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» Module 1: Foundation of Al Sensors

» Module 2: Sensors for Electrical Systems
» Module 3: Sensors for Mechanical Systems
» Module 4: Sensors for All Environments

» Module 5: Sensors for All Industries
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Remember your mission as MAE
undergraduates ...

»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.

User’s
Instructions : :
Planning Digital || Perception
Modules Workspace Modules
Autonomy T
Control Sﬁsntcelénrs Actual
Modules Control Workspace
Automation
Sensory
Modules

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




Nanyang Technological University

Why to study this course?
o _; Y =

| Traffic Management 9 Aif Pollution »
Smart Parking @
: Electromagnetic
| Emissions
Internet of Things G G
J,
Smart Buildings

((( r)))

Public Safety
Smart Home
Gas & Water O
Leak Detection Smart Environment

D O

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

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

» 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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What are you gOing to StUdy 'in Module 1: Foundation of Al Sensors

*  Basics of Physical World
* Randomness of Physical World

t h i S CO u rse? . Basics of Conceptual Worlds

*  Fuzziness of Conceptual Worlds

Randomness

—

= =

Action

Physical

Conceptual
Al Loop

World World

=

=

N~

Module 2: For Electrical Systems Module 3: For Mechanical Systems Module 4: For All Environments ~ Module 5: For All Industries
Measurement of Voltage Measurement of Position Measurement of Pressure Measurement of Fluid Level
Measurement of Current Measurement of Velocity Measurement of Temperature Measurement of Flow Rate
Measurement of Resistance Measurement of Acceleration Measurement of Humidity Measurement of Sound/Voice
Measurement of Capacitance Measurement of Force Measurement of Vibration Measurement of Photometry
Measurement of Inductance Measurement of Torque Measurement of Air Quality Measurement of Geometry
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How to apply?

Directly-detectable

Readable Values

N
7

Not-Directly-detectable Directly-detectable
) . Measurement Sensory Data with AI SensorS
Physical Quantities Unbounded Error
Under Measurement SenSi ng >
—> i [ Languages |
Sensory Data with Sz {B eli efs}
. . Bounded Error . .
Calibration > | Fuzzification >
{Texts}
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Today’s Lectures ...

>

» Module 4: Sensors for All Environments

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



NANY. ANG School of Mechanical & Aerospace Engineering

TECHNOLOGICAL Desien. Machi Control. Intelli
1N, ine, niroli, in | nce
UNIVERSITY =010, etge

Module 4
MA4822

Sensors for All Environments

Xie Ming, PhD (France)

mmxie@ntu.edu.sg

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

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


mailto:mmxie@ntu.edu.sg

Nanyang Technological University

Outline of Module 4

» Lecture 1:
» Measurement of Pressure
» Lecture 2:
» Measurement of Temperature
» Lecture 3:
» Measurement of Humidity
» Lecture 4:
» Measurement of Vibration
» Lecture 5:
» Measurement of Air Quality

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

» Lecture 1:
» Measurement of Pressure

Bﬁ'cﬁ@ TO SCHOOL!!
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Outline

» Understanding of Pressure

» Computation of Pressure

» Measurement of Pressure
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Outline

» Understanding of Pressure
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Definition of Pressure

» Pressure is the force per unit area applied
perpendicularly to the surface of an object (e.g.
sensing elements), over which the force is
distributed.

l_f Perpendicular force

Pressure =
§uFFace difeéa on WFIICH tFiE FEII'CE IS al:tll'li;]

- _ N
/"7 ressure = —2

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

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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Illustration of Atmospheric Pressure

P, = 101325 Pa

A

it N

Patm'

.

101325 Pa

Absolute Zero

ressure
J --------- p- ------ —— e e = e = e Jy
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There Are Three Different Types of Pressures

» Absolute pressures

Nanyang Technological University

» Gauge pressures (including vacuum
pressures also known as negative

pressures)

» Differential pressures

Z

AY

Pressure
or

Vacuum —H

1 A

-

-
-
-
-

Atmospheric |

Absolute Pressure

Gauge Pressure

Differential Pressure

— Po‘r

=

’ A
'
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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 (i.e.
Negative Pressure Relative to 1 atm)

A Vacuum gauge
P
p Atmospheric pressure The pressure inside the
atm § A pipe is lower than atm.
§ P,,. = 1000 Pa
I § 2 5 __Water Pressure
§ § Peoyo.=_P =
§ 101325 Pa \ Ahaolite abs — Fatm vac
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:

» Objects in solid state

» Objects in liquid state

sublimate
» Objects in gas state @« — = —
; /jj\l rl‘ d"m ~f :,"‘.:‘ |"A",- "9..",_‘ .".."| (:" O O l\-_"
\i.?‘g ice :"',-\;} wéter N Cf'fs,ssag‘“)
WL Sy a 680 © N
Al «— ' —
solidify condense

\ /

desublimate
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Hence, pressure COUld Low pressure High pressure
be produced by ...

» Solid
» Liquid
» Gas

Small pipe

Hollow glass tube attached
to rubber stopper

— Water jets

Protal= P1+ P2

Volume and temperature are constant
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Case 1: Pressure is produced by

particles (State of Gas)

Closed Space

Top of the Atmosphere

Open Space

A
:‘ S / P : Weight of the air in the column
. v “ . | applies a pressure to point "X"
P Column of Air| |
. . -
% . ! :\ . \_" fl Surface
VY //,i? /

Unit Area

Equation of Ideal Gas: P

R =0.0821atm L/Mol K R =8.31kPa L/MolK
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Example of Constant Volume

g ?I:Iﬂﬁi:lﬂ!;{n!f

10
1.1
12

100 373

Pressure guage

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



Nanyang Technological University

Example of Constant Temperature

Frozen: Mass & Temp.

@
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Example of Dalton’s Law

gasA, P, gas B, Py
° °
°
o o ° ¢
. °
4 °
° °
o ° °

mixture A, B, & C

P

gasC, P
o
®
®
® o o
°
®

all three combined Vto make a mixture

total

=PA +PB +PC e

Nanyang Technological University

Dalton’s Law
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Case 2: Pressure is produced by
fluids (State of Liquid)

V = Ah Column of Fluid

A

Weight mg plg
Area A A

Pressure = = phg

\

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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Bernoulli’s Equation:

P+ phg + % ov> = Constant
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Case 3: Pressure is produced by
rigid objects (State of Solid)

FORCE
AREA

PRESSURE =
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Outline

» Computation of Pressure
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Example of Computing Gauge Pressure

Vacuum
Pressure

(@) (b)
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Example of Computing Differential
Pressure

U-tube manometer

Applied Applied
pressure P ppressure
(greater) (lesser)

Transparent HeaAdh
tube allows

liquid columns _}__
to be seen

Liquid
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Example of Computing Pressure of Liquid

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

Unknown Pressure l Fo

P —=

. Ambient Fluid
» Answer: Fluid of interest (Atmospheric pressure

(Gas in most cases) in most cases)
h

1

P 1)0 + AP Reference Fluid
Density g

(Liquid, e.q.
water or mercury)

P=PF + pgh
Gage Pressure AP = P - Pg = pgh
0—3
0.013
P =101.3 x 103Pa + 1.2 X 103Pa

P =101.3 x 103Pa + (13.5 X

) X 9.81 x 0.01
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Example of Computing Pressure of Liquid

» As shown in the figure, the u-tube contains mercury with the density of
13.5 g/cm?3. The values of h1 and h2 are 23.0cm and 20.0cm, respectively.
What is the pressure difference between point A and point B?

» Answer: i

AP = pgAh

AP =13.5x 1073 x 10° x 9.8 x (23.0 — 20.0) x 1072

AP = 3.973kPa
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Example of Computing Pressure of Gas

» 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 =0.0821atm L/MOI K
P nRT
V
1 _ 0.225x0.0821x(273+30)
5.0
P=1.119atm
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Example of Computing Pressure of Solid

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

» Answer of Case 1: \

_11.1x 103

P =7x05 ~ HilkPa

» Answer of Case 2:

111 x 103

= = 22.2kP
P =—0x0s = 2%2kba
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Example of Computing Pressure of Solid

» The mass of an elephant is 500.0 kg. And, the elephant’s foot surface is
100.0 cm?2. 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?

» Answer:

P=

W_mg
A 4

p_ 500 x 9.81
~ 2x100.0 x (0.01)2

= 245.25kPa
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Outline

» Measurement of Pressure
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Applications in 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

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

» 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

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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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).

Voltage

Synthesizer

Pressure P\r/(e)i:ts:gree/ Voltage Analogue
Conversion Com parator

All microcontrollers are programmable digital sensors of voltage!

Stop signal

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



Nanyang Technological University

How to convert pressure into voltage?

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

Lz

PRESSURE APPLIED
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Nanyang Technological University

How to convert pressure into voltage?

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

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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. . . P Pressure
Comparison of Using Piezo- (Sensig
electric Materials for |li '/"
Sensing Force, Pressure and A 0

. .
Acceleration ﬁ:ﬂk o

—»

F

/ \
Converted Fore Base Crystal
_ Piezoelectric Material
Applied Fore Inertial Fore
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.
Finally, the voltage is measured by digital voltmeter (e.g. microcontrollers).

Pressure/ Voltage Digital
Counter

Pressure

Resistance .
eI Synthesizer

Voltage

Stop signal

Resistance

Resistance/  [RYNEN- Analogue D]g]tal

Voltage :
Conversion Comparator Display

All microcontrollers are programmable digital sensors of voltage!
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Solution 1 of D MAGASiF R W S ol ok NG agED
Converting R N i
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

» 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
Wiber Voltmeter
—————
Pressure > — X Vout (Electrical Signal) —p- /
splacemen
I oo oo

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

» Strain gauges are placed on a

deformable beam. M = WE_
P1—» > < ~——P2
» Pressure difference produces m W
force which acts on the
deformable beam saons —] L setons
' Ry R,
Strain gauges
: . R
» The compression or expansion 3 Ry i
of strain gauges will make their '
resistance values to change. s o
@
» Such changes of resistance = Rs
could be converted into voltage Bridge Circuit

changes.
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Other Solution ... —

Compressed

§. of membrane resistance
,//// i 9
|
500x500 ym |
g Metallised |
connections R?R.
. : a) Si chip i
» A matrix of sensing cells. o REe=T

» 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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Other Design Principles ... Y

» Aplate or diaphragm is placed
inside the space of pressure to
be measured.

Atmospheric
Pressure

» Pressure will produce a force on - Vacuum —f
the surface of the plate or y A :

diaphragm. / . A AF ) =
» The force will make the plate N :

or diaphragm to undertake a Z \_./

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

Diaphragm ‘
Capsules — | |

Flexible bellows < ~,.

Pressure
being measured
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Remember to Do Calibration

» Curve fitting for calibration:

. : Measurement
» Yiis produced by Xi
» Ziis computed from Yi X;—1> Sensing
» Zi must be equal to Xi Y:
L
Calibrated Values Z; Calibration > L
Measured Values Y;
N
I”’*’”
L > True Values X;

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Remember to Do Error Analysis

For each true value, we can do
» Systematic error = mean value - true value error analysis

» Repeatability error = value with maximum error

- mean value {]HH d}{l

6
» Accuracy = value with minimum error - mean .- h
value N e —
0 5 10 15 20 25 30 35 40 45 S0 S5 60 BS 70
N
& S
. .. ) Output 4 %§§ 6§>
» Hysteresis error = | measured value in increasing e © &

- measured value in decreasing|

Hysterisis Error

W

Input voltage
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Summary

» Understanding of Pressure

» Computation of Pressure

» Measurement of Pressure

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Module 4

>

>
» Lecture 2:

» Measurement of Temperature
>

>

Bﬁ'cﬁ@ TO SCHOOL!!
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Outline -
Radiation Conduction Convection

» Understanding of Temperature  pammy=mm==—

» Computation of Temperature

» Measurement of Temperature

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Conduction Convection

» Understanding of Temperature  pammy=mm==—

' 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)
Temperature
Flowrate of heat

"If you wish to understand the
Universe, think of energy,
frequency and vibration."

~ Nikola Tesla

67
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Understanding Thermal Energy (1)

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

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

Air conditioner does | E r
notworkashardtn ;.

2R | o e

L S S
i
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Understanding Thermal Energy (2)

» 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.

(xy together and
cannot move
about.

S I

) o) 207y
X7 i?i“‘
RS ON
QLTI

melting

Boiling water

The particles The particles are

move faster far apart and move

and further very quickly and

apart. < randomly. Steam
(Sa—

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

Heat is a layman term which refers to thermal energy.

70
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Equation of Heat Transfer

AU =Q-W

Q: heat transferred

to the system W: Work done

by the system

Piston

:I %:l 2
, ﬂa' ¥ Increase in
GJ' T?,l g,l | Kinetic energy
TQL %ll 1‘91"’
mu:f:::?JIES G"' g"' a"'
/ u
AU :Change of When internal energy increases,
Internal Energy temperature increases. What is
temperature?
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Understanding Temperature (1)

» Temperature creates the sensation of hotness or coldness.

» There are two natural references for zero temperature.

A Temperature
0 Celsi )
——273?<§|'\lfi§ S| Scale: Celsius
Kelvin Scale: K
US Scale: Fahrenheit
0 0
F="Cx9/5+32
40 20 O 20 40 60 8
O . 0
50 40 30 20 -0 0 10 20 30 _
Annual Mean Temperature K T C + 2 73 . 1 5
—— 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

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




Understanding Temperature (2)

Temperature is the manifestation of kinetic energy at atomic level.

1
Ey . :EKBT
1 3
EK,y:EKBT EK_EKBT
1
Ey . :EKBT

75
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Understanding Temperature (3)

» Temperature represents the potential of heat.

Conduction

HOT - COLD
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Understanding Temperature (4)

» 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

» Conduction

conduction

» Convection m
/""—.—"\

» Radiation NN F N
A NS A

comvection
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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)

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

“ L »
G |

-

AL = al AT
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Understanding Temperature (6)

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

AV = BV, AT

What are the useful equations related to temperature?
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Outline o | &
Y
Radiation Conduction Convection

> EXTERNAL SOURCE OF ENERGY\\

» Computation of Temperature

' 37°¢C
35°C
33°¢C

' 3°C

29°C

27°C

rla)
e
R
- 2 _-4;

A
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Useful Equation of Temperature (1)

» 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 taie

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

» Answer:
7PV
nRk
1.0x44.8
T =— =272.838K — 0
2x0.0821 I'=-0312°¢C
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Useful Equation of Temperature (2)

» 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
g \JK
g
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Example

» 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?

» Answer:
O =mc(T —20.0)
7= 1200=220%%
mc 1. 5><419O

T=2477"C
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Useful Equation of Temperature (3)

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

A\_* P
T | [, |
-
I RN L

Thermal conductivity coefficient
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Example

» Aroom’s temperature is held at 26.0 degrees Celsius. Assume that the
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?

» Answer: T =26.0°C

T,?
140 = 50.00W /| m> (Tl_Tz)
A dt L

pog S00xL g 50.0x02
k 0.19

-26.63"C

o
I
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Example

» Asteel bar of 20.0 cm long is welded end-to-end to a copper bar
of 20.0 cm long. The cross-section’s areas of the two bars are the
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?

» Answer:
100.0-T T-0. 100.0x k&
ksteel OO O = k copperA O O I = - e
Lsteel copper k steel + k copper
100°C 0.0°C T=11.535C
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Useful Equation of Temperature (4)

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

\ S Co“ducuon
heat transfer e Convection
coefTicient = h” { { z
o 23 N
1 |
dQ |

¢="2=hA(T-T)

i
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Useful Equation of Temperature (5)

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

P=ecAlT?-T7

P. radiated power € = emissivity (=1 for ideal blackbody)
A= radiating area T =temperature of radiator
o = Stefan’'s constant T[‘. = termperature of surroundings

o=56703% 107 watt/m2 K

3
EE
__—J
P =
4
— = 8 G T 7, C

A T"""*

.

ii

Radiation
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Useful Equation of Temperature (6)

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

AL = aL AT

“ L »
S |

-
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Useful Equation of Temperature (7)

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

AV = BV, AT
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Example

» 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 mercury is 18+(10°K). If we
observe that the volume of the mercury has increased by 3.0 cm3,
what is the value of the temperature?

= £
- BOILING POINT -
220
~| 1100 [===10Q°C -- 212°F w51 q|[F—
Z 200| —
—||90 OF WATER 100/ -
» Answer: o0 10
{70 160| [—
_ 150(|—
|| 60 140|
= 130| =
—||50 120|
- 110| -
||#° 100| -
AL p— L 2 —_ z —||30 30 ==
0 0 80 |-
—N 20 708
- 60 @M=
—N10 FREEZING POINT 50 -
B Y =
Po — o°c-32F — o [F
o OF WATER i
AV 3.0 1 ol
T=T+—=20.0+ : =103.33°C I .
o T I8x107 %200
V x107 %200
'B 0 NV NV
CELSIUS FAHRENHEIT
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Outline o | &
Y
Radiation Conduction Convection

> EXTERNAL SOURCE OF ENERGY\\

' 37°C
35°C
33°C
' 3°C
29°C
27°¢

rla)
e

R
- 2 _-4;

A

Cold Warm
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Temperature Control in Industry

TCU . ,:‘/ ‘ f

Heat/Cooling

water in v

Motor
PP=140°C
Heat/Cooling
water out
Sublimation
l
: : Melting  Vaporization [ Tonization
— I i
| ] L o o \F
Solid eezing Liquid ! Condensation | . Gas Delonization Plas

Enthalpy of the system
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Temperature Control in Buildings

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

the ot Wit the At space | \
af O Hesthlock

1o interior wall and celling conduc s thraugh . 20 mil apglication
tha walls and casling = of CIC Heatblock o
keseping the interice ool axteriar roof and wall

duning the summer r reflects 975 af radisti
£ Haathilack = il rige an arvd v I winker af'r. i
Blocks comdiaction
kecping hieat ireide

dhiring the winter
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Temperature Control

in Agriculture i

W1411

Three display multi-function
temperature controller

SMART GREENHOUSE

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

» Principle 1: Temperature is converted Copper
to DC voltage which could be
measured automatically.

» 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).

Voltage

Synthesizer

Temperature Ten:/zftr:;: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

VOltage? V = kAT = k(Thop — Toora)
» Two conductors of different types
are connected at the two ends. Mstal A
Reference Junction
T, T,
» When the temperatures at the two Sk
ends are different, there is a flow
of electrons inside the loop. L
» Hence, the temperature could be ot Atk
measured through the iReference Junction
measurement of DC voltage. Wire Type A =
b =829°GI
1500°F
h. Wire Type B d ‘
i N prerre
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Example of Thermocouple’s Body Design
(measurement range: < 2000 °C)

Hot Junction Thermocouple Negative Leg

Copper Lead
| ol d) Volt Meter E;%
m Copper Lead

Thermocouple Positive Leg

Cold Junction

Reference Junction
Heat Source
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Example of Thermocouple’s Circuit Design

sensing junction metal A C2
| |
\’ additional W] =2PPE
Ty junctions ﬂ# copper DVM | 1
metal B metal A
Tp= 0°C ¥ reference junction R2
R,
Reference Junction v 7 AMPLIFIER — V0
-Y14+ Vin s
COLD JUNCTION T
COMPENSATOR 1
)
HOW? 777

Reference temperature is 0 degree Celsius

Tz\/ . Sensing Junction
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Cold Junction Compensation

When T, = 0, output voltage is: v; = v, 1

Then, compensation voltage will be: v, = —v, A A

R
Vin = v, + 14 R,
Ve —W—-
V: . AMPLIFIER — VO
n Reference Junction i
Vo =Vi, ———R, V1, Vig N
R1 COLD JUNCTION
‘ COMPENSATOR T1
A 5
Ri — Ry 7;7 |
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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).

Temperature/ Voltage Digital

Resistance ‘
Conversion SyntheSIZer

Temperature
—_—
Counter

Resistance Voltage

Stop signal

Resistance/  [RYNEN- Analogue D]g]tal

Voltage :
Conversion Comparator Display

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 °C)

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

§) Low voltage drop

\ § High Voltage drop
» The resistance values of the thermistors

can be measured by a bridge circuit. Temperature =

Resistance

* Less expensive
 Fastresponse

PTC

Negative Temperature Coefficient Positive Temperature Coefficient
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Example of Thermistors

Typical NTC Themistor Resistance vs. Temp

Resistance, chms

45000
40000
35000
30000
25000
20000
15000
10000
5000
a

\

\

X

N

=L

e

20 0

20 40 60 80
Temperature, deg C

rogd thermistor

100 120

E :

bead thermistor

@

disc thermistor

+12v
The -t indicates 1°
a negative temperature d
co-efficient / R,
A WVout
Vout
] » MTC
1kQ > g .
1°C
Ov
v
thermistor

circuit: eymbol

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




Nanyang Technological University

Use of RTD (< 400 °C)

Ceramic Bobbin

Platinum Wire

» Other than thermistors, there are

el Wire-Wound RTD Element
other temperature sensitive
materials such as thin-film g
elements, wire-wound elements, Platinum Thin-Fim

Layer

coiled elements.

T Ceramic Substrate

Thin-Film RTD Element

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

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

» Better accuracies
*  Wider measurement ranges

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

VRef
i
ADC
R‘F REF
R ine
Vour [}
Ry v

Vour
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Other Principles ...

Electrical _ o
connection Bi-metallic strip
/ a— Higher KMetal Strip
Electrical Contacts a— Lower Metal Strip
Closed
Electrical “""E’_. Electrical
Contacts 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
W]
Different metals

Expands most

Fixed end Expands

QOuter case of least

instrument
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Remember to Do Calibration

» Curve fitting for calibration: Measurement

» Yiis produced by Xi

» Ziis computed from Yi Xi B Sensmg
» Zi must be equal to Xi @ Yl

A4
N
~.

Calibrated Values Z; Calibration

Measured Values Y;
N

k= > True Values X;
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Remember to Do Error Analysis

For each true value, we can do
» Systematic error = mean value - true value error analysis

» Repeatability error = value with maximum error

- mean value {]HH d}{l

6
» Accuracy = value with minimum error - mean .- h
value N e —
0 5 10 15 20 25 30 35 40 45 S0 S5 60 BS 70
N
& S
. .. ) Output 4 %§§ 6§>
» Hysteresis error = | measured value in increasing e © &

- measured value in decreasing|

Hysterisis Error

W

Input voltage
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Summary B
Radiation Conduction Convection

» Understanding of Temperature  pammy=mm==—

» Computation of Temperature

» Measurement of Temperature
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Outline of Module 4

>

>
>
» Lecture 3:
» Measurement of Humidity

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

TECHNOLOGICAL Desien. Machi Control. Intelli
1N, ine, niroli, in | nce
UNIVERSITY =010, etge

Module 4 Lecture 3
MA4822

Measurement of Humidity

Xie Ming, PhD (France)

mmxie@ntu.edu.sg

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

DRY AIR

™

» Understanding of Humidity

» Computation of Humidity

» Measurement of Humidity

1993-05-26

RELATIVE HUMIDITY AlR

57% 20C
-

“» aneA uoisuedx3

o
L@
aneAuolsuedxg

More water vapour is added to the air ((

m

<

[

©

o

o

o

| B
01 2 3 45 6 7 8 9 ¥ = 4

° 1y

Specific humidity at 850 hPa [g/kg]
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Outline

DRY AIR

™

» Understanding of Humidity

» Computation of Humidity

Precision controlled air

©

» Measurement of Humidity

1993-05-26

RELATIVE HUMIDITY AlR

57% 20ie
: -

i Jojesodeny o

“» aneA uoisuedx3

aneAuolsuedxg

-
llllllllll

More water vapour is added to the air

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

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

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

Plasma

)
L

—

" /)
' Gas
.
$s "%,
& ® % %
63’ iy 2, © Liquid
IS D, > ;
S & £ Y
S ’
4 O
l -

- j >
\IFreezing m \ . )\ g’

\/\/ €= Velting i ;
Liquid Solid

Quantum
condensate
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What is condensation?

» It is a process which makes vapor to

.. Air Temperature T (F)
become liquid. 0 50 60 70 80 90 100
r_‘_ﬂ PO TN T T T O T O N T N T T T TN N T TN N O TR OO O T O WO ('
] 100
e 35 Relative
S 4 Humidity (%)
-— ] =10 ey
M 303 ——90
o) ] —% %
o g 253 —60 L
e | — =
— [
) E EU': —%g " 'E
[t = —Ty =1
= 153 —10 60 =
» ag 8
8 m_f 50
o) E
£ 0

0 5 10 15 20 25 30 35 40
Air TemperatureT (C)

Dew Point: It is the surface’s temperature
below which Vapour becomes Liquid.

Dew Point Depends on Humidity [<
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Example of

d

Condensation 40006t

"Nawmrnnint
I VY JOIIIL
AMSAYA |

2,000 it
Temperature 76°F
Dewpoint

Slulrface

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



Nanyang Technological University

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

\ Cold

water out

T

Condenser

Vapour

Cold T

water in

Distillate
collected in
Beaker

N, e TT Solution |
istillation of a mixture of ethanol and water Distillate

Heat
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Application of Condensation to Recycle the Use of
COOling Water ... Steam becomes water through condensation process

Condensor

Water »*

Secondary Boiler/
heat
OUtPUt Electric +— exchanger
of ) generators Gas turbine
Electricity
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What is deposition?

» Deposition is the transition of a substance directly from the gas state to
the solid state without passing through the intermediate liquid state.

levated convection in 1. 1.
warm, moist air 1

o

Cooler air  * * 4

Frost Point: Vapour to Ice
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Example of Deposition in Cold Winter

ANDREY NEKRASOV/BARCROFT MEDIA
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What is evaporation?

» It is a process of making
liquid to become gas.

'B .
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Example of Evaporation by Animal’s Body ...

Air temperature at 30°C
Hadiation

)

—N
-

Conmvaction

S

Radiation

§

Conduction

Heat lost by conduction, convection and radiation
all depend on the temperature difference between
the cow and the surrounding environment.

Air temperature at 40°C

Evaporative
swaalting

)

'q

Breath
evaparalion

Once the air temperature exceeds the cow's
body temperature, heat loss can only occur by
evaporation.

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




Nanyang Technological University

Understanding Humidity (3)

1050

» Humidity reduces visibility. 1025

g

975

950

925

Solar Radiation [W m'zl

0 10 20 30 40 50 60 70 80 9 100

Foggy weather Relative Humidity %)

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



Nanyang Technological University

Understanding Humidity (4)

» Water has electrical conductivity.

» Hence, humidity increases conductivity or reduces electricity

resistance.
Surface
m (@) m
) o) ®
14 = . o
= ) Conducting polymer S
@) 0O O
Q. — o
@ Interface ®
Substrate

Humidity Sensitive Resistors
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Understanding Humidity (5)

» Water has electrical conductivity.

» Hence, humidity increases the capacity of electricity storage of a
conductive plate.

Absorption and release
1 1 1 of moisture content

Electrode

Polymeric membrane

'
a
‘
>

g
red

?
Y [ ‘~ ‘”s K
L ‘l Electrode

DQ‘
]

[ 4

K|k “ (porous metal | ic membrane)

Principle of polymeric
membrane humidity sensor

Humidity Sensitive Capacitors
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Example

5.0

45}
40l | Capacitive Humidity

35| Sensor Outputs

3.0
2.5
2.0
1.5
1.0
0.5

Output Voltage ( V)

ool . . .
0 10 20 30 40 50 60 70 80 90 100
RH( %)
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Definition of Absolute Humidity

» Absolute humidity is the amount of mass of water vapour per unit
volume at a specific temperature.

Mass of Water Vapour
Volume

Absolute Humidity =

= Evaporation i
]

o
Pyt

Evaporation
which has
reached
equilibrium
with the
liquid surface
is said to
have reached
saturation.
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Equation of Absolute Humidity

» Absolute humidity is the amount of mass of water vapour per unit volume at
a specific temperature.

PV =nRT — ——
A
gas
PV = mvapour RT pressure\
M O G— o
—— gas
water o © x moIecuE'@o % o
m M P o Q
vapour 00/ 0
H=—ww Ty BT  EEED
V R T volume 1 volume 2
M. .. =0.018kg/mol R=8.31J/mol.K R =0.0821L.atm/mol K
Molar mass of water Gas constant Gas constant
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Definition of Relative Humidity

» The ratio between the partial pressure of the water vapour and the
maximum pressure of the water vapour under the same conditions
of volume and temperature is called the relative humidity.

ppy_ L o n

Same Volume

Same Temperature
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Equation of Relative Humidity

ppy_ L o n

Same Volume

Same Temperature

P V=n_RT

max
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Example Showing Different RH

P1V — anT P2V — anT
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Exercise

» Explain the phenomenon indicated by the figure below.

30°C
» Answer: 20°C
Pmax V n 100 % 52 % 28 %
Relative Relative Relative
Humidity Humidity Humidity

When temperature rises, the maximum pressure
increases under the condition of the same maximum
mole number. Hence, relative humidity reduces.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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What is the difference between
humidity and moisture?

Could we change its moisture level? /

Uniform Metal Film
» Humidity refers to:

» The amount of water in the state of gas
(i.e. vapor).

» The presence of water vapor inside a
space.

» Moisture refers to:

» The amount of water in the state of liquid.

» The presence of liquid water inside objects o
in solid state. material

Could we change its moisture level? Q=CV

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline

DRY AIR

™

» Understanding of Humidity

» Computation of Humidity

Precision controlled air

©

» Measurement of Humidity

1993-05-26

RELATIVE HUMIDITY AlR
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-
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More water vapour is added to the air

|
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Specific humidity at 850 hPa [g/kg] 1
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Example

» As shown in the figure, there is initially 300 g of liquid water and dry air inside
a bottle at 0 °C. When the temperature rises to t1 = 20.0 °C, the mass of liquid
water reduces to 295.0 g while the pressure rises to 1.1 atm. When the
temperature further rises to t2 = 30.0 °C, the mass of liquid water reduces to
288.0 g while the pressure rises to 1.3 atm. What are the humidity inside the
bottle when the temperatures are at 20.0 °C and 30.0 °C, respectively?

» Answer: Molar mass of water

/

H — mvapour _ mvapour P — Mwater X B

% nRT R T
H(20°C) = 0.018 X 11 =8.23 x 107 *kg/L
(20°0) = 50821 X 27315120 ~ & g/

0.018 o 1.3
0.0821 273.15+ 30

Low temperature High temperature

H(30°C) = =9.40 X 10™*kg/L
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Example

» As shown in the figure, the temperature is 25 °C which is kept constant. If
the increase of pressure is 0.2 atm, what is the increase of absolute
humidity?

B Equilibrium

Equilibrium vapor
pressure

. vapor
» Answer: Molar mass of water pressure

-/

H = vapour _ M water v~

V R T

M AP Low Pressure High Pressure
AH — water X
R T
0.018 0.2

= 1.47 x 10~*kg/L

H= 5082127315+ 25
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Example

» Assume that the air in a room could contain 30.0g/m?3 of water vapour. If

the air in the room actually contains 10.0 g/m?3 of water vapour, what is
the relative humidity of the air?

» Answer: .
" .
o
*/ e
| |
RH=1L - " e "/
Pmax nmax -.Il ® el ® .
n m N L
— [ ]
o

nmax mm ax

e
RH = 10 =33.33%
30
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Example

» Refer to the figure which is the plot of experimental data with humidity in
a room. If the room’s temperature now is at 30 °C, what is the percentage
of water in the air if the relative humidity is 70%?

7.0%

Relative
. Humidity
» Answer: 6.0% —100%
—90%
—80%
—70%
—60%
—50%
——40%
—30%
3.0% —20%
—10%

5.0%

» 3.0%

4.0%

2.0%

Water Vapor as a Percentage of Air

1.0%

0.0%
-20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50

Temperature (°C)
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Outline

DRY AIR

™

» Understanding of Humidity

» Computation of Humidity

Precision controlled air

©

» Measurement of Humidity

1993-05-26

RELATIVE HUMIDITY AlR
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More water vapour is added to the air

|
01 2 3 45 6 7 8 9 1l
Specific humidity at 850 hPa [g/kg] 1
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Humidity Control in Agriculture ...




Humidity Control
in Agriculture ...
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Humidity Control at Home ...

educing humidity at the source
mproving indoor ventilation
Dehumidifying
mproving window thermal efficiency
prevent condensation
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Humidity Control
in Industry ...
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Principles of Measurement

Surface

» Principle 1: Humidity could change
the moisture level of conductive
materials, which will change their
resistance level. Resistance could be
converted into DC voltage which could
be automatically measured.

Conducting polymer

it
(1]
(2]
[y
=
(=}
Q.
@

JoBJUO0D

L
®
(2]
—*
=
O
Q.
o

Interface

Substrate

» Principle 2: Humidity could change
the moisture level of the dielectric ® . . _
. . . . . . Electrodes Dielectric Material
materials inside capacitors, which will
change their capacitances.
Capacitance could be converted into
DC voltage which could be measured. Silicon Wafer

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to apply principle 1 to design digital
measurement and sensing systems for
humidity?

» Humidity is converted to resistance which is then converted to voltage.
Finally, the voltage is measured by digital voltmeter (e.g. microcontrollers).

Humidity/ Voltage Digital
Counter

Humidity

Resistance .
eI Synthesizer

Voltage

Stop signal

Resistance

Resistance/  [RYNEN- Analogue D]g]tal

Voltage :
Conversion Comparator Display

All microcontrollers are programmable digital sensors of voltage!
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How to convert humidity to resistance?

Vee
RO%  Humidity to moisture
R1 Holes Dry Nitrogen S R2 * Moisture to resistance
2
Vout
\ E_ECIT?ONICS
\ —TT— Hygroscopic conductive layer
\ / substrate E—
Thermistors 7 /
terminal terminal

s
OISO TETTETITTTT T f/////[

electrodes

Conductive Humidity Sensor

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Sensor Design ...

Basic structure of resistance change-type humidity sensors

Polymer hurnidity-sensing filrm

Comb electrode

Aluming substrate
Base electrode

Connection terminal

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



Example of Implementation ...
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Example of Application

Max == 4

Min ==t

Resistance

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to apply principle 2 to design digital

measurement and sensing systems for
humidity?

» Humidity is converted to capacitance which is then converted to voltage.
Finally, the voltage is measured by digital voltmeter (e.g. microcontrollers).

Humidity/ Voltage Digital
Counter

Humidity

Capacitance ‘
S Synthesizer

Voltage

Stop signal

Capacitance

Capacitance/ VS Analogue D]g]tal

Voltage :
Conversion Comparator Display

All microcontrollers are programmable digital sensors of voltage!
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How to convert humidity to capacitance?

I’ l'

Q’\
]

'1 '1 of moisture content
A 3

T Absorption and release

<

) Electrode

Polymeric membrane

:’ i i e
“~l :~. "\ Av~! K Electrod
ectrode
& ‘l‘ K (porous metal | ic membrane)

Principle of polymeric
membrane humidity sensor

* Humidity to moisture
* Moisture to capacitance

Humidity sensor

H,0

T °

- Principle

(1) Water vapor permeably electrode
(2) Humidity sensitive polymer

(3) Backplate electrode

(4) Basesubstrat

(5) Pin = capacitive measurement
(6) Pin — temperature measurement

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Application
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Other Principles ...
Metal paper foil type

Humidity scale

Humidity to moisture

Moisture to expansion

Expansion to resistance
or

Expansion to capacitance

Hair tension Hygrometer

Humidity scale

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Remember to Do Calibration

» Curve fitting for calibration:

. : Measurement
» Yiis produced by Xi
» Ziis computed from Yi X;—1> Sensing
» Zi must be equal to Xi Y:
L
Calibrated Values Z; Calibration > L
Measured Values Y;
N
I”’*’”
L > True Values X;

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Calibration Setup

(mm Real-time @
Ii 3 /l@gg data e e 2

@:1%
N O —
Vector Network Analyzer
(VNA)
Microwave Microwave .
Input Signal Output Signal Re:l-ttlmc
ata
Humidity Im
T
Proposed
® @ Argon Sensor
e ——
J
Commercial
\ Sensor /
Humidifier Argon gas g:::::z M'::::::g“"
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Humidification

Control Knob
Device Under Test

Sensor (QUT)

Controlled Humidity
Chamber

Reference Sensor
1 HTU21D
Nitrogen Flow : = '5"“
Control Valve i [55]
- . Applent AT825

LCR Meter

Data Bus

Interface
Circuit

NITROGEN
GAS

Data Display
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Remember to Do Error Analysis

For each true value, we can do
» Systematic error = mean value - true value error analysis

» Repeatability error = value with maximum error

- mean value {]HH d}{l

6
» Accuracy = value with minimum error - mean .- h
value N e —
0 5 10 15 20 25 30 35 40 45 S0 S5 60 BS 70
N
& S
. .. ) Output 4 %§§ 6§>
» Hysteresis error = | measured value in increasing e © &

- measured value in decreasing|

Hysterisis Error

W

Input voltage
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Summary e

DRY AIR

™

» Understanding of Humidity

» Computation of Humidity

» Measurement of Humidity

1993-05-26

RELATIVE HUMIDITY AlR

57% 20C
-

“» aneA uoisuedx3

o
L@
aneAuolsuedxg

More water vapour is added to the air ((

m

<

[

©

o

o

o

| B
01 2 3 45 6 7 8 9 ¥ = 4

° 1y

Specific humidity at 850 hPa [g/kg]
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Outline of Module 4

>

>
>

» Lecture 4:
» Measurement of Vibration

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

TECHNOLOGICAL Desien. Machi Control. Intelli
1N, ine, niroli, in | nce
UNIVERSITY =010, etge

Module 4 Lecture 4
MA4822

Measurement of Vibration

Xie Ming, PhD (France)

mmxie@ntu.edu.sg

http://personal.ntu.edu.sg/mmxie
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Outline
» Understanding of Vibration

» Computation of Vibration

» Measurement of Vibration
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Outline
» Understanding of Vibration

» Computation of Vibration

» Measurement of Vibration

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



Importance of Vibration ...

In mechanical engineering, we
talk about vibrations.

In electrical engineering, we
talk about oscillations

In mathematics, we talk about
sine waves.

They share the same meanings. "If you wish to understand the
Universe, think of energy,
frequency and vibration."

All signals are the sums of sine ~ Nikola Tesla

waves.

170
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[llustration of Sin Waves ...

;..\.f’u-“!@m by ';Mmf:r‘”: V"wr"”"*rﬁ*f:!f
Pl o) 0:04/15:44
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lllustration of Sin Waves (continued)
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Definition of Vibration

» Vibration refers to periodic movement
of gas, liquid or solid. And, vibration is
a phenomenon of dynamic response.

Wm
5

g p lli((l(((((((((( ))))

Vibration of Solid
+

Vibration of Air
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Example of Vibration by Rigid Objects

174



Example of Axial Vibration of Solid

Vibration is alternating acceleration
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Example of Radial Vibration of Solid

» Vibration is alternating acceleration

Radial Vibration

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Vibration in Air

» Vibration is alternating pressure

Sound Pressure
o =
-

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Vibration in Liquid

» Vibration is alternating displacement

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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There are three types of vibrations by
solids:

m-lw Types of Vibration

» a) free/natural vibrations,

» b) forced vibrations, and

» c) damped vibrations ...

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



lllustration of Dynamics of Vibration ...




Vibration may cause resonance ...
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Systems of vibration may be either
SISO systems or MIMO systems ...

» SISO: Single Input, Single Output
» MIMO: Multiple Input, Multiple Output

2

— ::"-1moo Nim), b'w-aoo [Nsim)]
: : - = =¢, =10000 [Nim], b_ =750 [Nsim]
D RN ) W S e e S 10000 ) by <1000 s

=

Driver's vertical acceleration [m/s z]
o
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How to analyze MIMO systems?

Any signal is the sum of sine waves
MIMO = Sum of SISOs

._R-H__; x___hjf_. \ _/“'{

f.-ﬂ__J.th ,f“h"h jﬁ\ fﬂ"h;'f Vi A f"‘*u J”“u J’\U’
VAVAVAVAVAVAVA Iu"uh%%"ﬁ‘u%"ﬁ‘
AAAAAAAAAAAAANANAANANANNS
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Quantities of Ideal Vibration Signal

\/> Angular Speed Transverse Wave
| |
» Period or Wavelength Wavclength—)

NN Ve
WA .V.f’\v.

\/> Amplitude (Peak) V= A Sin(a)t T (00)

Feak

» Average /\Eﬁgg 7\ / \
» Root Mean Square M \ fpeak-to-peak

» Frequency

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Angular Speed

y = Asin(wt + ¢,)

Amplitude

25 - - -

-25 — - — =
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Period or Wavelength

. 27T

ol =27 ' =—

Amplitude

25 - - -

-25 — - — =
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Frequency

f=%\f=ﬁ

Amplitude

25 - - -

-25 — - — =
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Amplitude

Asin(wt + @,)

Amplitude

25 - - -

-25 — - — =
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Outline
» Understanding of Vibration

» Computation of Vibration

» Measurement of Vibration
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vib5,6,7

There Are Two | wi g
Scenarios of Doing |
Computation

Generator

» Scenario 1: We know the individual sine functions of all the vibration sources.
Then, we can compute the combined vibration signal.

f(O) =) Asin(wit + ;)
=0

» Scenario 2: We know a vibration signal. Then, we could compute its individual
sine functions. This is because vibration is a combination of a finite number of
sources.

(Fourier Transform)

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Forward Fourier Transform

F(jo) = T feotd L) F(w) = j /) dt

cos(wt) + j sin(wt)

w = 2nf

Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service
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Example of Doing Forward Fourier Transform

Fjw) = f f©) dt

cos(wt) + j sin(wt)

Computing Vibration Signal’s Quantities

— Q0
Th ul Th ]
1 1 1 .
0 - 0 / 0 - / 1 A
-1-: 1 = \_/ 1 = \/ b
! et ! | — | wile rort | -
0 0 5 t 0 t 5 T
Thy Thy Thy
14 1 14 f'/
-4 -4 1_
B vinvi vl e 0 - B
1 3 A A \/\./ |
I l': L) L) ¥ L) I L) Il'- L) T F L) I Ill'- ':l III 'l=
] § t ) 5 t i § t 1] & f
1
|
|
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Inverse Fourier Transform

0.0)

f(t) = % F(jw)e!“tdw

—C0

2 Vave

o O

WMWY

f(t) = z A;sin(w;t + @;)
=0

) Frequency
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Exercise

» What is the equation which describes the following output from a
measurement of vibration due to multiple sources?

30 - - - - 3
k
g 20 - f(t) = zAisin(wzt t@i) -
< i=0
10
0 :gw-‘J - MW
0 200 400 1000
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Another Way to Do Fourier 9(t) = go + Xito Aisin(2mfit)
O

Transform (1) = gy 7 Ol 359

Cx(f) = Center{g(ty) cos(6;)}

Vibration = Wave of Pressure Vibration = Wave of Acceleration




Another Way to Do Fourier
Transform (2)

Vibration = Wave of Pressure Vibration = Wave of Acceleration

A Intensity 3 beats/second

| L

g(t) = go + Xizo Aisin(2mfit)

0
t, = —— k=0,12,..,359
27tfj

Cx(f) = Center{g(ty) cos(6;)}

L '
] ] ) I 1

1

| :
l L)

3 Time

0
0.00 cycles/second

r-coordinate f

) center of mass

Center of mass

} >
4| 5
Frequency

O
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Outline
» Understanding of Vibration

» Computation of Vibration

» Measurement of Vibration
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Ap p l'icat'i On S 'i n Ultrasonic Linear and Rotary Motion PI
Motion Machines

TS

PI ultrasonic piezomotors are based on minute oscillations at inaudible frequencies (100's of kHz)
generated by a piezo actuator. Each cycle transfers nanoscopic motion to a linear or rotary
ceramic surface bonded to a linear runner or rotary platform.

High-Speed, Miniature Rotary Stage

PILINE® ULTRASONIC PIEZOMOTOR TECHNOLOGY

Bl o) 003/1.07
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Applications in Dynamic Condition
Monitoring of Rotary Machines

Equipment failure happens - how do we avoid it?

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Applications in Dynamic
Condition Monitoring vicsmer |

Axial misalignment in transmission
Radial uneven distribution of masses

Sprng

Y
PT.06 NORTH z'L X

liftfenr

PT-04
BOT OF
MANIFOLD

PT-02
BOT OF PIPE
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Principles of Measurement .........
Materlal

» Principle 1: Vibration of rigid body could be
converted into periodic signal of DC voltage,
which could be automatically measured.

Eddy Current Testing

» Principle 2: Vibration of rigid body could be .
converted into periodic change in magnitude ' g e
of AC voltage, which could then be converted Ey e
into periodic signal of DC voltage. DC voltage | p
could be automatically measured. ..

material

Transformer = Sending Coil + Receiving Coll

» Principle 3: Vibration of rigid body could be
converted into periodic change in resistance, ST TS
which could then be converted into periodic - []
signal of DC voltage. DC voltage could be AN y
automatically measured. Sgring dsin(on)

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

vibration?

» Vibration is converted to periodic signal of DC voltage which is measured
by digital voltmeter (e.g. microcontrollers).

Voltage
Synthesizer

Stop signal

Vibration | i vottage Analogue
Voltage

Conversion Com parator

All microcontrollers are programmable digital sensors of voltage!

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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How to convert vibration into periodic signal
of DC voltage? v, (t) = Asin(w,t + ¢o)

» To use Piezoelectric Effect
» Applied mechanical vibrations produce voltages.

» Applied voltages produce mechanical vibrations.

Applied Induced
mechanical mechanical
Vibration Vibration

vy

PIEZO-MATERIAL

tttt

Sensing of Vibration Synthesis of Vibration

ttite

PIEZO-MATERIAL

iy |4
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More illustration ...

Periodic voltage produced by vibration

@ quartz crystal
compressed

Piezo material

Pt

quartz crystal

Mechanical ﬂ
“ Vibration
A i}

V(t) =V, + AV (t)
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Example of Implementation

Rd1

— W

11\ ! Cd1 |

Pu- S~
QA1
+
Difference 17
Pick-Up Amplifier /

V
Fork —m—/1 3 g (Optional)

Crystal mz + : I:> Microcontroller

V(t) =V, + AV (t)

16

CBIT
Injection

Fourier
Transform

CBIT

Vg

CBIT: Continuous Built-In Test
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How to apply principle 2 to design digital
measurement and sensing systems for
vibration?

» Vibration is converted to periodic change of AC voltage’s magnitude, which
is then converted into periodic signal of DC voltage. DC voltage is
measured by digital voltmeter (e.g. microcontrollers).

Vibration | Al Voltage Digital
mmmmnd  AC Voltage :
Conversion SyntheSIZer

Counter
AC Voltage Voltage

AC Voltage/ RV Analogue Digital

DC Voltage :
Conversion Comparator Display

Stop signal

All microcontrollers are programmable digital sensors of voltage!

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



What is Eddy Current?




Application of Eddy Current
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How to convert vibration
into AC voltage?

To use Eddy Current Effect

» Alternating current in a sending
coil could produce alternating
magnetic field.

» Alternating magnetic field could
produce alternating Eddy current

on conductive materials.

» Alternating Eddy current could
produce alternating magnetic

field.

Alternating magnetic produced by
Eddy current could be converted
into alternating volage or current
on a receiving coil.

>

Voyue (t) = Asin( w,t + ¢p) Vibration Body

AMR sensor

Sending

Excitation coil

N

Sending Coil's
Coill / magnetic field
Eddy current's
magnetic field
Eddy N
currents :
Conductive
material

Receiving  Magnetic field of
Coil

Magnetic field of

the excitation coil the eddy currents

Eddy current

Coil

Vibration Body
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Example of Vibration
Sensor Using Eddy
Current Effect

Vibration Sensor

\

High-frequency
AC magnetic field

<> Microcontroller
L. Axial Vibration Module
Eddy Current Principle o
@ @ e
sensorhousing
Vibration o 1
(displacement) — 24VDC

signal T

{200 mV per mil) o

measuring field

Fourier

/ Transform
Vibration

frequency
/'
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How to convert AC voltages into DC
voltages?

Output
PY PY DC Voltages
VDC
Input
A/ e ! Votage | :
AC Voltages <> —_— 7 --s re;l}g%gr ---
...... ]..............'
1
Transformer @ L 4
Diode bridge Capacitor
rectifier

VA

A
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How to apply principle 3 to design digital
measurement and sensing systems for
vibration?

» Vibration is converted to periodic change in resistance, which is then
converted into periodic signal of DC voltage. DC voltage is measured by

digital voltmeter (e.g. microcontrollers).

Vibration | Al Voltage Digital
Counter

Resistance ‘
Conversion SyntheSIZer

Resistance Voltage

Stop signal

Resistance/  [RYNEN- Analogue D]g]tal

Voltage :
Conversion Comparator Display

All microcontrollers are programmable digital sensors of voltage!
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How to convert vibration into periodic
change in resistance?

» Strain gauges are placed on cantilever beam, which is fixed at one end and
carries a seismic mass at the other end. The seismic mass vibrates
together with a vibration source. Then, vibration is converted into periodic
change of resistance of strain gauges.

Amplifier

Strain Gauges
* Seismic
Mass
Cantilever Beam

Vibrating
Body
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Other design principles ...

Connector

£

Integrated electronics

/ Spring

Movable capacitor plate

Fixed capacitor plate
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Remember to Do Calibration

» Curve fitting for calibration: B e
» Yiis produced by Xi (Xi’ wv) _
» Ziis computed from Yi Xi B Sensmg
» Zi must be equal to Xi {} Y:
l (Z L wv)
Calibrated Values Z; Calibration T A
Measured Values Y;
N
o f(O) =A@ sin(wyt + o)
o _
A(t) = X(t) atinput
\ A(t) = Z(b) at output
Ed > True Values X;
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Remember to Do Error Analysis

For each true value, we can do
» Systematic error = mean value - true value error analysis

» Repeatability error = value with maximum error

- mean value {]HH d}{l

6
» Accuracy = value with minimum error - mean .- h
value N e —
0 5 10 15 20 25 30 35 40 45 S0 S5 60 BS 70
N
& S
. .. ) Output 4 %§§ 6§>
» Hysteresis error = | measured value in increasing e © &

- measured value in decreasing|

Hysterisis Error

W

Input voltage
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Summary
» Understanding of Vibration

» Computation of Vibration

» Measurement of Vibration

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Outline of Module 4

>

>
>

» Lecture 5:
» Measurement of Air Quality

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

TECHNOLOGICAL Desien. Machi Control. Intelli
1N, ine, niroli, in | nce
UNIVERSITY =010, etge

Module 4 Lecture 5
MA4822

Measurement of Air Quality

Xie Ming, PhD (France)

mmxie@ntu.edu.sg

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

» Concept of Active Sensing
» Understanding of Air Pollutants
» Parameter(s) of Dust in Air

» Measurement of Dust in Air

Carbon Monoxide

Carbon Dioxide

Nitrogen Oxide

Sulphur Dioxide

Volatile Organic Compounds
Particulate Matters
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Outline

» Concept of Active Sensing

» Understanding of Air Pollutants

» Parameter(s) of Dust in Air

» Measurement of Dust in Air

Carbon Monoxide

Carbon Dioxide

Nitrogen Oxide

Sulphur Dioxide

Volatile Organic Compounds
Particulate Matters
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Definition of Active Sensing

» The use of external signals (e.g. waves) to capture the values of a
physical quantity under measurement is called active sensing.

- Lens Photo IC Socket
distance d -

Reflector

time t

Laser Interface
board

PHOTO DIODE

Photo Diode Thermal flux in

d
e

Phatodiode Ssymbol

Heat-absorbing layer

Electrodes

Pyroelectric materials
e Two strips of pyroelectric material (a pyroelectric sensor) ]
* An infrared filter (that blocks out all other wavelengths of light) v

e A fresnel lens (which collects light from many angles into a single point)

5 .
% LY .  That .. a
o W A es . ®
=S sw Pyroelectric | . =+ «| &
+ +  material R
. J &
. -« ® LA . 9 8 @ S

Pyroelectric materials

* A housing unit (to protect the sensor from other environmental variables,
such as humidity)

Thermal flux out
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Typical External Signals ...

Acoustic Waves

Color

Red
" Orange
White - =
llght///// —

/

Yellow
o Green
3 ;i Blue

Glass prism

Violet

A (nm)
760-647
647-585
585-575
575-491
491-424

424-380

14
4.3x10
14
4.3x10
14
5.2x10
14
5.6x10
14
6.6x10

14
7.3x10

Visible
1 1 1 1 1 1 1
Microwave Infrared | |UV | X-Ray
1 10° 10° 10° 10 10" 10°
1 1 1 1 1 1 1
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Outline

» Concept of Active Sensing

» Understanding of Air Pollutants

» Parameter(s) of Dust in Air

» Measurement of Dust in Air

Carbon Monoxide

Carbon Dioxide

Nitrogen Oxide

Sulphur Dioxide

Volatile Organic Compounds
Particulate Matters
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Air Pollutants ...

o) 0:00/3:52
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Classification of Air Pollutants

Blologlcal

Oxides of:
» Sulphur
* Nitrogen
* Carbon
* Hydrocarbons
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Air Pollutants

Particulate Matter

Ground-level ozone (Q,)

/
& :&

Coarse PM
Secondary Pollutants...Photochemical smog PM 2.5-10 ym Nitrogen dioxide (NO,)
A
® Sulfur dioxide (SO,)
Fine PM
PM < 2.5 um
w::‘MMImog m
2}‘,“;325:""“"“" ° Carbon monoxide (CO)
e Ultrafine PM
PM < 0.1 ym
b Volatile organic compounds (VOCs)
. J \L J
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Source of Pollutants

OUTDOOR AIR POLLUTION

2 N

NATURAL HUMAN
(biogenic) (anthropogenic )

pollen industry
burning fossil fuel %

e dust .

bushfires motor vehicles

~ R —
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Examples of Sources of Air Pollutants ...

* |ndustrial Activities

» Agricultural Activities
Emitted Pollutants . City activities
 Others

particles/aerosols
S0
NO,

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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°
Scale of Air , e om oo
8
Pollutants i B
2 2
'S
T -
B 4}
D s
S
=
]
8
g
=
3 ’
0.0001 0.001 0.01 0.1 1 10 100 1000

Micro-meters
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Gaseous Contaminants

Dioxins/ Furans, Hydrogen Sulphide, Hydrogen Chloride, ... %

i

’
e =

O

¢ nrﬂn,nm :

i

D e DR
.ff&' "'; ﬁ i
'L ml; 1
B
N " Moo

organisms

(0 = corbon monoxide; C0,= corbon dioxide; HCHO = formaldehyde; NO ,= nitragen oxides; Pb = lead; RPM = respirable particulute matter; YOC = volofile orgonic compounds.
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Gaseous Contaminants
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Soot

F
=
|
-
2
-
. |
g
4
+
g
H
2 i

Sullaie '3 S04
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Qil Smoke
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Pan Mixer to Mix
2 ’:‘;;. #_ Raw Materials

FLYASH BRICK MAKING MACHINE o,
Scehmatic Diagram

Gypsum
Water Spray

\

o . 2. Lime
1'1 ;“”!

3. Gypsum
- 4. Sand

)“A l 1. Fyash

\ o Belt Conveyor

-~

Wooden Pallets TR

= Ppallet Truck
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Cement
P

™,

Fly Ash is a fine powder with a similar particle size distribution as Portland
cement
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fine ground ||mestone

rough ground limestone

limestone rock

/

dump truck

limestone quarry

secondary

excavato/ crusher 5 4
preheater @g,}% crusher
% u.»“\',-j-wq sand clay

tower ' J
e e 1‘

,-‘. .; : - *b C31
% ¢ y . |

clay, limestone, and sand
{ clinker

S proportlonmg equipment
0 / ‘ : e
grinding ‘ |
mill | h -
8 b 1 Al lieee—— ———t

g-;psum " '-_ - _ L_»

O
shipping

proportioning equipment and cement storage

clinker cooler
finish grinding mill
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Cement
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Settling Dust
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Heavy Dust
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Viruses

MEASLES

3 feet 6 feet
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Pollen
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Outline

» Concept of Active Sensing

» Understanding of Air Pollutants

» Parameter(s) of Dust in Air

» Measurement of Dust in Air

Carbon Monoxide

Carbon Dioxide

Nitrogen Oxide

Sulphur Dioxide

Volatile Organic Compounds
Particulate Matters
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Understanding Particulate Matters

» Particulate matter is a tiny solid which floats in air.
HOW SMALL IS PM?

» Particulate matter has mass.

Hair cross section (60 pm)
b i
» Particulate matter has size.
» Particulate matter has velocity. / !
k‘_—ﬁ’_" P10 PM2.5
[ﬁﬂHuT:::::arl {10 pam) 2.5 pm)

» Particulate matter could reflect light beams.

» Particulate matter has other properties and constraints.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Parameters of Particulate Matters

» Size: micro-meters

» Density: micro-gram / m3

WHAT IS PM2.5?

PM2.5 refers to dangerous particles of pc
microns in diameter. At 1/20th the
deep in lung tissue and are linked t
asthma, and even autism.

Pollen

50 microns . o i
gl e \"/'lfable salt 7N
microns

70 microns
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Example of Monitoring PM2.5 in Country ...

Generatad: 2014-08-2802:43:11Z
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Example of Monitoring PM2.5 in Cities ...

100 H
— Harwell
—— London (North Kensington)
—— Manchester
—— Portsmouth
80 —

™

PM, s Mass Concentration (ug m

T m v,{

20 - | ”‘ ' ‘ '
lﬂ"'l H ||| W.l!? ” | “H? '."\ il I.H(J(

i H‘ i l ]‘ l wi J,

01/02/2014 06/02/2014 11/02/2014 16/02/2014 21/02/2014 26/02/2014 03/03/2014 08/03/2014 13/03/2014
Date & Time (GMT)
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Example of Monitoring PMs in Operations ...

32000 ¢ =
=
5 o
28000 + =
: =
a~
< 24000 +
E o
=
= 20000 +
2 L
=
Z 16000 +
g 3
S 12000 +
: | o .
8000 + - E E
- — 2 e
4000 + = o = =5 o =
= 3 = E =
0 SN RN
Wheat harvest Corn harvest Hay making Baling

Field operations
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Outline

» Concept of Active Sensing

» Understanding of Air Pollutants

» Parameter(s) of Dust in Air

» Measurement of Dust in Air

Carbon Monoxide

Carbon Dioxide

Nitrogen Oxide

Sulphur Dioxide

Volatile Organic Compounds
Particulate Matters
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Pollution Effects on Health ...

Health effects of pollution

Air pollution 1R 5
Water pollution

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



Pollution Effects on Health ...
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More Details ...

Unseen harm — Size —
Smoke particles are so fine they Substance Micrometers Inch
can slip past macrophages. 90% of wood 1 micron 0.00004
immune cells inside the alveolithat  smoke particles )
destroy 'Ofeiqn particles. We Red blood cell 8 microns 0.0003
cannot see the tiny particles that -

are being embedded in our lungs. Human hair 70 microns 0.003

Smoke comes from a mixture of gases and
fine particles produced when wood and
organic matter burn,

" Nasal

Nasopharynx 5-10 Micrometers

Particulates can damage the alveoli
which allow oxygen to be carried into
the bloodstream. This makes it harder
to get sufficient oxygen to the body,
causing the heart to work harder
to compensate.

Trachea 3-5 Micrometers

Bronchial tubes 2- 3 Micrometers

Particulates may Bronchioles 1-2 Micrometers

cause more deaths
in people with heart
disease.

Alveoli 0,1-1 Micrometers

Smoke effects
range from eye and
respiratory tract
irritation to reduced lung
function, bronchitis and
asthma exacerbation,
coughing and excess mucus.

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Principle of Measurement v4

. . . amplein
» The common principle is to convert /‘ /O
Reflector ‘\

density of particulate matters into
light intensity which could be further
converted into time function of
voltage. The time function of voltage
could be automatically measured.
The implementation of this principle
involves:

Beam stop

Collections optics

| Photo-detector

‘ PU——
Peaks of Signals

..........................................................................................................

» Step 1: Filtering of Inflow Air under

Measurement.
: Filter amplifier
» Step 2: Conversion of Density of Air containing dust circuit
Particulate Matters into Light : v
IntenS]ty' | : Alr inlet Multi-channel
» Step 3: Conversion of Light Intensity : i . i [__acauisition
into Time Function of Voltage. P | Laser ™ e [ ]Light detector: v
» Step 4: Post-processing of Voltage l , | |
Signals (i.e. counting of peaks). : | Alroutiel j | [fone! procossing

Light sensor : Signal acquisition

and processing
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How to apply the principle to design digital

measurement and sensing systems for dust

'in a'il"? » Inflow air is passing through filtering area and then
enters the space between light-emitter and light
detector. Density of particulate matters is converted
into intensity of reflected lights, which is further

. . converted into voltage. Voltage is measured by
Filtering digital voltmeter (e.g. microcontrollers).

Inflow Air Air

Air under Measurement

PM Density/ VOltage Dlgltal

Light | i :
e Synthesizer Counter

Voltage

Light Intensity
Light o
i | Vottage Analogue Digital

Voltage Comparator Display

Stop signal

Conversion

All microcontrollers are programmable digital sensors of voltage!
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How to filter out
larger particulate
matters from
inflow air?

* L-shape pathway
* U-shape pathway

Wind

Particle flow
q = 100%

Major flow
Small particles
q=45%

Major flow
Small particles
q=45%

Minor flow
Large particles
q=10%

Emission
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To flowmeter and pump

How to filter out 1 ks jsneranm

water vapors from % S
'inflow a_ir? Collecting lens

(10°C)

To pump

I

Aerosol inlet
Dacron felt 7

Laser — | D . D - Light scattering
- dectector photodiode
) (35°C)

/ .— Butanol reservoir
Condenser block

T=~8C ! =]

\ Saturation block

Porous medium/wick T=~25C
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How to convert density of particulate
matters in air into intensity of light?

Air flow

Laser Beam
P,. A

) Particle *
4 Airinlet
Sampling volume (( (o) \\
1% |
Laser beam . ¥* *]
diffusion Light diffused in |
the O angle
(L .
Laser
~ <« (_lrive
circuit

Photoelectric

ESL
Signal

O) oM

Connector

Air outlet
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More examples

Airflow
i L

COF0] Airinlet

HPM Series Particle Sensor
Detection chamber
Particle —~
Lens Lasersource TR
: r
:ﬂ: drive
circuit
Photodiode
Photoelectric converter |«
Signal to MCU Ld
Fan @
\4
[+ e «|Connector

Air outlet
‘*

laser
flow channel
photo diode
| beam dump
laser
(mounted on
the other side)
laser
air flow
diode
diode

(mounted on
the other side)
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Example of Intensity of Echo Signals ...

> > 9 Laser
e N .

Intensity

Intensity

Smaller Particles

Time
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How to convert -

light intensity into \@
time signal of 5
voltage?

n - type :

@ Cathode (-)
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A Person to Remember: Albert Einstein

» He has discovered the photoelectric effect which is
the emission of electrons from a material caused by
electromagnetic radiation such as ultraviolet light.
Electrons emitted in this manner are called
photoelectrons.

Photoelectric Effect

The photoelectric effect is the emission of electrons from a
material when it absorbs light of sufficient frequency.

Emitted electrons (photoelectrons)

LY Nobel Prize in Physics 1921

Incident light (&

Metal

@ sciencenotes.org
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How to convert light intensity into time
signal of voltage?

Anode (+) Photodiode L %
IRED ] MA O ®
7 @ V-LED
Dust through hole B AN 0 ©® (2 LED-GND
i % @ LED
. o:° | o ® @ S-GND
/ . ’% l ® Vo
Dust or Smoke particle N Amplifier Circuit ®) @ @ Vce
PD
Rs
CathOde (') (Fg:ijfles?::g\r:itt)yi 7717 LT O @
vdd  Ri R4
c WA R2 Ak
C GPIO A R3
C3 |- VW } output
— —_— —"]
- — LED A +
\“:: PD Z( R5 =
R6 \ A —=
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More example ...

"

Outlet

,,,,,,,, I Photo Sensor SeatiEring R LED I
p- type 'X
lens \0 o

Electromagnetic

Sheilding B i

Focusing
Lens

n - type :

lens

Dust particles

Exhaust

Photodiode
Detector

Infrared

Intake

Rt g | AW lIEVA VAW AN
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Example of B ™~
IRED —O0 @

Voltage Signals o L Dl
o ® LED
/;:',% ; o g 3—:ND
Dustor Smoke paricle /s Amplifier Circuit 0® ® Ve

PD

Rs —O @
(For : < 1
adpsmm;i bicasa

Photo
4 diode
voltage

Spikes = moving particles detected by the photodiode

/ \ Large particles

Small particles \

7

PM10 T

PM2.57

PM1.0 -

A J

time
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Example of Implementation ...

PM2.5 sensor

—

Newly developed virtual impactor|

—
P
—

Particles with diameter
of 2.5 microns or less
(PM2.5):

have relatively small inertia.

They are suspended in air and
flow in the sensor.

_/'I’

Detects PM2.5 or
smaller particles

N
e,
R S
~
~N
\
~N
~N
~
-
e 00200 . AN e ;
™ 5
N Larger particles: particles
> ~ have larger inertia (some particles of less particles
«  andare exhaled than 2.5 microns are
? mingling)
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Laser dust sensor

Example of Prototype ...

Honeywell HPM Series
Particle Sensors

— { ,l,_‘,)

s taad
cc I Sl I

» >l o) 006/0:59
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Example of Prototype (continued ) ...

(Learning, Teaching) <o> (Research, Innovation) <o> (Leadership, Service)
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Example of Results ...

(@) — Raw observation
120 |- —— Reference series
R 3 — Homogenized,
E 8ot \ |
(®)]
I
%40- 1 \)\ l\ }M |
.9 i,a . \ "/ ‘l, ‘.‘ V\A v “\ } A”J A [ h".,‘f
..é 0 1 ] ‘ ] ] ] l
I
8 120 ()
c
: 3
o 80
3 | ‘ ‘
O 40f |
| Jf” ‘l\' ’ ./"\} v /
0 | | | | | | | |
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Remember to Do Calibration

» Curve fitting for calibration: How to prepare calibration samples?

» Yiis produced by Xi \ Measurement

» Ziis computed from Yi :
, , X; —1> Sensing
» Zi must be equal to Xi
Calibrated Values Z; 4 L Yl
Measur?f:l Values Y; Calibration > Zi
I”’*’”
ke > True Values X;
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Example of Calibration Setup ..

Purified Air System
i air " E IN .%\ ; 0“7.:&
E 3 L E v E 5‘ 5\. § : exhoust air
E S [ TR
Losscsascaocacsncassccccnsscacassns | !
§ .................. ;n;';c.l.i;;.;s.t;;r:“"é E"' mixing zone sampling zone
o =y Test chamber
1 . N :
T LY —
E oM ?‘. . 2 .;" . g E 5 B predgiction
§ Py o, N— § § » II'!J
B s e e e N g L el
PM Generator §3°'
gzo
§m- H
o

0 10 20 30 40 50 60
Test sample index
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More example of Calibration Setup ...

HPMA

HEPA Rgi Flowmeter 1 Q Inflow PM Sensors

Q in Qaer

- Pressure Valve
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B
Buffer 1 Qaer
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Fire Protector
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Example of Calibration Results ...
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Remember to Do Error Analysis

For each true value, we can do
» Systematic error = mean value - true value error analysis

» Repeatability error = value with maximum error

- mean value {]HH d}{l

6
» Accuracy = value with minimum error - mean .- h
value N e —
0 5 10 15 20 25 30 35 40 45 S0 S5 60 BS 70
N
& S
. .. ) Output 4 %§§ 6§>
» Hysteresis error = | measured value in increasing e © &

- measured value in decreasing|

Hysterisis Error

W

Input voltage
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How to Measure Gaseous Pollutants in Air?

Biological
Species

Oxides of:
* Sulphur

* Nitrogen
* Carbon

* Hydrocarbons
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General Principle 1 of Measurement

Energize Gas - Increase Vibration of Gas’s Molecules - Emit Pressure Waves - Voltages

o B Env1r'0nmentall Industrial ;'arocéss '

;‘3 10} ‘momtormg’ < control

: : CO, Medical diagnosis

g 1 b < >

= 3 NH

g | mo |[{° no, O 11

£ |

E 001} ‘

2 4 6 8 10 12 14 16
Wavelength (um)

The sensor detects the length of the light
in three ranges characteristic for carbon dioxices
CO2 - 4.26 um), 2.7 Wm, about 13 wm
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General Principle 2 of Measurement

Energize Gas - Absorption of IR Lights - Thermal Energy Decrease - Voltages

Gas In Gas Out Thermal Energy Loss
| 1 l | T l
e ; - PHOTO DIODE
- . o . > . "
. e 2 o ‘4[ Phato Diode
- \ — s = 4 ’ . - 7 o e /'
. Photodiode Symbol
N Pyroelectric Materials
'R Lamp opma‘ F'lter Thermal flux in )
Detector |

6\ l EI‘Virb.nm.er‘tai hduS&ial pr I ' ' l : - Electrodes
‘-?‘ 10 ‘morutormg. <« control ]

. CO, Medical diagnosis ]

g 1 * > v e ‘Pyro.elel:tr;c .' .

3 NH E . .m.aterial- | o

g 1o |99 No, Oy 11 .

2 01 CH, d

£ 001

| The pyroelectric effect is the ability of
) 4 6 8 10 12 14 16 certain materials to generate a temporary
Wavelength (um) voltage when heated or cooled.
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Example of Design ...

CO,

PHOTO DIODE

g T IR detector IR source

Power Supply | Gain
Chamber

ST
LAl [aw
—— ’ %

Vet S ': High number

L can
/Ry

Heat-absorbing layer

- Electrodes

» Two strips of pyroelectric material (a pyroelectric sensor)
e An infrared filter (that blocks out all other wavelengths of light)
e A fresnel lens (which collects light from many angles into a single point)

° ; ¢ A housing unit (to protect the sensor from other environmental variables,
ey Pyroelectric materials such as humidity)
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More Example of Design

An angled mirror for
guiding an IR to the
sensor

Source of IR light |

» Two strips of pyroelectric material (a pyroelectric sensor)
e An infrared filter (that blocks out all other wavelengths of light)
e A fresnel lens (which collects light from many angles into a single point)

¢ A housing unit (to protect the sensor from other environmental variables,
Pyroelectric materials such as humidity)

Thermal flux out
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Summary

» Concept of Active Sensing
» Understanding of Air Pollutants
» Parameter(s) of Dust in Air

» Measurement of Dust in Air

Carbon Monoxide

Carbon Dioxide

Nitrogen Oxide

Sulphur Dioxide

Volatile Organic Compounds
Particulate Matters
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Summary of Module 4

» Lecture 1:
» Measurement of Pressure
» Lecture 2:
» Measurement of Temperature
» Lecture 3:
» Measurement of Humidity
» Lecture 4:
» Measurement of Vibration
» Lecture 5:
» Measurement of Air Quality

Bﬁ'cﬁ@ TO SCHOOL!!
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[JNIVERSITY esign, Machine, Control, Intelligence

“Ask not what your country can do for you — ask what you can do for
your country,” - John F. Kennedy

“Do not think that you are needy — think that you are needed in the
world”, - Manis Friedman

“Study will make you knowledgeable, resourceful, and hence more
needed”, - Xie Ming

Thank You for Listening!
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