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Nomenclature

C, ¢ : Concentration

D : Diffusion coefficient

E : Electric field

h : Height

f : Frequency

J : Flux

K : Pressure loss coefficient
k : Gradient of stress

L : Length

l : Diffusion length, elongation
P : Pressure

S : Strain

S : Compliance tensor

T : Stress tensor

t : Time

U, v : Velocity

\%4 : Voltage

X : Amplitude

Greek symbols

vy : Young's modules
€ : Poisson rate
v : Diffuser element efficiency ratio

: Divergence angle

p : Density
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v : Kinematic viscosity

& : Pressure loss coefficient in the throat
o : Stress

¢ : Phase different

Subscripts

b : Bending layer

e : Entrance

1 : Neutral surface

o : Stagnation

P : Plate

pzt : PZT(lead zirconate titanate)
t : Outlet

x : x(horizontal) direction

Y . y(tangential) direction
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Summary

Microfluidic system has been taken a growing interest due to the development of
MEMS technology and the increasing use of micro-systems. Fluid dynamics
phenomena in the micro-systems are quite different from those in the macro-systems.
Recently, the flow fields in the microfluidic systems such as micro-pump,

micro-channel and micro-mixer have been many researchers interest.

In the present study, it is an analysis on the flow fields in the micro-mixer and
micro-pump to design the micro total analysis system(u-TAS). Based on the
analytical and numerical solution for the flow and concentration fields, one-, two-
and three-dimensional flow channels are suggested. In one-dimensional(1-D) mixing
channel, the flow is laminar and the concentration field is governed by diffusion. So,
the pulsating flow is considered to increase the contact area and the pulsating
frequency is pursued based on the numerical simulation results. In two-dimensional
(2-D) mixing channel, the flow direction change periodically and then the mixing
effect increase by the flow distortion and the race-track effect. To increase the
mixing effect further, three-dimensional (3-D) mixing channel is analyzed. In 3D
mixing channel, mixing effect is worse than the 2D mixing channel in the case of
slow fluid velocity. However 3-D channel structure gives better mixing effect than

1-D or 2-D when the velocity exceeds a certain value.

And, the valveless micro-pump composed of PZT actuator and diffuser/nozzle flow
channel is designed based on the numerical calculation by considering fluid-structural
interaction. The characteristics of PZT actuation and the flow fields driven by the
PZT actuation are analyzed by the CFD-ACE commercial code. The deformation of
PZT actuator is in proportion to the voltage and the frequency of applied alternating

current, and maximum deformation is appeared at the center of PZT actuator.
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Diffuser/nozzle element of which extension angle is 10° is considered and the flow
patterns for different inlet/outlet pressures are investigated. Pumping flux is mainly
dependant on applied voltage and slightly influenced by current frequency. The phase
difference between applied voltage and flow flux during the suction and exhausting
process exist and the applied current condition is restricted by the geometry of the

pump chamber.
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Table 1.1 The list of recently developed micro pumps.

Author Pump Actuation Frequency | Pump rate | Pressure Size
(year) mechanism mechanism [Hz] [pl/min] [kPal [mm]
Ahn ]
Jet— rotary |electro static 83 24 - 2%2%0.16
(1995)[6]
Smits
Peristaltic |piezoelectric, 15 100 6 -
(1990)[71]
van Lintel et al |[Reciprocating, | piezoelectric
i 3 8 10 D 50%2
(1998)[8] check-valves disc type
van de Pol et al. thermo—
// 1 34 5 13%45%2
(1990)[9] pneumatic
Shoji ) ;
// piezoelectric 40 40 15 20%20%1
(1990)[10]
Zengerle et al. )
// electrostatic 25 70 2.5 7752
(1992)[11]
Lammerink et al. thermo—
// , 5 60 4 13#45%2
(1993)[121] pneumat ic
Stemme et al. valve-less |piezoelectric,
) ) 300 3000 25 19%5
(1993)[13] diffuser disc type
Gerlach et al. valve-less |piezoelectric,
) 8000 480 3.3
(1995)[14] nozzle disc type
Olsson et al. valve-less |piezoelectric,
. . 1300 225 17 15+18+1
(1995)[15] diffuser disc type
Zengerle et al. |Reciprocating, ]
electrostatic 0-1000 350 31 TxT%2
(1995)[16] check -valves
Zengerle et al. |Reciprocating, 7.3%7.3
) piezoelectric 60 1600 17
(1996)[17] active valve 5.3%5.3
Reciprocating, | )
Olsson et al. piezoelectric,
valve-less ) 3000-4000 2300 74 15%17*1
(1996)[18] ) disc type
diffuser
Kamper et al. Reciprocating, |piezoelectric,
) 50-70 400 210 12%12%3.5
(1998)[19] check-valves disc type
Linnemann et al. |[Reciprocating, |piezoelectric, 7x7%1.1,
) 220 1400 1000
(1998)[20] check-valves disc type 15%7
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Figure 2-1. Mesh structures used in present study.
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(a)Velocity distribution
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2-3. Concentration profiles for the various flow rate ratios.



2 09
15 08
1 ‘07
05 06
0 -05
05+ =04
At 03
A5r 02
2r 0.1
25 2 E 0 1 2 3 4 5 4

25- 1
2t 09
15 08
1t o7
05F Rl
or Mos
05+ S o
Aar 03
A5¢ 02
2t 0.1
25 2 E 0 1 2 3 4 5 d

Figure 2-4. Calculation results

for

_13_

25-
2t 09
15 08
s o7
05+ - 06
or - = 05
05+ F o
Al 03
A5¢ 02
2r 0.1
=55 2 a 0 1 2 3 4 5
25-
2} 09
18 08
1t o7
05F T 08
or - 05
05+ F o
Al 03
A5¢ 02
2r 0.1
4 2 E 0 1 2 3 4 5

(b) f=3Hz

(d) f=10Hz

the pulsatile flow system at t=bs.



2.3 Hairpin +=0|AM2e| =&t ol 4

2.3.1 Hairpin O|AN| &2

A fFrAAME EF m2deE UV A s W e EAAACK

& olEs Aol vk, WA F2E 22y FHE PSS o oW &

w AT
e WHe] fEUF] MaRES FHNAL. F KU ATA7T o)

;
ki
Jhu

=y
oz

ﬁ

At} s 23] K2 FF+ Fig. 2-59 AAEG Y. f2 dde
= 25mn/so) ™ fFE maro Aol HELS

o
S
£
=
X
Do
S
S
=
=
ro
O_u
>
_oad
N
ofl
o,
=
Ho
2
Lo
4B
=

ol xe] figol slgulo] ate] ol Bl EASL Uee & F vk,

olg]dt &3 §¥o] Zu+ "racetrack effect", = 4 Eo I R

_14_



_15_



T 27

4 {13 25

Figure 2-5. Geometry of hairpin structure channel.

Figure 2-6. Calculated concentration field.
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Figure 2-7. Cross—sectional view of concentration field at the various

positions.
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‘Water Fluid A &D 05mm

Figure 2-8. Schematic diagrams and mesh structures for simple straight

channel (1D).
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(a) v=1m/s

(b) v=>5mm/s

(¢) v=10mn/s

Figure 2-9. Calculation results of various velocities for the straight

channel .
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(b) Mesh structures

Figure 2-10. Schematic model and mesh structures for the bended

channel(2D).
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Figure 2-11. Distortion of the initial vertical line during flow through

the bended channel(2D).
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(a) v=1mn/s

(b) v=>5mm/s

(¢c) v=10mm/s

Figure 2-12. Calculation results of various velocities for the bended

channel (2D).
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6 [ 8 9 10

(a) v=1mm/s

Figure 2-13. Concentration distribution for cross section of the bended

channel (2D).
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(b) v=>5mm/s

Figure 2-13. (continued)
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(¢) v=10mm/s

Figure 2-13. (continued)
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(d) v=>50mm/s

Figure 2-13. (continued)
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100 R300

Figure 2-14. Schematic diagrams for the 3-D channel.
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Figure 2-15. Distortion of the initial vertical line during flow through

the 3-D micro channel.
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(a) v=1mn/s

Figure 2-16. Contour of concentration for cross section of 3D micro

channel .
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8 10 L=2.3mm
(b) v=>5mn/sv=>5m/s

Figure 2-16. (continued)
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(¢) v=10mn/s

Figure 2-16. (continued)
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(d) v=>50mm/s

Figure 2-16. (continued)
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(¢) v=10mm/s

Figure 2-17. Contour of concentration for various conditions. The left are
for the entrance of 2D bending and the right are for the exit of 3D

bending.
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2 - 2477 AN
4 47‘7 .
6 6
8 8

(a) v=10mn/s
Figure 2-18. The effect of number of bending on the mixing. The left are
for the entrance of 2D bending and the right are for the exit of 3D

bending.
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(b) v=>5mm/s

Figure 2-18. (continued)

_89_




10 18
(¢) v=10mm/s

Figure 2-18. (continued)
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Si

Figure 3-1. Actuator by the pneumatic.

E Heater
/ ‘ Si

Figure 3-2. Actuator the thermopneumatic.
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Piezoelectrics

/

Si

Figure 3-3. Actuator by the piezoelectric effect.

Electrodes _ yE
' 2
| (s
Vs,
Si

Figure 3-4. Actuator by the electrostatic.
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Figure 3-5. Actuator by the bimetallic.
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Figure 3-6. Actuator by the shape-memory effect.
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Figure 3-7. Micro pump with cantilever valves.

piezoelectric disc
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Diffuser/nozzle
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Figure 3-8. Valveless micro pump with dynamic diffuser/nozzle valves.
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Piezoelectric disc (83: 16 mm)

Pump diaphragm B -S L' @

4 W 1]

R iy F AT~ T b A

Inlet

Diffuser/nozzle Pump Chamber
element housing (9 19 mm)

Figure 3-9. Valveless micro pump with the brass valves.



Oscillating diaphragm with
piezo-bimorph actuation

Pump chamber

~ <100>-Silicon wafers

Dynamie passive valves at inlet and outlet

Figure 3-10. Valveless micro pump with the dynamic passive valves.
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Table 3.1 The

geometry of micro pump

actuator.

Diameter (xm)

Thickness(m)

PZT actuator

2400

40

Bond layer

2400

10

Passive plate

3000

60
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Table 3.2 Analytic condition of micro pump actuator.

Voltage(Volt) Frequency(Hz)
1 50 100
2 50 200
3 50 400
4 100 100
5 100 200
6 100 400
7 200 100
8 200 200
9 200 400
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Table 3.3 Properties of the PZT actuator elements.

Property Tensor (in order of x, vy, z, xy, yz and xz)
0 0 —5.4]
Piezoelectricity 0 0 —54
o 0 0 158
9 0 0 O
[Cn™] 0 12.3 0
112.3 0 0
L [8.107 0 0
PZT Perml[;“f]ty €110 8107 0 |x107°
actuator m 0 0 7.346
[16.4 —5.75 —845 0 0 0 |
0 164 —845 0 0 O
Compliance S 0" o 0% O —12
[m2N—1] a3 0 o |1
symmetric 475 0
47.5]
Young's modulus 5.17
Bonding el[GPa]
layer
Poisson ratio 7y 0.3
Young's modulus 62.75
Passive €[GPa]
plate
Poisson ratio 7y 0.2
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(a) Random orientation of polar domains prior to polarization

i int
1111
LA

(-)

+)

(b) Polarization in DC electric field

Figure 3-11. Polarizing a piezoelectric ceramic.
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(+)

(a) The same a polarity

(-)

(b) The opposite a polarity

Figure 3-12. Motion of piezoelectric element for a poling voltage.

_62_



=0

Poling
axis

I+Al U

4
Y

Figure 3-13. The deformation of a piezoelectric medium applied an

electrical voltage.
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Passive

Plate PZT

Bonding
Layer

Figure 3-14. Schematic of a piezoelectric layer micro pump actuator.
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Bonding Layer E /

Stress Neutral Surfacc

Strain Plate

Figure 3-15. Strain and stress distributions in the actuator.
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Pasive plate  Bonding layer PZT actuator

Figure 3-16. The model of micro pump actuator.
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Figure 3-18. Deflection contours of PZT actuator for V=200volt and
F=200Hz .

_68_



1.76E-6

175E-6 — *

Max. deformation[m]

\ \ \ |
0 100 200 300 400 500

Frequency[Hz]

Figure 3-19. Maximum deformation of PZT actuator for the frequency

for V=200volt.
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Figure 3-20. Maximum deformation of PZT actuator for the voltages

for F=200Hz.
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C =1-(AR)? (3-12)

P, fricrionless

7|4 P,= = (stagnation pressure)©|th

AA frEol A vhEg arelsiAl W HaFA 24eA o] whEel] o3k &
Aol TASHA dvt. mpE EH] ig Hk= e EAAF(pressure loss
coefficient) K & ¢49€3|E A= Yepd + i K= G #ASHY o

3} el bl 4 it

K=1-(AR) *=C; (3-13)

AP=K- %pr (3-14)
T3 OFA/eE 249 E(throat)ol e el £48 Yehyd

A,
) K-AR™! (3-15)

714 & YA HolA e ot EAAGIt. A (3-14)9F (3-15)el 93] o
A a3 AS(diffuser element efficiency ratio) n<

= 3-16
U] 5 ( )
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/nozzle pump
2000 2000 10 45 500 50%200
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Throat [

(a) Cone type

-
3]

(b) Plate type

Figure 3-21. General structure of diffuser/nozzle elements.
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> -
Diffuser flow Nozzle flow

Figure 3-22. Schematic of diffuser/nozzle element.

Areal=2000width)+50(depth) Area 2 = 1000wicth)«50(depth)

Figure 3-23. Geometry of diffuser/nozzle elements.
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(a) Diffuser flow

(b) Nozzle flow

Figure 3-24. Velocity profile of diffuser/nozzle elements for

AP=10000Pa.
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(a) Nozzle flow

(b) Nozzle flow

Figure 3-25. Velocity profile of diffuser/nozzle elements for

AP=30000Pa
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Figure 3-26. Velocity for flow direction at diffuser/nozzle elements

for various different pressure.
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(b) Pump mode

Figure 3-27. The principle of valveless micro pump.
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Figure 3-28. Model of valveless micro pump.
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Figure 3-29. Schematic of valveless micro pump.
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Figure 3-31. (continued)
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(14) 15/16T
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(16) 11/16T

(15) 16/16T

Figure 3-31. (continued)
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for a V=100Volt and F=200Hz.
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Figure 3-33. Flow rate in pumping process

for V=100volt and F=200Hz
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Figure 3-34. Flow rate of micro pump for V=100volt and F=200Hz.
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Figure 3-35. Flow patterns in diffuser/nozzle elements

for V=200volt and F=200Hz.
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Figure 3-36. Diffuser/nozzle effect for V=200volt.
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