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Flow Examples: Supersonic Airliner
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Thermal related Examples:

* Influence of (+2°C) ( )
« Human body temperature: Normal: 37+0.5°C
(Ex: * Flosdm { (Ep) &9 27 F )

 Processing control in chemical engineering

« Processing control in mechanical engineering
 Processing control in food engineering
 Processing control in agriculture

* In many other process ...

« Example of drop impact:
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Drop Impact Pattern ( 1 ) Completely Wet

( Ethanol, D,=550pm ; Re=189 ; We=8.65 ; T,=23C )

t=0.0ms t=0.16 ms t=0.66 ms t=1.16 ms
t=1.66 ms t=2.16 ms t=2.66 ms t=3.16 ms
t=4.16 ms t=5.16 ms t=5.66 ms t=7.66 ms
s ——— s M
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Drop Impact Pattern ( 11 ) Wet Boiling

( Ethanol, D,=550pm ; Re=189 ; We=8.65 ; T,=81C)

t=0.0ms t=0.16 ms t=0.66 ms t=1.16 ms

t=1.66 ms t=2.16 ms t=2.66 ms t=3.16 ms
_—6— T— —ﬁ i

t=4.16 ms t=5.66 ms t=7.66 ms t=8.16 ms

e eme ke i@
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A Close Look of Bubble Generation

o Surface Temp. = 621£1.0 C
Surface Temp. =81+1.2 C t=6.16 ms

t=6.16 ms

-

|
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Drop Impact Pattern (111) Transition

(Ethanol, D,=550pm ; Re=189 ; We=8.65 ; T,=116°C)

t=0.0ms t=0.16 ms t=0.66 ms t=1.16 ms

t=1.66 ms t=2.16 ms t=2.66 ms t=3.16 ms

t=4.16 ms t=5.16 ms t=5.66 ms t=7.66 ms
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Drop Impact Pattern (IVV) Dry Rebounding

( Ethanol, D,=550pm ; Re=189 ; We=8.65; T,=130C)

t=0.0ms t=0.16 ms t=0.66 ms t=1.16 ms
t=1.66 ms t=2.16 ms t=2.66 ms t=3.66 ms

t=4.16 ms t=4.66 ms t=5.16 ms t=6.16 ms
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Drop Impact Pattern (V) Satellite Dry Rebounding

(Ethanol, D,;=550pm ; Re=881 ; We=188.33 ; T,=138C)

t=0.0ms t=0.08 ms t=0.48 ms t=0.88 ms
2 S e - e - i
t=1.08 ms t=1.28 ms t=1.68 ms t= 2.08ms
G ——
(-
- _— |
t=248ms t=2.68 ms t=2.88 ms t=2.93ms
e &)
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Classification of drop impact regimes

Wang et al., Physics of Fluids (2000/06)

single phase cooling regime

nucleate boiling

Wet impact Dry impact
S s |z PFO
3 nd ] Classification of droplet
2 % £ We | 82 | impact regimes
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transition

thermal atomization

film boiling N

Breitenbach et al. Exp. Fluids (2018)

Temperature
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Contact time of a bouncing drop
Denis Richard*, Christophe Clanett, David Quéré NATURE | VOL 417 | 2002

W=pV Ry

The contact time is independent of the

details of the impact.
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The contact time does not depend on the impact over a wide range of velocities. (20 — 230 cm/s)



Temperature Control of animals
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Current Biology

Volume 22, Issue 1, 10 January 2012, Pages 40-45

Tioq = 36°C, T, = 26°C
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Temperature Control of animals

Temperature (°C) o
»
3

Temperature (°C)

0 60 120 180 240 300
Time (sec.)
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What did you learn?

» What are the difference between them
(experiment in lab course and term-
projects? High I.F.-journal and others?)

* Is the conducting process the same? Or
different?

« Which one is simpler?
» What do you want to be?
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IA-products

Net TVs

E-mail terminals

Air Communication / Smart Phone
Nokia/ 9000Communicator
Motorola / MAPS

Worldgate / Worldgate
Sony, Philips / WebTV

Gaming console devices

Sega / Dreamcast
Sony / PlayStation 2
Ninterdo / Dolphin

Smart handheld devices ‘. q
Compaq / Aero series I f} r L ffj L r
3Com,Palm / Palm VI g N
Hewlett-Packard / Jornada .
series Web terminal

Wyes, Hewlett-Packard,
ﬂ Screen Phones NCD/Tektronix, Sun,
N — Boundless, Neoware
: Gl

InfoGear / iPhone
Alcatel / WebTouch
Nortel / Power Touch N
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Thermal Solutions & Measurement

Thermal Interface
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Old Process & ODF for FPD Manufacture
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Bio-technology

Modern Measuring Techniques of By An-Bang Wi National Taiwan University
Thermo-fluids Mechanics Yy An-Bang Yvang Institute of Applied Mechanics

Microfluidics and Microfluidic Platform

(2000°s) (1960-90’s) (1935) TDCS system  §

@};’ =D 1 (2015/2016)
Vo = [i:f?[ = # - |

Capability
Volume of one WBC

ot s

-

-7 = ! One drop of water
f Nano/Picoflnidics Y /
S~ i - i
| == 0 b
1pl 1nl 1l 1ml
(10um)*  (100um)  mm? em? (From Y.C. Tai Caltech)
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Nano-technology
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Resource/Outsourcing from the market

« PGS: Pyrolytic Graphite Sheet

« Thermal conductivity: 700 to 1950 W/(m-K) (2- 5 times of copper
[400W/(m-K)] , 3 - 8 times of aluminum [237W/(m-K)])

« High stability (withstand up to 400°C), no deterioration with age

+ Simultaneous solution for thermal and electromagnetic wave
problems

 Thin, flexible and easy to cut or trim

+ Withstands repeated bending bk /// '

) OO0O0OMO
» Low thermal resistance PGS Graphite Sheet

® RO H S (Restriction of Hazardous Substances) and Integrated Circuit

REACH Compl iant Printed Circuit Board i
T
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Courses of Thermal Fluid Mechanics/Science

* Thermo-fluids, Thermal/Fluids, Thermal Fluid, ...

» Thermal courses:
— Thermal-Fluids Engineering I, 11 (MIT)
— Thermodynamics

How about Fluid Mechanics
courses?

T 7

— Transport Phenomena

— Engineering Analysis

— Mathematical Methods in Applied Mechanics
— Advanced Thermodynamics

er

ModeriMeagsuring Techniques of

National Taiwan University
Thermo-fluids Mechanics By An-Bang Wang

Institute of Applied Mechanics

Scope of Fluid Mechanics

‘ Fluid Mechanics ‘

?
\ v
Continuum Fluid Rarefied Gas
Mechanics Dynamics
\
v v
Newtonian Fluid Non-newtonian Fluid
Mechanics Mechanics
How many courses should | take?
\
v v
‘ Inviscid flows ‘ ‘ Viscous flows ‘
\
v v
‘ Laminar flows ‘ ‘ Turbulent flows
Modern Measuring Techniques of By An-Bana W National Taiwan University
Thermo-fluids Mechanics Yy An-Bang Wang

Institute of Applied Mechanics
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Tools for Solving Problems

Practical Problems

[ |
Mathematical Methods
(Numerical/Analytical) | | Experimental Methods

Non-linear PDE

Modern Measuring Techniques of By An-B W National Taiwan University
Thermo-fluids Mechanics Y An-Bang Wang Institute of Applied Mechanics

Approaches to solve problems of
Fluid Mechanics

PRACTICAL

PROBLEMS
Numerical ; l
kMathematical Experimental
Analytical Moldel Model
- Equations
Nonlinear PDE - - .
PN Elrsbibrs Status: Experiments are
simplification is | .
— always needed in any
commonly needed Vel field it fis mert
Temp field cases, except it is no
density field possible to be pursued.
pressure.field
concentration.field
I
force,momentum,heat,mass etc... I
Engineering design
Explain Physical Phenomena
Degree ...
Modern Measuring Techniques of By An-B W National Taiwan University
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Experiments & Simulations

y Speedo LZR Racer swimsuit |7
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Why experiments ?

The need for experiments in fluid mechanics arises from a variety of aims :
+ Basic research - P el
— Extend physical understanding of a particular flow phenomenon
— Test new theoretical results
— Verify numerical models (e.g. in CFD) : f
» Model studies (inexpensive compared to prototype tests in most cases)
— Investigate an unknown flow situation or test new apparatus designs
— conduct a systematic parameter study and/or optimization
— establish scaling laws
* Flow Measurement
— E.G. Volume flow rate, drag, lift ...etc
— Measurement of a quantity for control feedback purposes.

Modern Measuring Techniques of By An-B W National Taiwan University
Thermo-fluids Mechanics Y An-bang Wang Institute of Applied Mechanics

17



Design of an Experiment (1)

In designing an experiment, a number of questions must be asked :

« Which quantities are important to measure (both independent
and dependent)?

— This is answered partly through the aim of the experiment
and partly through experience.

— Dimensional analysis is indispensable for complex systems.
 In what range will the measured quantities vary ?

— This information,and information about the required accuracy
IS necessary for the choice of measuring technique.

» Which quantities must be controlled ?
--operating conditions must be well defined in order to control
the experiments to be repeatable, stationary and simulated to the
given conditions

Modern Measuring Techniques of By An-B W National Taiwan University
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Design of an Experiment (11)

» What is the required dynamic response of the
measuring instrument?

— Is any correction or compensation necessary ?
» What is the measurement time ?

— For time mean averaged quantities, a given statistical
variance should be specified.

* Has this experiment already been performed ?
» Does a theoretical solution exist ?

Modern Measuring Techniques of By An-B Wan National Taiwan University
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Check points | : How about my case?

Have | a clear topic to start in this?

Has this experiment already been performed ?
Does a theoretical solution exist ?

What is my novelty?

Modern Measuring Techniques of By An-Bana Wan National Taiwan University
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Dimensional analysis

Dimensional analysis facilitates the interpretation and
extends the range of application of experimental
data by correlating them in terms of dimensionless
groups. Its most serious limitation is that it gives no
information about the nature of a phenomenon.
Rather it is necessary to know before hand which
variables influence the phenomenon.

Typically ,the primary dimensions are chosen as
* M : mass

« L :length

o T:time

* 0: temperature

Modern Measur_ing Technic_]ues of By An-Bang Wan National Taiwan University
Thermo-fluids Mechanics Y 9 9 Institute of Applied Mechanics
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Why dimensional analysis (1)?

Dimensional analysis (DA) is enormous time- and money-saving !
Example: force on an immersed body
F=f(L,V,p,n)
generally speaking , we need 10 experimental points to define a
curve, this means that we need
10*10*10*10=10* experiments.
assuming NT $10 /experiment we need 10° NT - dollars
and 0.1 day /experiment, we need 103 days =2.7years !!!
However , by using DA
Ci=Fl pV2L2=g (pVL/u) = g(Re)
Nothing is lost , but with
NT $ 10 /experiment x 10 experiments =100 NT-dollars
and 0.1 day /experiment x 10 exp. = 1 day!!
It's a big difference !

Modern Measuring Techniques of By An-Bana Wan National Taiwan University
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Why dimensional analysis (11)?

2. DA helps thinking and planning (not only experiment but
also theory )!
It suggest variable which can be discarded and often give a
great deal of insight into the form of the physical
relationship .

3. DA provides scaling law (or similarity ) which may
convert data from a cheap, small model into design
information for an expensive ,large prototype.

» A method for describing dimensionless parameter is
generally credited to E. Buckingham in 1914, and is
commonly called “Buckingham /7-theorem”.

» From the governing Equations, boundary conditions, we
may also get the governing dimensionless parameters

Modern Measuring Techniques of By An-Bang Wan National Taiwan University
Thermo-fluids Mechanics Y 9 9 Institute of Applied Mechanics



Dimensionless Groups in Fluid Mechanics (1)

Qualitative ratio

Parameter Pefinition of effects Importance
pUL Inertia

R 1d. b Re=

eynolds number e Viscosity Always

v Flow speed

Mach number Ma=— 0% SpeeC. Compressible fiow
a Sound speed
u? Inertia

Froude number Fr=— - Free-surface flow
gL Gravity

UL Inertia
‘Weber number We = e — Free-surface flow
T Surface tension
Cavitation number P—D Pressure .
(Euler number) Ca= pU? Inertia Cavitation
Dissiati

Prandtl number Pr= B M Heat convection
k Conduction
U? Kinetic ener;

Eckert number Ec= netie energy Dissipation
T Enthalpy

. . ¢ Enthal .

Specific-heat ratio y=-2 L Compressible flow

c, Internal energy White (1986)
Modern Measuring Techniques of National Taiwan University
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Dimensionless Groups in Fluid Mechanics (11)

Qualitative ratio

Parameter Pefinition of effects Importance
wl Oscillation .
Strouhal number St=— —_— Oscillating flow
v Mean speed
€ Wall roughness
Roughness ratio T —Bmgr—igtT Turbulent, rough walls
AT gL%?® Buoyanc
Grashof number Gr= k gz L 1foy - y Natural convection
U Viscosity
. T Wall temperature
Temperature ratio - s—————— Heat transfer
T Stream temperature
X 7~Po Static pressure Acrodynamics,
P t C,= - .
ressure coefficien P dpU? Dynamic pressure hydrodynamics
2
Lift coefficient C,= L Lift force Acrodynamics,
LT U4 Dynamic force hydrodynamics
Drag coefficient Cp= b Dragforce Aerodynamics,
27 ipU%A Dynamic force hydrodynamics
Modern Measuring Techniques of National Taiwan University

Thermo-fluids Mechanics By An-Bang Wang Institute of Applied Mechanics



Buckingham n-theorem

Process :
1. list down the all variables involved in the problem
n=7) F(By, By Bg, ...... B,) =C  (Most critical and difficult process!)
2. choose the primary j variables, which cover the whole needed
dimensions, but do not form a n-product
(=2 B;, By, Bs, ..., B; (In fluid mechanics M, L, T, @!)
3.Add each additional variable to your j variables to form a power
product, then find the exponents which make the n-j product
dimensionless ,
1, =B2BA2, ... B@LI By,
I1,=B,2B,22...... B#21 By,
I . — B1 an-j,lB2 an-j, 2 Bj an-j,j Bn
4. we get finally Fy(IT 4, IT,,..... IT ;) = C;
(the reduction of variables : |)

Modern Measuring Techniques of By An-B W National Taiwan University
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Example of Buckingham r-theorem (1)

Consider the problem of pressure drop in steady pipe flow
(1) F=F(Ap, V,L,D,p,n,e)=C < n=7
(2) choose primary j variables: V, D, p “j=3

(Which one is better? It’s a matter of taste, custom and user’s
choice.)

(3) Findthen-jI1: <& n-j=7-3=4
11 1 :Val,lDal,zpal,3 Ap
11 ) = Va2,1Da2,2pa2, 3 L
11 3= Va3,1Da3,2 pa3,3 i
11 4= Va4,1Da4,2 pa4,3 e
11 1 :Val,lDal,zpal,3 Ap

Modern Measuring Techniques of By An-B Wan National Taiwan University
Thermo-fluids Mechanics Yy An-bBang vang Institute of Applied Mechanics
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Example of Buckingham r-theorem (11)

TI 1 :MOLOTO - Val,lDaLZpal,B Ap
= (LT-l)al'l(L)alvz(l\/l |_—3)a1,3 (M Lt T-Z)
forM: 0=al,3+1
L: 0=al,1+al,2-3xal,3-1
T: 0=-al1,1-2
so that al,l1=-2, al,2=0, al,3=-1
[T, =MOLOTO = \/-2D%1 Ap = Ap /p\/?
Similarly, IT, = L/D, I1 3= uw/pVD (=Re), I1,=¢/D
=F,(1,,I1,, 14, I1,)=F(Ap/pV? L/ID, WpVD, e/D) = C,
or|Ap /pV?=F2(L/D, wpVD, e/D)
However, DA says nothing about the functional form of F1 or F2!!

=

Modern Measuring Techniques of By An-Bana Wan National Taiwan University
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Modelling and Similarity

,=F (1, ,,....10,)

model Iy, = Ty, prototype
IT 3m — IT 3p
1_[km = 1_[kp

= I, =I1,, = Complete Similarity
But in engineering, instead of complete similarity, We consider:
Geometric similarity (L-scale)
Kinematic similarity (L- & t-scale)
Dynamic similarity (L- & t- & m-scale)
(Thermal similarity)

Modern Measur_ing Techniques of By An-Bang Wan National Taiwan University
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Geometric Similarity

Geometric Similarity:
It requires all body dimensions in all three
coordinates have the same linear scale ratio

_ Homologous
points
“
"
-
-,
\\‘ _
N
4m
10° £ j
“&m--- . E
_7/ Vm /4___7___7/
() (&)
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Kinematic Similarity

Kinematic Similarity
It requires the model and prototype have the same length-scale
ratio (geometric similarity) and also the same time scale ratio

Inviscid free-surface flow

Prototype ey = c }"m/}\'p =a= Hm/Hp
- Pcrrrirod Tp - \ Vp - szlgkm = szlg}\;p
D Vil V= (hyy ) V2
- = 1/2 =
i1, = oH, Ry = ek, = —B
" P — > B
Mode]/{\/\/t“» “%vY* & B are dependent!
waves: —- T = o\::: = B "
ot T, 7. V- bVE also c/c, = a
m period: T,,/T, = o 12
Modern Measuring Techniques of National Taiwan University
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Dynamic Similarity

*Dynamic Similarity
It requires the same length-scale ratio, time scale ratio and also
force-scale ratio

e /!7
“”s o .
s T,

I:p(ressure) + I:g(ravity) + I:f(riction) = I:i(nertia)
Fro=Fry Re, = Re,,
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Discrepancies in model-prototype similarity (1)

* The perfect dynamic similarity is more of a dream than a
reality because true equivalence of characteristic
dimensionless parameters can be achieved only by dramatic
changes in fluid properties , whereas in most model testing is
simply done with air and water, the cheapest fluids available.

» Example: consider hydraulic model testing with free surface:
Geometric similarity:

A /Ay =a=1/10
Froude number (Fr):

Vi2lghy, = V&g, = Vol V= (kg IA)Y2 = 00 12=0.32
Reynolds number (Re):

Vi Vin = VpholVy = ViV, = (vi/A,)¥2 = o 32=0.032

v, = 1 mm?/s for water (Ve = 0.12 mm?/s )

= Re-similarity is unavoidably violated!!
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Thermo-fluids Mechanics Yy An-bBang vang Institute of Applied Mechanics



Discrepancies in model-prototype similarity (1)

In practice, water is used for both model and prototype!

Range Range
i . of Rem of RCP

- h-—/
~ Power-law
L extrapolation

e i.. )
|
|

log Cp, “T—.._ Uncertainty
. Model ‘,.-""‘ 1 " in prototype
‘ data: oool - data estimate
o
- o e ‘ i
| ‘
| ; L gk
10 108 107 108 & e
Modern Measuring Techniques of National Taiwan University
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Check points I1: What is my case?

For my experiment

» Which quantities are important to measure (both
independent and dependent)?

» Which quantities must be controlled ?

* In what range will the measured quantities vary?
(Dynamic/Kinematic/Geometric Similarity?)

« What is the required dynamic response of the
measuring instrument?

 How to determine the measurement time?
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Terminology for Error Analysis

Terminology

« Error: deviation of the reading from a known input

« Accuracy: Error, usually expressed as a percentage of full-scale
reading.for industrial or laboratory instruments.

« Uncertainty: range within the error is likely to fall with specified
confidence limits (or fiducial limit).

* Precision (Repeatability):
- reproducibility of the reading for a given input.
- an instrument can be precise, but not calibrated or misused
- accuracy of an instrument cannot be better than its precision.

« Traceability: The ability to trace the accuracy of a standard back
to its ultimate source in the fundamental standards (e.g., NIST)

» Sensitivity : ratio of instrument output to input.

Modern Measuring Techniques of
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Precision(repeatability) & Accuracy

<

3 =, .
= o L
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Precision, Bias error & Accuracy (1)

Calibration Data for Three
Temperature-Measuring Devices

2.0%
1.5%
1.0%
0.5%

2.0%
s
1.0%
05%

212°F 2:20,:

fa) (b)

tPossible illegitimate error or an outlier.

(From Miller, 1983)
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Precision, Bias error & Accuracy (11)

Aeeroge With the outlier omitted, the average of the reading
[=— Bias errnr—-{

— I
I = L =(210.1+210.0+209.8+210.2+209.9)/5=210.0
| the stahdard deviation is:

U:[Z(Ii -/ )x100%]0.5

:[(O.0023+010.10090+0.0090+0.0023)/(5-1)]°-5 =0.0753%
0 - the precision at the 95% confidence level is then:

o,=1y o, Where t; is two-tailed student’s t-value, could
(From Miller, 1983) be found from table (t, = 2.776 for n=>5).

. the precision is then 6,=2.776x0.0753%=0.21%
Thegirection bias error is

Bl 1000 =[(210-212)/(212)] x 100%=-0.94%

Tilegitimate
error ]

‘-'_a'_ | +to

210°F

t

1
- theaccuracy is A. =B (1+H)Up =-0.7%~-1.2%
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Error Analysis (1)

« Almost all fluid flow measurements are indirect. (e.g. Pitot-tube
for pressure, hot-wire for velocity ...)

 In experimental work, errors of two different types can occur :
— Systematic Errors
* poorly adjusted instruments
« improper calibration
» false instrument specification
* incorrect or biased statistical estimators
— Statistical or random errors
» improper reading from a scale
» statistical variance of the measured quantity.

« Some errors can be corrected or controlled, others (uncertainty)
cannot. All must be estimated !

Modern Measuring Techniques of By An-B W National Taiwan University
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Error Analysis (1)

+ The influence of the errors on the end result can be
determined using the error propagation rule from Gauss ,
ie.,

A quantity @ =f (P;,P,...) dependent on individual
parameters P;,and with individual uncertaintiesd ;;, the
uncertainty 6@ could be written as

0 0
5 =42 5p) + (2L s5p, ) +.. 3"
Py op,
In applying this relation, Gaussian error distributions are
assumed.
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Error analysis (111)

The_ Prandtl tube is used to measure flow velocity: _ [2aPRTg
AP=P,-P, U= [-—22
Where Py

R:gas constant, P,:stagnation pressure
T,:gas temperature, g-acceleration due to gravity

The uncertainty in U becomes
1 2RT. 1 2ApRT. 1 2ApR
O ={(G Aoy + (=R (S ST
The normallzec? Uhcertainty is theh o

Ou_LOW@R),  15(R)y , (1SM) oy

CIearI;L/J, a O.f% %gcuracyzln Péading ﬁ1e-[bmperature is not

worthwhile, if for instant the AP can only be determined with 5%
accuracy !
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Some notes for electronics

 Impedance Matching

It is continually necessary to connect various electronic instruments
in different combinations A

Every instrument has an internal resistance R, [ g

in series with an externally connected load L _AAA~_ B
resistance R, , o

The vol A i
e voltage E, =E R, Ei R A EERL
R *R; el
If Eg is to be measured, R, should be chosen Targe (€.g. scopes).
« If power is to be transmitted
P =Epg?2/R or P =E2R_/ (R +R))?
For a maximum transmission : dP/dR, =0 then R =R;
I.e. resistive part of impedance should be match.The inductive and
capacitive terms must also be considered when dynamic response
IS Important.
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Wheatstone bridge

The Wheatstone bridge is a basic building block of many measuring
instruments. It allows precise measurement of minute change in
resistance, capacitance or inductance. It has many applications in

— hot-wire anemometry — R | R
— strain gauges b 2

— Inductive pressure transducers =Ep, E

or condenser microphones R_l}'\/ 2

» effective bridge resistance:

v
- RHRIRHR,) R« R,
eff = E=E, —f—
R,+R,+R,+R, , Ry +R,
» Voltage measured at galvanometer:
E,= E( R Ry,
R,+R, R,+R,
Modern Measuring Techniques of National Taiwan University
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Statistic score data of NTU

] ] I
A+
A
 ——————
B+ | |
B = n FETIRR
B m TEfx
C+ [ By
C
C—
FEX
o s 10 15 20 25 30
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Topics of Term-Project

3= zz: Mask optical optimization for metling-laser

application

» #RZ: On the drop coalesce mechanism

o =g & Design & development of a novel micro-reactor
system

« 3r7% 4% Development of medical contact lens & its
measurement

« 4y 4 #5: Development of medical contact lens & its

measurement
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