INTRODUCTION

< What is Heat Transfer ?

e Continuum Hypothesis

= Local Thermodynamic Equilibrium
< Conduction

< Radiation

< Convection

= Energy Conservation



WHAT IS HEAT ?
In a solid body

Crystal : a three-dimensional periodic array of atoms

sodium (I) chloride

Oscillation of atoms about their various positions of
equilibrium (lattice vibration): The body possesses heat.

Conductors: free electrons <> Dielectics



Vibration of crystals with an atom

Longitudinal polarization Transverse polarization
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The energy of the oscillatory motions:
the heat-energy of the body

More vigorous oscillations:
the increase in temperature of the body



Energy

In a gas

The storage of thermal energy:

molecular translation, vibration and rotation

change in the electronic state

Intermolecular bond energy

\vibrational state electronic
| a P state 2

dissociation
\ energy for state 2

+

rotational state electronic
\ T state 1
dissociation

energy for state 1
+

Internuclear separation distance
(diatomic molecule)

average kinetic energy
1 o g i
kg =1.3807 x 10-2 J/K

at T =300 K,
air M = 28.97 kg/kmol

(u2)"'= 468.0 mis



HEAT TRANSFER

Heat transfer is the study of thermal energy
transport within a medium or among neighboring
media by

e Molecular interaction: conduction
e Fluid motion: convection
e Electromagnetic wave: radiation

resulting from a spatial variation in temperature

Energy carriers: molecule, atom, electron, ion,
phonon (lattice vibration), photon (electro-
magnetic wave)



CONTINUUM HYPOTHESIS

EX) density p = S\JT](SVO;/_m

Sm , microscopic

sy [uncértainty Macroscopic
— uncertainty

local value of
density

L .\
oV, ~10”° mm?*

(3X10" molecules at sea level, 15°C, 1latm)



< MICroscopic uncertainty
due to molecular random motion

e macroscopic uncertainty

due to the variation associated with
spatial distribution of density

In continuum, velocity and temperature
vary smoothly. — differentiable

Mean free path oflgtir at STP (20°C, 1latm)
Am=66nm, (%) =468.0 m/s

bulk motion vs molecular random motion



LOCAL THERMODYNAMIC EQUILIBRIUM

hot wall at T,

4
= |

cold wall at T,

N

lem oireqipe

adibatic wall

a) A, << L : normal pressure
b) A, ~ L :rarefied pressure
C)A,>>L



CONDUCTION

Gases and Liguids

o o & 00 .
< Due to interactionsof ___ * & _}__$_T__>t_?_
: " /!
atomic or molecular ~. '
activities — b oIt !

= Net transfer of energy by random
molecular motion

 Molecular random motion— diffusion

= Transfer by collision of random
molecular motion



Solids

e Due to lattice waves induced by
atomic motion

< |n non-conductors (dielectrics):
exclusively by lattice waves

e |n conductors:

translational motion of free electrons
as well



Fourier’s Law

AT =T, =T,
AT
oo —At-A [J
IT. Q AX ]
) ) A A
heat flux 0, = Q o« — =—-K—

A-At  AX AX
[J/(M?s) = W/m?]
k: thermal conductivity [W/m:-K]
oT

As Ax — 0, (. =-k—
OX



Notation

Q : amount of heat transfer [J]

q : heat transfer rate [W], d' =%
g”: heat transfer rate per unit area [W/m?]
q" — Q
A- At
g’ : heat transfer rate per unit length [W/m]
. Q
T A

q=an=qu



Heat Flux

. A
q": ~~~~~ ) vector quantity
6" =qi +0)j +qk
~ oT
" — ~1/4 I — —k—
a, =0 o
~ oT
rr= —»rr.k=_k_
4, =0 =




ExX) T(x,y)=x+y (0<x<1, 0<y<1])

y
1 T = constant line or
~ surface: isothermal
. T =15 lines or surfaces
Tl 1 (iIsotherms)
T=05 1 x
§"=-kVT = _k(a_TiAJra_Tj) _ —k(f+ j)
oxX oYy

=i +qyj =—ki—kj



e temperature : driving potential of
heat flow

e heat flux : normal to iIsotherms

along the surface of T(x, y, z) = constant

/\Fdns\éT(x, Yy, Z) = constant
ds = dxi + dy] +dzk
oT oT oT

dT = —dx+—dy+—dz =0
OX oy 0z

=VT.ds=0 >q"-ds=0




Steady-State One Dimensional Conduction
T =T(x) only
Ox Oy + 405 steady-state

0y =05 + 49, > Aq; =0
AX dT

« > ”——k—
X X + AX Ox Ix

" n__ A" dq:: 2
9" +4q" = q; + ™ Ax+O[(Ax) ]

dT d dT 2
= —k—+d—(—kd—X)Ax + O[(Ax) }



o _d( dT 27 _
Aqx_dx( kdX)Ax+O[(Ax) |=0

or i(—kd—-r)+0(41x)=0

dx dx
d dT
As AXx —> 0, —| kK—|=0
> dx( dxj
dzT_

0

When k = const.,, —;

dx



RADIATION

Thermal Radiation

103 i

102 101 1 1u 10 i 102 i
0.4 0.7
1
ultra viglet |‘ infrared
visible

thermal radiation




Characteristics of Thermal Radiation

1. Independence of existence and
temperature of medium

EX) Ice lens

\\“\\“\‘ ice lens

black carbon paper



2. Acting at a distance
Ex) sky radiation
= electromagnetic wave or photon
< photon mean free path
= Dballistic transport < diffusion
< volume or integral phenomena
conduction

e fluid: molecular random motion
= solid: lattice vibration (phonon)
free electron

diffusion or differential phenomena
as long as continuum holds



Spectral emissive power, £, , (W/m?-um)

3. Spectral and Directional Dependence

—
Q
s

10t

104

e guanta = history of path

—1, |+ Visible spectral region

Ao T= 2898 um-K

0.1 0.2 04 06 1 2 4 b6 10 20 40 60 100
Wavelength, A{um)

Blackbody spectral surface emission

emissive power



Two Points of View

1. Electromagnetic wave
 Maxwell’'s electromagnetic theory

e Useful for interaction between
radiation and matter

2. Photons
e Planck’s quantum theory

= Useful for the prediction of spectral
properties of absorbing, emitting
medium




Radiating Medium

= Transparent medium
ex: air
= Participating medium
emitting, absorbing and scattering
ex: CO,, H,0O

< Opaque material



Stefan-Boltzmann’s law
= Blackbody emissive power
E, =0, =0T" [W/m?]
blackbody: a perfect absorber

o =5.6696x10"° W/m* .- K*

Stefan by experiment (1879): E, ~T*
Boltzmann by theory (1884): E, =oT"*



Planck’s law
(The Theory of Heat Radiation, Max Planck, 1901)

spectral distribution of hemispherical
emissive power of a blackbody in vacuum

27C,
/15 (ecz/,ﬁ _ 1)

C,=hCZ, C,=hC,/k

Eﬂb =

C,: speed of light in vacuum
h: Planck constant
k: Boltzmann constant



(W/m#-um)

Spectral emissive power, £; ,,
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i 2nC
E, = ) /15(6(37:./21'1_1)d2

4

=0
For a real surface,
E=coT"

£ . emissivity



Surface Radiation
Ray-tracing method vs Net-radiation method

J G: irradiation [W/m?]
J: radiosity [W/m?]

J=¢oT'+ pG, p: reflectivity

q" ¢ q"=J -G
diffuse-gray
surface at T

0"=¢eo0T*+ pG -G
=eoT' —(1-p)G
a+p=1 «a:absorptivity

Kirchihoff'slaw a=¢ —("= e(o-T4 —G)



q"=J -G

J=¢eoT*+ pG
q"=J —%(J —80'T4) =%(p\] —-J +8O'T4)
=£(8O'T4—8J) - (0'T4—J)




oG goT?

q"=e0T* —aG
=goT* -G
______ %'"";}"' =8(O‘T4—G)
diffuse-gray J=g0T"+ pG
surface at T G =£(J —8O'T4)
Vo,
" _ T4—g J— -|-4
q" = o p( eoT*)
=gaT4—ﬁ(J—gaT4)=é( T¢-J)



Ex) a body in an enclosure

when % <<, g, = 81O'A.1(T14 _T24)

sur

q=¢e0AT, —ac AT}
E=
T, & a A q= SO'A(TS4 ~-T )

sur

Surrounding can be regarded as
a blackbody.



CONVECTION

energy transfer due to bulk or macro-
scopic motion of fluid

bulk motion: large number of molecules
moving collectively

e convection: random molecular motion
+ bulk motion

= advection: bulk motion only



Uy —
—— X

o

solid wall

e hydrodynamic (or velocity)
boundary layer

e thermal (or temperature)
boundary layer

aty =0, velocity is zero: heat transfer only
by molecular random motion



solid wall
When radiation is negligible,

=h(T,-T,)
GT) h : convection heat transfer

A a_T) g T oT
[y o) B ) e

n coefficient [W/m?K]

Newton’s Law of Cooling



Convection Heat Transfer Coefficient

. K. aT) Kk aT)
- (T,-T.)on), (T.-T,)on)

not a property: depends on geometry and
fluid dynamics

e forced convection
e free (natural) convection

e external flow
e Internal flow

e laminar flow
e turbulent flow



ENERGY CONSERVATION

First law of thermodynamics

= control volume (open system)
< material volume (closed system)

: mol vm .
in QQ’ Est/ >Eout

E.in + Eg o E.out = E.st

In atime interval 4t: E, +E -E , =4E

st

steady-state: E, =0 >E, +E,—E,, =0



Surface Energy Balance

= e e Y = = =

v
[T]
[Tl

|
[T]

out in out
SUr. " " "
T qcond,s = qcond,f + qrad
S
T . "
‘ ‘ ‘ Sur — qconv + Crad
" ory) " oT )
" " s a_ - a_ + qrad
qcond,f + qrad L n /+

sur

T, =h(T,-T,)+eo(T.-T)



Example 1.2

ailr —

T =25°C G
h=15W/m?*-K

T, =200°C
g =038 T, = 25°

D = 70mmX_ G

Find:
1) Surface emissive power E and irradiation G
2) Pipe heat loss per unit length, ¢

Assumptions:
1) Steady-state conditions
2) Radiation exchange between the pipe and the room is
between a small surface in a much larger enclosure.
3) Surface emissivity = absorptivity



ailr — /-/‘

T =25°C
h=15W/m?-K

T.= 200°C
¢ =08 T =25°
D=70mmX

1. Surface emissive power and irradiation

E=¢60T'=0.8(5.67x10"° W/m?*-K*)(473 K)* = 2,270 W/m®

G=0oT/

sur

=5.67x107° W/m?-K*(298 K)* = 447 W/m’



air — /-/‘

T =25°C
h=15W/m?-K

T, = 200°C

g =0.8 T, = 25°

D =70mmYX G

2. Heat loss from the pipe

Gioss = Yeonv T Urad = hA(TS —Too) + EO'A(TS4 _Tsﬁr) A=7xDL
=h(zDL)(T,-T,)+&(zDL)o (T} - T, )

q'= q'L =15 W/m*- K (7 x0.07 m)(200-25)°C
+0.8(7x0.07m)5.67x10° W/m? - K* (473" —298*) K
=577 W/m +421 W/m = 998 W/m



Example 1.2
air — /./‘/

T =25°C
h=15W/m?-K

T, = 200°C

g =0.8 T, = 25°

D =70mmYX G

qloss = qconv + qrad

Q: Why nOt Clloss = qconv + qrad + qcond ?

Conduction does not take place ?



T, = 200°C T
g =0.8

ailr — T,
_>qcond,f r
T =25°C
h=15W/m?. K T = 25°C|

o a" . "
CIloss - qCOﬂd,S - qcond,f + CIrad

dT dT

_kSW =—kfﬁ 1E+¢90'(TS4—TSﬁI,)

Eh(TS—TOO)+gO'(TS4—T4 )

sur
no__ " " " R
qloss _ qconv + qrad’ qcond,f = qconv



Example 1.4

Hydrogen-air Proton Exchange Membrane (PEM) fuel cell

- P—E—f Three-layer membrane electrode
WAV
N - + assembly (MEA)
Far B Anode: (exothermic) 2H, — 4H" +4e”
| | Cathode: O,+4e” +4H" —» 2H,0
Hy—  H,|e- e”| O, _<—-|-—: .
W, I = T 2H,+0, > 2H.,0
i HY L o || =56.4°C :
' ] o I -~ I, Role of Electrolytic membrane
a—0 UL = 1. transfer hydrogen ions
2 e o T Tsur 2. serve as a barrier to electron
5[l =2 transfer

Membrane needs a moist state

to conduct ions.

T Liquid water in cathode: block

L Eiectrolytic membrane #i oxygen from reaching cathode
reaction site — need to control T,

 J
H,0
[ _‘ gyt . 7, P,
|
|

1 T T £=0.88
o The convection heat coefficient, h

P=1.-E_ =15[A]x0.6 [V]=9 [W] h=10.9 W-s**/m*®. K xV°®



| .

=
I
|
I
I
I
I
I
I
I
|
I
|
I
|
|
|
|
|
I
|

H =50 mm

Find: The required cooling air velocity, V,
needed to maintain steady state
operation at T,=56.4°C.

h=10.9 W-s*®/m?® . KxV®®

E, =11.25 W

Assumptions:

1) Steady-state conditions

2) Negligible temperature variations
within the fuel cell

3) Large surroundings

4) Insulated edge of fuel cell

5) Negligible energy flux by the gas
or liquid flows



Energy balance on the fuel cell % +E,—E,,; = Qrést

| E TR,

_ 50
T =25°C. |

I
|
I
|
I
I
I
I
I
I
I H =50 mm
I
I
I
I
I
I
I
I
I
I

Eg = Eout = qconv + qrad

E,=11.25W =0q,,,, + U;uq
=hA(T,-T,)

qCOﬂV

Ueonv = Eg ~ Urag
qrad = EAO-(TC4 _T4 )

sur

hA(T,-T,)=E, —8Ao'(-|-c4 —Tsﬁr)
h=10.9 W-s*®/m?8.K x\/ °®
Eg —SAO'(TC4 —Tsf‘”)

A(T,-T,)
V =9.4ml/s




Example 1.5

section A-A
v )

A A _ _ o— K
cubical cavity

.— ice of mass M at the fusion — T >T

I | temperature T, =0°C
I:

wW

—»

Find:
Expression for time needed to melt the ice, t

Assumptions:
1) Inner surface of wall is at T, through the process.
2) Constant properties
3) Steady-states, 1-D conduction through each wall
4) Conduction area of one wall = W?*(L <<W)



section A-A

1 E,\+ B, - By = AE,

1 [ M :
: : Ein =AEst
= AF :
:____i____: —T,>T, Ein = Qeona *
T L AEst = Mhsf
h. : latent heat of fusion
T =Ty T — Ty
qcond - kA - k(6W ) L
T, =T
[GKWZ - - f}tm = Mh,,

Mh,, L




Example 1.7 .

. T, =30°C G .mp = 2000 W/m?
air —
T_=20°C
2<h <200 W/m?.-K Coating to
T .92 be cured
a=0.8, =05

Find.:
1) Cure temperature T for h=15W/m*-K
2) Effect of air flow on the cure temperature for 2<h <200 W/m?-K
Value of h for which the cure temperature is 50°C.

Assumptions:
1) Steady-state conditions
2) Negligible heat loss from back surface of plate
3) Plate is very thin and a small object in large surroundings,
coating absorptivity a = ¢ =0.5 w.r.t. irradiation from the
surroundings



.\

T, =30°C ‘G,amp = 2000 W/m?
air —

T =20°C qcon qrad aG lamp

2<h<2mHNM1I<:::§&72__i{___

T=2 . Coaﬂng
______________ a=038,=05

E+§/ E.. I§/—>E =E_,

E. =aG

jamp
E it = Qions + e + Opna =D (T =T, )+ 80 (T* =T, )
Gy, =h(T-T,)+60(T* - Ty, )
h=15W/m*-K

T =377 K=104 °C



T (°C)

240

200

160 |-

120

80

o0
40

2<h <200 W/m?-K

= e T S S SRR T TEr I T S S S

=

h(T =50°C) = 51.0 W/m?

0 20

40 51 60 80 100
I (W/m2K)



.\

T, =30°C G .mp = 2000 W/m?
. ﬁ T
alr — Y1 o
T_=20°C
2<h <200 W/m?.-K Coating to
T .92 be cured
T a=08 =05
Ein = Eout’ Ein = aGIamp
- ./ " dT 4 4
Eout — qcond,f + qrad — _kf d + 80-( — sur)
r f
" _
qcond,s_o Eh(T—TOO)+80'(T4—TSﬁr)

P/ "
- qconv + CIrad



WHY HEAT TRANSFER ?

Natural

Sensors &
Actuators

Transfer

Conversion Process

Electrical & W Manufac
Electronics -turing




Natural System / Temperature Distribution in the Earth

Radioactive Decay
Energy Conversion % T
$.7 (W/m®) ’
Crust f , AR = 6.4 to 40 km Gy
A ! f_sr.t “i F‘
Upper Mantle (Plastic Region) 4 N
Transnmn Zonc

Hot Geotherms
./

v,

bt}
1
)
1)
L)
L
[}
L]
L)
1)
)
]
.
]
L]
L3
]
L]
]
L]
L}

L]

L]
%
1Y

Cold
Geotherms
—q,
-

Predicted T

Heat Transfer
by Conduction
and Convection

Inner Core

Crust
Quter Core

Upper Mantle
Transition Zone
Lower Mantle

| g
3000 6000
7,2C



Environment / Solar Radiation

3
. 1 e o
23 % W Energy distribution for blackbody at 6000 K
If \\‘ Solar irradiance outside atmosphere
20F / ) Solar irradiance after passing normally
5 5 | o, \ through the atmosphere
- E AR
£ ! XA 0,
< \
2 150 "“ \ 120
= % | 5‘ A Uz
1) b \
o ! ﬂ' HzD
o - I
c g i A\ )
= 1.0 ! PSS, 20
l! ’ "'9 \\ HQO
uv, { / IR
0.5k N\, | ‘ ‘.'I HzU
‘ i : : | ? "o", HZD H'L}U
0, ' /A1 Visible (/ \
3 I ! | Infrared /7/‘ S0 CO,
i’ 1 1 1y 1 1 1 1 , e~ 1 A r—1— —|

0 02 04 06 08 10 12 14 16 18 20 22 24 26 28 3.0 32

Wavelength A, um



Energy Conversion /Gas Turbine Engine




Energy Conversion / Gas Turbine Blade Cooling

Stator 1 Rotor
Turbulence
Promotors
IMPINGEMENT TUBES Film freceee SHaped itetal Pessages
Cooling 44
(e
Trailing Edge
B! { Ejection
N Convection
NNy Coolin
Impingement f.'_'f"."'::l g
Cooling i 'éi - B~ Promotors
mpingemen NNYe o 4
- N § H— Pin Fins
Cooling N ém
PLATFORM FILMJCOOLING HOLES . Caoling air | , ’ %
FI | m e Cooling Air %
Cooling




Manufacturing / Ultra-Short Pulse Laser Material Processing

ns Machining Process

4.2 Jlcm? @ 3.3 ns

LONG PULSE
‘/LASER BEAM
EJECTED MOLTEH

MATERIL DAMAGE CAUSED TO

SURFACE DEBRIS ADJIACEHT STRUCTURE:
RECAST LAYER SURFACE RIPPLES DUE
TO SHOCK WAVE
Hsg i eyl © Q? |

]
0

SHOCK WAVE

Steel foll

100um in
thickness

fs Machining Process

0.5J/cm? @ 200 fs

- -‘\
P ULTRAFAST
= .'.*—" LASER PULSES

No RECAST

LAYER - .
: MO DAMAGE CAUSED TO
EE ADJACEHT STRUCTURES
No SURFACE 7 :
PLASHA - '
PLUME 5 i
"

| MO HEAT TRAMSFER TO
LT SURROUHDING MATERIAL

No MICROCRACKS

HoT, DENSE
IOWELECTRON SOUP
MO SHOCK WAVE (LE. PLASHA)



Manufacturing / Nano-Machining

Atomic Force Microscope + Near Field Optics
(Grigoroporos, UC Berkeley)

ZMJMMM
il

\ \ ! ! ! ! R
0 02 04 06 08 1 12 UM 74

Nanodots Nanogrids

Nanocurves Nano-lithography/machining



Bio-System

Cryo-Preservation

- Adiabatic demagnetization
technique

Paramagnetic salt
T=10°"K

Laser Surgery

cholesterol

laser

Blood vessel




Electrical & Electronics / Thermal Management

10%
Surface @
103 VLSI of Sun
<<g uProcessorA Q7 Rocket Nozzle
00's s
S 10— - (I ():h' ) M;*n‘gggﬂen? Nuclear Blast
Ipolar Chips| -@: -
= o | (mid"o0s) (1 Mt, L mile)
_ Earth it E
é e Gl ™ arth Orbit Entry
LL 100 (mid ‘80s) '
§ N O “100W Light Bulb
I ]
104 | o Solar Heating
102 O Body Heat
|
100 1000 10000
Temperature (K)
4 ™

= local heat flux of 200-300 W/cm?, today
= equivalent to that of 1 Mt nuclear blast at 1 mile from ground zero

= only one order of magnitude less than the sun

\_ )




Electrical & Electronics / Cooling Techniques

Direct Immersion
Refrigeration
Cooling

. Thermoelectric
: Coolers (TEC)




Electrical & Electronics / Micro Cooler

EXpIOded Cover
View <— ’//
- Condenser
Insulation
Compressor

with Expansion
Valve

Insulation

Evaporator

CPU Packe Refrigerant



Ar ion laser beam and local

/ Nanoparticle Control Principle

thermophoretic sampling on TEM grid

CW, 002 laser beam

MFC >

(M. Choi, SNU)

(al) P=0W, 13mm

presursor+No,¢1.8

presursor such as
TiCly,SiCly or others

MFC

Y

shield gas Nj,8-¢7

H,,0D 13.4,ID 10.5
MFC — <

0,,0D 19.3,D 15.8

T7air,OD 53,ID 25.4

MFC




Process / Nanofluids

(Argonne National Lab., USA)

® Size dependent
physical properties: color,

@ e conductivity
® Large surface area:

Biofluid 3 orders of magnitude
OTIuICS greater than microfluids

@ Surface structure: ~20%

o o of atoms near the surface

Problem:

rapid setting
agglomeration



Process / Thermal Conductivity of Nanofluids

N —— Ethylene glycol « AI203
0 - Ethde Al s P
= N =l -Ethylene glycol + CuD
M
v 14} .
Fa I’ =8~ - Ethylene ghycol « Cu {fresh)
§ 13} ; -~
= ,a o~
c I 1
E a .,p"',
- 1.1
i
E
b
£
- 1.1
"| '] I L L 1 I AL 0L 1l I Ll AL 1

| I | 1 1 1 [ [ I [ [ [
0 0.01 0.02 0.03 (.04 0.05 (.06
Volume fraction



Process / PDP Thermal Process

1

Process
b Propagation

y 1CC)

350

1501 /7 °C/min

30

-5 °C/min

-2.2 °C/min

> time




Process / Rapid Thermal Processing (RTP) System

lamps

center
©00000c0e 000poocoe

: wafer grid & sensor point
Edge ring Pyrometer wafer



Sensors & Actuators / Micro Thermal Flow Sensor

Throttle valve

m II-II' i ( Intake manifold

“‘-—-\""‘ﬂfj

# e
Hot film Py z Idle speed
air flow meter ‘ X actuator — =
intake air
temperature | |
sensor _ é
I\/I A mull position ,—E:'-E}- @
Sensor '- " oy

Low emission, High performance
Electronic gasoline injection control

Need precise A/F ratio control
Better Air flow sensor



Sensors & Actuators / Micro Thermal Flow Sensor

AT at temp. sensors

. -'7.”TH-

i ) d =(mc,AT

Mass flow rate

Characteristics
- Independent to inlet pressure, temperature variations
- Sensitive, precise, low power consuming...

Considerations

- Conduction, convection heat transfer between substrate and fluid
- Sensor / heater array shape and material

- Transient heating



Sensors & Actuators / Tunable AC Thermal Anemometry

flow ®» sensor ro
tang = i

heat generatlon

- hase lag
N /ﬂ P

\/\ \/ \/ time

temperature

Phase lag | —YHeattransfer =y gjq,y
coefficient speed




Sensors & Actuators / Scanning Thermal Microscope

Pt Line Covered
Si0, tip  SiN, cantilever Sl with LTO\‘

Laser Reflector

Si0; 1 /

«. SiN Cantilever

100AM



Sensors & Actuators / Scanning Thermal Microscope

Sub-surface Thermal Image — Overhang

80 nano DRAM
verhang

s %

Zg/




/ Scanning Thermal Microscope

Sub-surface Thermal Image — Result

Topography 2o signal



Sensors & Actuators / Thermal Ink Jet

e Facts about Ink Jet
— heating rate >108 K/s
— heat flux > 5x108% W/m?

Bubble Nucleation Bubble Growth

Bubble Collapse Refill
i&F n o e s
Homogeneous

Nucleation
Explosive
Evaporation

Drop Formation

Drop Breakoff O
Refill Begins

Satellite Formation
Meniscus Settles



Real Estate to Patent
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Paradigm Shift




