View

Such changes in resistance

could be converted into changes C/D
in voltage with the use of a
bridge-circuit. 1 Re

Bridge Circuit
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Solution 2 of Converting Pressure
to Resistance

u When pressure changes, the wiper will change its position. Hence, the
resistance value changes. Resistance could then be converted into voltage.

Vref

Transducing Element
(Rectilinear Potentiometer)

Resistive
Element

¢ Wiper
—————
Pressure > — X Vout (Electrical Signal) —p- /
splacemen
I oo oo

Sensing Element
(Diaphragm)
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Solution 3 of Converting Pressure
to Resistance

u  Strain gauges are placed on a

deformable beam. M = WE_
P1—n > e -—P2
u  Pressure difference produces m W
force which acts on the
deformable beam soows—] -
' 2 2
Strain gauges
: : 2
u  The compression or expansion 2 .
of strain gauges will make their :
resistance values to change. s e
@
u  Such changes of resistance “‘ Rs
could be converted into voltage Bridge Gircuit

changes.
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Ot her Sol uti on €

resistance
1 a
500x500 um :
z Motaliogd ' | =
connections :, R? Rs ;
. : a) Si chip Y
A matrix of sensingcels. X g rRe=y

Too o o

Each cell has four strain gauges.

Pressure is converted into a matrix
of resistances.

Tactile pixel

Ultrathin foul

Bit line

Drain voltage <~ Word lir
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Ot her Design Principles

u

u

u

u

A plate or diaphragm is placed
inside the space of pressure to
be measured.

Atmaospheric
Pressure

Pressure will produce a force on O  Vacuum -
the surface of the plate or -

diaphragm. / - AF Oy '
The force will make the plate 2 .

or diaphragm to undertake a Z \_./

displacement.
30
The displacement can be ,
Pressure
sensed and measured. > Indicator

Diaphragm ‘
Capsules — | |

Flexible bellows < ~,.

‘ Pressure
Pressure being measured
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Remember to Do Calibration

u  Curve fitting for calibration:

Measurement

u Yiis produced by Xi

EA)

u  Ziis computed from Yi W —T SenSing

u  Zi must be equal to Xi S
Calibrated Values @ Calibration > )
Measured Values 9
N
ke > True Values &
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Remember to Do Error Analysis

_ For each true value, we can do
Systematic error = mean value dtrue value error analysis

c

u  Repeatability error = value with maximum error

dmean value {]HH d}{l

6
u Accuracy = value with minimum error dmean - h
value N
0 5§ 10 15 20 25 30 35 40 45 S0 S5 60 85 70
N
& S
. . ) Output & \Qo‘ {8;0\(\
u Hysteresis error = [measured value in increasing e © &

d measured value in decreasing|

Hysterisis Error

W

Input voltage
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Summary

u Understanding of Pressure

u Computation of Pressure

u Measurement of Pressure
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Outline of Module 4

u
u Lecture 2:
u Measurement of Temperature

Bﬁ'cﬁ@ TO SCHOOL!!
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outing o
Y
Radiation Conduction Convection

uUnderstanding of Temperature gy ey

u Computation of Temperature

u Measurement of Temperature
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outing o
Y
Radiation Conduction Convection

uUnderstanding of Temperature gy ey

' 37°C
35°C
33°C
' 3°C
29°C
27°¢

rla)
e

R
- 2 _-4;

A

Cold Warm
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Three Types of Popular Energies

Electrical Energy
Voltage
Current

Mechanical Energy

Force
Velocity
Thermal Energy (or Heat) "If you wish to understand the
Universe, think of energy,
Temperature frequency and vibration."
Flowrate of heat ~ Nikola Tesla

68
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Understanding Thermal Energy (1)

u Heat is something which may be transferred from one body to another

u Heat is a measurable quantity , and can be described mathematically.

Air conditioner does | E r
notworkashardtn ;.
0

8linds help to

f i /block a portion
of the sun's heat

R’%aﬂ?
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Understanding Thermal Energy (2)

u Heat cannot be treated as a material substance , because it may be

transformed into something that is not a material substance, e.g.,
mechanical work.

Ice Boiling water
The particles The particles The particles are
X3 are close move faster far apart and move
(xy together and and further very quickly and
cannot move apart. < randomly. Steam
about. '
;\',(?;3'(0 7 I |

melting

LA
2V M a,

RS
QLTI

A Changes of state in matter.
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Understanding Thermal Energy (3)

Heat is a layman term which refers to thermal energy .

71
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Equation of Heat Transfer

DU =Q-W

Q: heat transferred

to the system W: Work done

by the system

Piston

Increase in
|~ Kinetic energy

")

._ﬂu.,,_ [T
@0 .0
u._ﬂu._ﬂu @

28502350

.,_ﬂ\u‘_ﬂu @

Gas
molecules

/

of
of

w

(

DU - Changeof When internal energy increases,
InternalEnergy temperature increases. What is
temperature?
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Applications of Thermal Energy
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Understanding Temperature (1)

u  Temperature creates the sensation of hotness or coldness.

u  There are two natural references for zero temperature.

ATemperature
0 Celsius i
273 Kelvin Sl Scale: Celsius
Kelvin Scale: K
US Scale: Fahrenheit

"F="C3 9/5+32

-40 -20 0 20 40 60 &0

(T .
5 -4 -30 20 10 0 10 20 30 K :OC+27315

Annual Mean Temperature

—— 0 Kelvin
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Units of Measurement of Temperature

from Celsius to Celsius
Fahrenheit | [°F] = [°C] x %; + 32 [°Cl = (°F1 - 32) x %
A Kelvin | [K]=[°C] + 273.15 [°C] = [K] - 273.15
/ Rankine | [°R] = ([°C] + 273.15) x % [°C] = (I°R] - 491.67) x %
/ Delisle | [°De] = (100 - [°C]) x 3% [°C] = 100 - [°De] x %3
Newton | [°N]=[°C] x 3% [°C] = [°N] x 1903
Réaumur | [°Ré] =[°C] x % [°C] = [°Ré] x %
Remer [°Re]=[C]*x2V4g+7.5 [°C] = ([°Re] - 7.5) x 405,

Basic Unit of Measurement
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Understanding Temperature (2)

Temperature is the manifestation of kinetic energy at atomic level.

1
1

Ecy =5 KeT Ey
1
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Understanding Temperature (3)

u  Temperature represents the potential of heat.

Conduction

HOT - COLD
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Understanding Temperature (4)

u  The difference of temperature will cause the transfer of heat or
flow of heat.
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There Are Three
Types of Heat
Transfer

u Conduction

conduction

u  Convection m
/f""l"\.

u  Radiation N YN PN
AN A

comvection radiation
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Example of Heat Transfer Within and
Outside Rigid Body
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Example of Heat Transfer Caused by
Temperature Difference

glass glass
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Understanding Temperature (5)

u  The change of temperature can cause linear expansion of materials.

“ L »
G |

-

DL =aL,DT
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Understanding Temperature (6)

u  The change pf temperature can cause volume expansion of materials.

DV = bV, DT

What are the useful equations related to temperature?
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outing o
Y
Radiation Conduction Convection

u EXTERNAL SOURCE OF ENERGY\\

u Computation of Temperature

' 37°C
35°C
33°C
' 3°C
29°C
27°¢
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Useful Equation of Temperature (1)

u  Equation of Ideal Gas, which is a function of temperature.

Cylinder
Pressure Temperature

Piston

Number of moles Weight_ |
+ e ; I AV Stop
ARG SATALY

Constant Pressure Heating Constant Volume Heating

“olume Gas constant
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Example taom

u  As shown in the figure, what is
the temperature of the gas when
the volume is 44.8 litres?

u Answer:
T — ﬂ
nR
1.03 44.8
T = = 272838 g
23 00821 T =-0312C
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Useful Equation of Temperature (2)

u  Equation of Internal Thermal Energy, which is the amount of heat in order
to cause intended change in temperature.

Q =cmAT

heat specific mass changein
heat temperature

] Q mxCxAT—K
e \JK
g
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Example

u A pan contains 1.5 kg of water at 20.0 degrees Celsius. It is placed
on a stove. The specific heat capacity of water is 4190 J/ kg.K.
During the process of boiling the water, the water absorbs the
heat at the rate of 500 J/s. What is the temperature of the water
1.0 minute later?

u  Answer:
Q=mqT - 20.0)
T :g+20.02 °00° 60 +20.0
mc 1.5% 4190
T =2477°C
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Useful Equation of Temperature (3)

u  Equation of Conduction, which describes heat transfer inside or
among interfaced solids

A\_, T
T ||, |
-
q=99_ 1A %l’;

Thermal conductivity coefficient
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Example
u A  roombs temperature iIis held at
thickness of the wall is 20.0 cm. And, its thermal conductivity is
0.19W/ m.K. If the energy consumption of the wall is 50.0 W/m?2, what
Is the temperature outside the wall?
u  Answer: _ 0
T, =26.0°C T,?
1d T,-T
L1AQ _show me =k T2
A dt L
50.03 L 50.03 0.2
T,=T,- = 26.0-
0.19
T,=-2663C
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Example

u  Asteel bar of 20.0 cm long is welded end -to-end to a copper bar
of 2000cmlong. Thecross-sect i onds areas of the t
same. The thermal conductivity of steel is 50.2x103W/ m.K while
the thermal conductivity of copper is 385.0x103W/ m.K. Assume
that the free end of the steel bar is maintained at 100.0 °C while
the free end of the copper bar is maintained at 0.0 °C. What is
the temperature at the junction of the two bars?

u  Answer:
- - 3
- 21000-T _ - AT 0.0 T = 1000° Ky,
I—steel I—copper ksteel + kcopper
100°C 0.0°C T =11535C
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Useful Equation of Temperature (4)

u  Equation of Convection, which describes heat transfer between
solid and gas
:\%
q
T A

\ C o“d“cﬂon
heat transfer ™~ Convectlon
coefTicient = h”

. g 330
dQ * Radiation

4=—- =hA(L-T,)
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Useful Equation of Temperature (5)

u  Equation of Radiation, which describes heat transfer by electromagnetic
waves (e.g. infrared waves).

P=ecAlT?-T7

p: tradiated power 2 - emissivity (=1 for ideal blackbody)
4 4

A= radiating area T =temperature of radiator

o = Stefan’'s constant T[‘. = termperature of surroundings

o=56703% 107 watt/m2 K

=

a
P O 4 Convection {g M
— e ST -

“ ol

VAN~

i3

Radiation
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Useful Equation of Temperature (6)

u  Equation of Linear Expansion, which is proportional to temperature
variation.

DL =alL DT

“ L »
S |

-
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Useful Equation of Temperature (7)

u  Equation of Volume Expansion, which is proportional to temperature
variation.

DV = bV, DT
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Example

u Aglass tube contains mercury. Its volume is 200 cm? at 20 degrees
Celsius. The volume expansion of glass is negligible. And, the
coefficient of volume expansion of mercuryis 18 +( 1 0 BK) . | f  we
observe that the volume of the mercury has increased by 3.0 cm?,
what is the value of the temperature?

= £
- BOILING POINT -
220
~| 1100 [===10Q°C -- 212°F w51 q|[F—
Z 200| —
= IEL OF WATER o0l
u  Answer: e 190 —
{70 160| [—
_ 150(|—
|| 60 140|
= 130| =
—||50 120 =
- 110| -
— |40 100| =
DV - V I = I |30 90 | =
0 0 R 80 |
—N 20 JON
- 60
—M10 FREEZING POINT 50 -
- 40 =
—fo — 0°C--32F —— 3
20
Jo OF WATER v =
DV 3.0 E of
] _ 10 §=—
T=T,+——=200+ =10333C I
0 ' _
bV, 183 10°3 200
0 N Y o/
CELSIUS FAHRENHEIT
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outing o
Y
Radiation Conduction Convection

u EXTERNAL SOURCE OF ENERGY\\

' 37°C
35°C
33°C
' 3°C
29°C
27°¢

-

¥y ) >,

AN o

Aow

o it ‘.,g,x*'f
Warm Ocean Water,j\.?»,
RURIRFEL T T i

Cold Warm
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Temperature Control in Industry

TCU . ,:‘/ : f

Heat/Cooling
water in

Motor
PP=140°C
Heat/Cooling
water out
Sublimation
l
Melting Vaporization lonization
= . T fmy
| B L o : o \F
Solid Freezing Liquid Condensation Gas Detonization Plas
|
Deposit

Enthalpy of the system
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Temperature Control in Buildings

”
Limited heat | W
conducts thiough | \
20 il application

the roat o the attic space | \
af O Hesthlock

i inberior wall and ceiling o ! . A0 mil application
d in.0g Ser of (I Heatblock to
kesteping the interior coal axteriar aof and wall
during the summer I reflects 97% of radistion

LI Haathiback e i i g
ok comdisction : a3r 5| and warm in winber
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Temperature Control

in Agriculture /

W1411

Three display multi-function
temperature controller

SMART GREENHOUSE

BTV/START  ThEUHER  STOP/#81E
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Principles of Measurement

u  Principle 1: Temperature is converted Copper
to DC voltage which could be

measured automatically. Hot

u  Principle 2: Temperature is converted Iron i
to resistance, which is then converted
to DC voltage. DC voltage could be
measured automatically. Metal A

TN

HOT COLD
Junction 1 Metal B Junction 2
Reference Junction

o

Resistance Temperature Detector (RTD) Thermocouple

Platinum resistance wire

Thermistor
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How to apply principle 1 to design digital
measurement and sensing systems for

temperature?

Temperature is converted to DC voltage which is measured by digital
voltmeter (e.g. microcontrollers).

u

Voltage

Synthesizer

Temperature Ten:/p())?tr:;l;re/ Voltage Analogue
Conversion Comparator

All microcontrollers are programmable digital sensors of voltage!

Stop signal
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How to convert temperature into DC

VOItag e? W 03 "YO'Y Y
u  Two conductors of different types \
are connected at the two ends. MetalA |
Reference Junction
T, T,

u  When the temperatures at the two

. . Metal B
ends are different, there is a flow Th 1
of electrons inside the loop. [ eticimeconle
u  Hence, the temperature could be ot -
measured through the ¥ Reference Junction
. d Wire
measurement of DC voltage. Wire Type A o]
— 829°C/
= ™ 1500°F
X Wire Type B -
i . Copper Lead Wire
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Example of Ther mocoupl
(measurement range: < 2000 0)

Hot Junction Thermocouple Negative Leg

Copper Lead
Volt Meter E{%
m Copper Lead

Thermocouple Positive Leg
Cold Junction

Reference Junction
Heat Source
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Exampl e of Ther mocoupl

sensing junction metal A

%
\r additional —oTY 11
T, junctions ¥ |TTcopper

metal B V metal A _VW_

TR=OoCh“-re&rcnce junction RE
\ Rl
Y 3—1\(\{1 _
- \ : AMPLIFIER I 0V
Reference Junction U (A)
- + +

COLD JUNCTIOM qu
COMPENSATOR

| TRE,

How? 777

Reference temperature is O degree Celsius
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Cold Junction Compensation

When “Y = 0, output voltage is: 0 U 1

Then, compensation voltage will be: v V) AR A

U —W—-
; ’ (b . Rem L‘) ’ AMPLIFIER S (b
® © Y L, W

+
COLD JUNCTION Yl
' COMPENSATOR
[ 13 po—— cl
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How to apply principle 2 to design digital
measurement and sensing systems for

temperature?

Temperature is converted to resistance, which is then converted into DC
voltage. DC voltage is measured by digital voltmeter (e.g.
microcontrollers).

u

Temperature/ Voltage Digital
Resistance :
Synthesizer Counter

Conversion
Voltage

Temperature
—_—

Resistance

weoocrce B Analogue Digial
Comparator Display

Conversion

Stop signal

All microcontrollers are programmable digital sensors of voltage!
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How to convert temperature into resistance?
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Use of Thermistor (< 100 0) -

u  Temperature sensitive materials are
wound on a rod so as to produce
temperature sensitive resistors, which
are called thermistors.

§) Low voltage drop

Q Q
R1 § High Voltage drop
u  The resistance values of the thermistors

can be measured by a bridge circuit. Temperature

Resistance

A Less expensive
A Fastresponse

NTC PTC

Negative Temperature Coefficient Positive Temperature Coefficient
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Example of Thermistors 2
e Typical NTC Themistor Resistance vs. Temp The - indicates t°
40000 \ a negative temperature d
15000 co-efficient / R,
Vout
2 30000 \ - -
§ 25000 \ Vout
£ 20000 — NTC
B 15000 \
= \\ 1kQ > g
5000 ~— -
. e~ S 1°C
20 0 20 40 60 80 100 120
Temperature, degC [N
E I:
bead thermistor
v
thermistor
rod thermistor disc thermistor circuit: eymbol
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Use of RTD (< 400 0)

Ceramic Bobbin

Platinum Wire

u  Other than thermistors, there are

.. Wire-Wound RTD Element
other temperature sensitive
materials such as thin-film o
elements, wire -wound elements, Platinum Thin-Film

Layer

coiled elements.

T Ceramic Substrate

Thin-Film RTD Element

v These materials (e.g. platinum,
nickel, or copper) are called
resistance temperature detectors,
or RTD in short.

u  Temperature could be converted to
resistance values with the use of
RTD.

A Better accuracies
A Wider measurement ranges

RTD=Resistance Temperature Detector
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How to convert resistance to DC voltage?

VRef
ADC
R‘F REF
R ins
Vout I Ay
Ry v
Vour
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Ot her Principles &

Electrical
connection Bi-metallic strip

/

a— Higher Metal Strip

Electrical Contacts a— Lower Metal Strip
Closed
Electrical “""E’_. Electrical
Cantacts connection
Contact
Electrical Contacts Wovement
open due to Heat
P Ad Ii}_. Open circuit
T T condition
Fixed
Point HEAT
Bimetallic
helix Spindle attached

to end of helix "’\ Scale

Different metals

Expands most

Fixed end Expands

QOuter case of least

instrument
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Remember to Do Calibration

u  Curve fitting for calibration: Measurement

u Yiis produced by Xi

EAY

@ —= Sensing

u  Ziis computed from Yi

u  Zi must be equal to Xi W

L1 4

e

Calibrated Values ¢ Calibration

Measured Values 9
N

ke > True Values ®
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Remember to Do Error Analysis

_ For each true value, we can do
Systematic error = mean value dtrue value error analysis

c

u  Repeatability error = value with maximum error

dmean value {]HH d}{l

6
u Accuracy = value with minimum error dmean - h
value N
0 5§ 10 15 20 25 30 35 40 45 S0 S5 60 85 70
N
& S
. . ) Output & \Qo‘ {8;0\(\
u Hysteresis error = [measured value in increasing e © &

d measured value in decreasing|

Hysterisis Error

W

Input voltage
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Summary a e
Y
Radiation Conduction Convection

uUnderstanding of Temperature gy ey

u Computation of Temperature

u Measurement of Temperature
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Outline of Module 4

u
u
u
u
u Lecture 3:

u Measurement of Humidity

Bﬁ'cﬁ@ TO SCHOOL!!
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School of Mechanical & Aerospace Engineering

TECHNOLOGICAL Design, Machine, Control, Intelligence
UNIVERSITY ’ | '

Module 4 Lecture 3
MA4822

Measurement of Humidity

Xie Ming, PhD (France)

mmxie@ntu.edu.sqg

http://personal.ntu.edu.sg/mmxie
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Outline

DRY AIR

™

v Understanding of Humidity

u  Computation of Humidity

u Measurement of Humidity

1993-05-26

s~ Jojeiodeny

57% 20ie

“» aneA uoisuedx3

aneAuolsuedxg

-
IIIIII

I
01 2 3 456 7 89
Specific humidity at 850 hPa [g/kg]
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Outline

DRY AIR

™

v Understanding of Humidity

u Computation of Humidity

u Measurement of Humidity

1993-05-26

s~ Jojeiodeny

“» aneA uoisuedx3

57% 20ie

aneAuolsuedxg

-
llllll

01 2 3 45 6 7 8 9 ’
Specific humidity at 850 hPa [g/kg] 1
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Understanding Humidity (1)

v Humidity is related to water vapour in air.
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Understanding Humidity (2)

u  Water can exist in three states which can make transitions among
them.

Plasma

)
L

—

" /)
' Gas
.
$s "%,
N % %
Fo 2, © .
Q< @/, 2 Liquid
S & £ Y
= P
A C
l -

- j 3
\IFreezing m \ . )\ g’

\/\/ €= Velting i ;
Liquid Solid

Quantum
condensate
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What Is condensatio@?

u Itis a process which makes vapor to S

Dewpoint T, (C)

become liquid. )
|_

)

(@)

Q

&)

(qv]

-

-

7p]

Dew Poil nt : |l t 1 s t h

below which Vapour becomes Liquid.

Air Temperature T (F)
40 50 a0 70 g0 a0 100
o

r_‘_ﬂ g i il 4 4.3 PR T [ T O TN NN T TN [ T N T W ('

Relati e

- gldtive
3594 Humidity (%)

] =10 a0
303 =190

] —% %
25 :5[] [

] —50 - =l

4 —40 =

] =20 =
153 —10 &0 E

o
10- 50
5 40
0

0 5 10 15 20 25 30 35 40

Air TemperatureT (C)
L 2 o

S . |  dC OS L. [ €

Dewll50|nt Depenﬁs on Humld(f‘ty P
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Example of

d

Condensation 40006

"Nawmrnnint
JOVWILOITNIL
AMSAYA |

2,000 it
Temperature 76°F
Dewpoint

Slulrface
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Example of Using Temperature must be below
Condensation to dew point.
Get Pure Water ... Thermometer

\ Cold

water ou

T

Condenser

Vapour

Cold T

water in

T T Solution I "
Distillate
Heat
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