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SUMMARY

I. Title
High-performance thermal system by using a resonant heat and mass

transfer enhancement technology.

II. Objective and Significance

Efficient thermal control of high-powered electronic system has been
extensively studied for decades because the power densities in the
state~of-the-art electronic devices have become extensively high. Unless the
heat generated within such devices can be removed properly, the performance of
sophisticated electronic devices seriously deteriorates. Thus the demand for
proper and effective heat removal system for high performance electronic devices
is increasing in these days.

The objective of the present project is to develop a new cooling
technology by flow resonance. The new cooling method utilizes acoustic
excitation, tuned with a specific frequency and amplitude of the thermal system,
and the excitation causes resonance phenomenon in thermal flow and
consequently enhances thermal transport inside an electronic device.

The new technology can be applied to a system without changing of
hardware and structure of electronic devices such as industrial heat exchangers,

electronic devices and so forth.

III. Results

Numerical and experimental studies have been performed to investigate
the convective heat transfer enhancement by acoustic excitation. The numerical
result conducted in a channel with pulsating flow clearly demonstrates the
existence of the resonant heat transfer enhancement from the surface of a block

at a specific oscillation frequency.



To investigate the resonant characteristics according to the shape of
flow passage, the experiment for a triangular grooved channel has been
conducted. The experimental results indicate that flow resonance and heat
transfer enhancement occur with the pulsating flow at a specific frequency, and
the nondimensional frequency expressed by Strouhal number is found to
decrease as the Reynolds number increases.

The experiment for a conventional plate heat exchanger has been
performed to confirm the resonant heat transfer phenomena and apply the
concept to industrial products. The result obtained disclosed that heat transfer
could be enhanced in plate heat exchanger by the oscillatory flow tuned with a
specific frequency as the result found in the grooved channel experiment.

The experimental study has been conducted to elucidate the resonance of
natural convection in a side-heated square enclosure having a mechanically
oscillation bottom wall. Under consideration is the impact of the imposed
oscillating frequency, amplitude and the system Reyleigh number on the
fluctuation of air temperatures. The experimental results show that the
magnitude of the fluctuation of air temperature is substantially augmented at a
specific frequency of the oscillating bottom wall. The resonant frequency is
increased with the increase of the Reyleigh number and it is little affected by
the amplitude of the oscillating wall. It is also found that the resonant frequency
is relevant to the Brunt-Vaisala frequency which represents the stratification
degree of the system.

In addition, the optimal design of vibrator has been developed to impose
oscillatory flow effectively into the thermal system. The vibrator system
consists of a light-weight moving plate with actuator of moving coil type and
controller of broad band vibration characteristics by feed-back control system.
The performance of the acoustic vibrator provides additional concepts of optimal

design for the vibrator system.
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Fig. 1.4 Flow and thermal fields for laminar steady flow.
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Fig. 15 flow and thermal fields for flow resonance.
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2.1 A

Jrste] 7hEste CPUESAFA) S vire X ol A ndss, i
A5 Hojzka Qv WEA 4224 A ste U 2NN B s L
o2 Agstuz ste LAFIE AN dFFHold & £ UARL, I AupE
AAE-FY Aot dEL AMEE EAFSR Fz4Ez gd. 14 CPUAES
CPU AAle]l #d 3 F9 7]7] FollA e 2d £AZ A3 448 £A& A3
3 glen, F&3] FIEIF o] FAAA = ) AFEHIL AAHUE 4
e ALES BHolZy Heol A AstEe o EAFel st v
A olldk EAA A dFoEZHN YT KL FUIHLE RIS
A AA FolAe A" EAE szt ot
Hsle] WE FEA R e FJPALL I AP AFAE 9
o] AFE o)X Yl Rhee®} Sung(2000), Chun® Sung(1996)& W& <99
A AG FE AN FU1He FUH EAE AR Aed 99
T4 S7F 29a o B3 T 44 AN d9E
Atk #e 279 A Rhee®t Sung(2000)2 3-AHE & w3 X3 F5 714
StE Foto] dAg FX 4 oA @4 o B4 dJAE FAHN A Y
o7 A3 Kiya et. al.(1993)2 &7 EA9 F 28 H AFH FFolA
2ol el fFEd ade] oF wy f% WIE Ad¥¥or AT
t}. Ghaddar et. al.(1986), Greiner et. al.(1991), Amon et. al.(1991), Azar et.
al.(1992) 1831 Suzuki et. al.(1994)]] &3] AT WA X gk a+2 <l
st H2 #§5 WX(flow modulation) & F8 EFHA EAAE AT 7IHE
ATEel Aa Atk o] 7IHELS AdHez A ANHRJNG A mdd <
3 BAUE FF BdAALH #HEe Ao o] VIWEY By WAL AGF
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o ] WAdleE H4HEE HokA A (hydrodynamic instability)e] Ad WEe 712
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Kim et. al.(1998)& 4 5o F71H ez /I3 Ade A%
wAA EAs = dde dAE MUY aEL Fi W
Aol WMEE At 54 Fgor dxide] FHE AL A

® R FES KBPF LEgo] MR A4S EAse 442

CPUY| ZHAo2 1
A B 2, e delNE mee

=

o] WAFTIH 1 BEOZ st HA|l AlAEE AR

FAHZE AAE7] &gl Fa4 2ol

LAY B AFA wFaa st F52 ol Aed dde] TAstrR o

nrel g3 AFEH 4ol Bas
E A

A AJEL AR FARDOG BA E(WE
ool we b FEF HAIY a6l WE dWY S4& Avagen g

el ek = AT M= ol

$% M ER AR 1 28e Fu gk 2

A AEY) Qo YAFA 4T FES FNHoR Frstel

S AR E R

g A AR TS AAEI] AT Fig 219 ¢

Lde tdle] Fx]3)4]s T3
U, =T, (I+Asiory
T Recirenlation
¢ Rk 1C o

Fig. 2.1 Schematic diagram of computational domain.
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2.2 A g7 A

i3]
el
N
L

vISHE A A OF SOl e Ay

SU;
—;—0 2.1)
5 g WA,
6U SU; _ op, 1 &U;

+U’ 6x, B éxl-+ Re dx;ox; 22)
eEg ALY YR

ST 1 5

st T Ui éx] RePr “ox,5x, 23)
oty ¢ 2AelH Red #oluxd(Re)E YERIY, Pr& Z#HE & ( Prsv/a)E

YeRd o7l Uom,v,e & ZbZE el A H, 9o Bd HE, QMY =
°of, A, d}AFE e MHoM 9 Lo tiF FAZHL no-slip
270 R2A,

Uiy =0
WD) =0 @4
o FOAT of7jolA Us SEUT SEARY Ve FEBF] £4% 4%

Aot #F 7Hxlo] ZheiA e YT olA =
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(2.5)

UCY, H)=UY)(1+ A, sin(w))

V(t)=0
9} zro] FolZ Y}, o7]oA Uor Hi &% BEYXR ¥ EA o &5 By &
U(Y)=1.5Y(H— Y)/(0.5H), (2.6)
9} o] Fozlt}
LA YT AA AL
T(t)=0 2.7
o} Zo] AAZ 2E=ZX FojXx, EAHEL A3 HHoAs dAdo] v}
A e ©E E27
oT _
o} #ro] FolRt}, o] w] ne YW 2 Higko]r}
EAWES EA EHAAME
T(t)=1 (2.9
I Zol dAF L% AR FolAT)
ETqAM e HAZALS JEE ALY BE WG] tiste] diF AA =4
(convective boundary condition) 2.2 o] %t}
00 00 _
St + U, 5% 0 (2.10)
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Fig. 2.3 Time-~dependent distributions of temperature at REe=500 and
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Fig. 2.4 Effect of Strouhal number on heat transfer
enhancement factor at

Fe=500 Re=500
Leftwall Top wall
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(a) left wall; (b) top wall; (¢) right wall; (d) all walls.
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Fig. 3.1 Modeling of a plate heat exchanger.
(a) Plate heat exchanger(CBE).
(b) Channel geometry of the plate heat exchanger.

(c) Modeled channel geometry of the plate heat exchanger.
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Ao & unHsden, 2AUARENE 1] fste] Ade £& 7
Greiner(1991)¢] A7+ W=125HE.t} 34 £ AF)H e W=139HZ H=13.5 mm
W=1875 mmo.2 AAs} F3F W= Greinerst Chen(1990)9] d+& &
sto] wiA| A A #Holmz4(Re)el 0.59 (Nishimura(2000)5 )l 4 3¢
A AEE 9T F JEE AP, 2789 AFLE HPFAY Hol&
m#ate] 30702 AAsHTE Greiner®t Chen(1990)2] -0l 93l 30M A9 =
F-Ho] A 9] self-sustained oscillation®] dojuti= UA @ olE=2F Re=5000| R o=
2, 48 doluw= WE 250 < Re <1500 2 4443}t

aFE AL, Fol(a)9 AAlE Greiner$t Chen(1990)9] |-t9be] E 39
dddze wlawstr] fste] FAREE 4w L/H=139, L/a=2022 A3,
H=135 mm, L=18 mm, a=9 mm& A7t 7] 1/a=2.02 EAbel] AE-d &
FE g o Fguet sttt

B

i
R

WE5FEe FIHFHYE  Stu(self-sustained oscillation Strouhal number,
Ghaddar(1986)5 ¢ 313lA A3} o]8)9} Greiner(191)%5 9 AT& #Hildlo] o=
8t ™. Greiner$t Chen(1990)9] Aol ojsted zrg4 158 A€ Re=7700]
A FE57MA 188 %3] Tollmien-Schlichting ¢l o] ¥ Zo](wavelength)7} 2¥j 9] =2
FH DAL)AL Budon, Greiner(1991)e] Aol AHelw 2(3.2.3)¢
FA folB 8 A4ee] Ghaddar(1986)%5-2 2184 A3 Fig. 3.2& ©] 8349
Sta=0.232% o Fatx, F¢ HAE HANWEA T HEAA dFE S 15wz A
A F AEE 0< fF < 2.62Hz 22 AAATE 9714 St,=0.232 ojt}.

a=2xh/A , (h=H/2) (32.1)

9o mE ARe dAPR] $%3 PPz §% & Fis HYE 19
st AAFoyor AAHAUY. £ AW AhE =

f13te] Greiner®t Chen(1990)% 9] 7-o) 7] %3}l (Nu=13, 47T=10"
o] WAL 01432 m®, k= 0602 W/mKS 7o) thste] 400We] o
JEZ 7td7E AAFAT

o
mlo
ok
el
e
+
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Fig. 3.2 A plot of the Strouhal number versus the dimensionless

wavenumber. (Ghaddar et al.(1986) Figure 17.)

322 A7gd asy Ad 498
3.2.2.1 A

ARG oFn Ade ARANEE Ed

Jb

Z 7 (uniform velocity condition)
7 AA dfi< ZZ(constant heat flux condition)o.2 AL FIT F AL E

PHol TR AAWRE EUsel BY FERAL FASD, AAYY 1FR
il

Fig. 3.3% A gAHEY YEFHE] MEgxolnh, AHAH YFHEL FTF
o] AAWHE E9ste]  FAE(diffuser), A A F(settling chamber), TZFH
5}

(contraction)E M X &le] #¢ £% ZAS FAIACE AA FAR FALZ
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AHEE AR gholoje] A Fo] 0.14 mmo]il 50M# (mesh) & AHE-3k4lth. o= 2

B =00- 95 4) >0.57 RBdZTSBO (3.2.2)
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FEvE 49309 A7E

A FAY SEREE AL 5 900, AR FUY F5 FAEE REo)
MEAgEe AEAAE, BHol He AARAARE FFFEL FAHAA FTH
A UREE FAAYE GBS Yk BG £ERY FAZ A AR §5S

=
Ao Z Fo] B AXRE FEHFA B JFREE =AY 9
o] 3709 T-type &7 hE (thermocouple)s AAdRom AHA R F¢l
K gtdels QER5ol 93 dAdd A WU ES EAE] 93 fE7

>
@

TANAZ ¢ e FAIH E(syringe pump)et 43 A FEV1E AAeoH,
NEFHRE 27 0xUYE HE F AT vHe ALRE AR
aFH Y 5 ¥Ye sdEtE #Asy] fste] A[FEAIEe] 9HE wgol
M= AR Asidd. B3 25E e BERTY T HSE A
gt hot-film probe& A} 3H%1 .

A & A R (test section)= 318 AAE Z2FR Aol ulat AA - A=}s}
Atk AEAEFY dEE FE57HAEE fstel W] fle 15 mm AgfrEE
AbgEtlom, ot - I A TS HAasler] 98t dAEE] e AAE=E,
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W2 65 mm WA E, oS 25 mm o}fZHE ALY A RS 2
Ag T 9ste] 7FE7I(heater)= 0.2 mme FHIAHYA Fo] 2 AFARE
THY BYIHE(gold film) AHE-sFler], 7hd7] = 2UA TF B 29UA 1L
FEZAA 150 mmE ARG HA AEE 34 oo, setolrge ¢
Adto] s A HA NAdHFE AT F ARE AAUY. =3 AHF
& EAst7] fste] sgolgzo HAYAE AAs HdYgFe E¢& dAdla=
%2389 Yokogawa Datalogger (DR 230)& Ap&3le] 7] E38}9c).

Fig 342 AA wWagolE aFHd HAXg 714971E& Jebd 29olvh. Fig
34 (@€ 7HE718 AERAQ B4 AFHA HEFE 4] Qe 2FEE HF
& 01 mm &FvE RS veid ade2M AR Jldrle EFvE W A
25 7 WlAgo|E OF B A& AMRSte] HEsiHh G4 E JtEr] 2 2

ig 34 (K% Zow, AN AP JEE veia dn. 7ted
at7] flate] Zhzbel aFH o] IHEF T-type EXNE HA
T AEF .
E7FE APAEFE A ZERAA & AL 222 £3A7)7] s
=] B %S HolFye HAoX APAHEF
AL VAA FES KS 7419828 FH3ste] AttE 160 mmE
83 AA 200 mmE AAGALH, ZAEFAA £ ETEE SA87] A
of T-type GANE HA AT A7AH d5-54 &%= A 835 9
gto] Fw otz ™ AF-S AHEste] Az

Fig 35w #lolx AAska Azgh 4, AFAER, 7571 443 =9
wlo] Ago] A=A AFFA AAEEFE HEbR ARdeltt
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T————— 480 mm 550 mm 215 mm
1l

Hﬂ" INEINNIVINIIIST NV IDET IVS IVSN IO
w—m—?
Test section

Diffuser Settling 1 conibaction Outlst
chamber
Hot~film probe
location
Healed reglon
Ink Infector R {150mm * 504mm)
(Syringe pump)
0 ’ -
1.
? |
oTeistetes!
o /Z 187.6m ‘ $533
=
\%
. o : / o 3
\ L
Wall thermocouple
Inlet water thermocouple locations Outlet water thermocouple
locations (3) locations (3)

Fig. 3.3 Schematic diagram of the grooved channel test section.
(Water enters from the left.)
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(a)

Fig. 3.4 Photos of the grooved channel gold film heater system.
(a) A aluminium grooved sheet.

(b) A assembly of gold film heater and bakelite groove.
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Fig. 35 A photo of the grooved test section.

3222 AA A9

Fig. 362 AA 272 APZAE 13 el 289024 HA A2HLS
SRTH ¥e7], ALdex, dHHE B5HZ ANFAHEE P HA ot ¥F
719 A2 250818 & %9 A23-22(cold reservoir)dl A AFAHEE E 3314
7tdd FHERAYd o £5E dASA FAANAFH, dALER FAE BE
APz} FHRHALYE o] &sto] 1008E &7 AR =
& MAstgr. YAHEZe} HEH 2 (djaphram pump)E A}&-3}
e &S 100818 &% AH2FL2dA AFAARRZ FHIEE o
NEFEL ddd2d dFEHZE BF A3

TEFS 2% 4028 §7F] A=ZE AHEsiH e, 9

2k Ruk (78] %o 2 120 spmstroke per minute)§l Tho]o}E )
# = (diaphram pump, ¥ MT DWB 61)Z A3},
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Velocity uniformity
making region

Tast sectlon

1}

»
’
d
s
4
’
4
@

/.

mp 1. Centrifugal pump — Steady flow
(Nonpulsatile flow)

PUMP 2 |

CoLD
RESERVOIR

Pump 2! Oisphram Pump .
——— pulsatile flow
Frequency conltrol: inverter control
Flow rate control: stroke length

(Fioly
7éte

Flow rate measurement
Flactric scale+ stop watch

Cooling Coll
: 3AT H&J/

Fig. 3.6 Schematic diagram of the experimental setup.

-
Ralrigeration cooling
system(3RT)
( Dlah‘, E
Centritugal
pump
1500 »l 900 800
®
Humination davice
} () : 8 i
........... -, ra -
YOKOGAWA i Centrifugal 'i cwrmmn w
Data logger % pump Dlaphram K pump 250,
P E—‘U pume Y |l Reservior
3 ]
Tost saction a = e} ®
1 B ] —
s ' 100Liter Haaarvlor'

Wdeo
monitor

' Video camera l

Elactrio soals Computer table

Fig. 3.7 Arrangement of the grooved channel experimental setup.
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FFagon, NPT TR WRE ¥ /) AAs] 43¢ 2AFAY. 4E
FEL NFYT(FTY FI)E AEHYLT, ABHEY FosE 4FHT

Rom, AXA &L HU SHFFo] 25 kgol, HrwFL 5 golt)h. FEFSARA

& 60 Z, 10 kg(&71%FA
24890 Addeel Sgsted Aol Az 158 ojdolow, A ¢
TEd ¥ 10 HFoE 7 E
A8ttt

NEANHENAN Fo HiF 257} 21CL05C7 HER AdHy B FFL
BE 435 7tE7E Bt IEEHe AEdEE egogAE X
AEAE MA8te] 71F8kct, £ AfelA A Ao wet 180 WellA
500 W7HA] Al A 5ol 53kt

578 AHL FAZIEEZE ARESte] EM e dAblue ink)E A 1.6
mm, W74 0.7 mm #& Fot] FF59 Brsre TUdA FHFIHeH, HHL
Fhet AARE o] g8te] KEE v|Este] BT Ade =W & 9] &
FEE AP G Xt W AFAHR 2 S FFAT.

WEF5e Fadr HAFS st MAAE hot-film probes E AR A

&% R A (calibration)st] W5 Fut4E H ST
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324 A¥ AT X

Ay daiE HoluR FRe), 2EZHE £(St), #EHE(7), T4 FNu), ¢
Ag FPH(E)T s 48 FisHon, golsz & 2EZHS 4 9FuLs
Z}7te) Age] 2AS EA B

kel Fakd £l Holusz £ A (323)% 2ol Fosch
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(32.3)

Y WE(p) 2 FHAAT(vIE B dET HALxdAA EMAE AHSD
Z

, ARFEE FA ANHAL BHEEES AEsto] Holez & AAtsd

B Fkso Fapd $ol 2ESE £ 4 (324)9 #o] Aostiih

Stzivfi (32.4)
Wy FugeE Wwgzel <uHe FAEE S ksl Ao,
hot-film probe& A}-&-3}o] FaE HAS3F3TH

W gake] uE wWASE WEHEe 4 (325)% el Fo skt

n= (3.2.5)
m
HEu) &S Bo| HgEAoln, &3 WEHINA HA FHS FEs] TF
s JFA s AP RA ] A3 AAGEFY WHESHFe] ALE3e AAEA
o,
dAad AEE Yguls 74 5 4 (32603 o] o5t
__hH __Q_ e
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(B26)NM A8 Fh FA FRU AA IFRET Sold v 1 ANAAY
Al b A ARy AAd o Be AnE sl qre 4end 2

e B4 W FA 52 495,
Nu;/ x (3.277)

BEsol o3 dxe FF A=E Hoer] A% ddE FdvE 4328

3 ol AAFEN BEFES] FA o) w2 Ao srh

Nu
E ——L—Nu =z (3.2.8)
33 A3 da d 1z
331 AX¥FE A
BPARRIE ZAD ALFY 2FE AL BBHEe] O A A

T e Wrietr] flste WA AAREA dAE 48 YA AT
5 3" A4S 53 & AN Fdsnx ste FEFRdA A4y aF
2 oy FEdEe dxd 5A4S sostaat v £ dET 259 v
d¥HY 255 A48 AT T4 ¥4 F(local Nusselt number)& ©]8-3lof

Bote] 24zt #ojEz FolM {89

lica
2o
st
i
o,
tlo
5=)
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Jo
offt
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e
o

Fig. 3.8 AAFEAEH 9 #Holis= 4 Re= 270, 370, 550, 730, 910414 4 A
PP ol Fig 38 (a)v ZZte] 2719 Fo| X3 Hu
Q.

o)
29 Bo EFHTEE(bulk mean temperature)E £33 AAH FA ¥4 S
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(local Nusselt number)& Vel 1g)Zoli, Fig 38 (b)E ZZre] 1F 29 4
kA 9] A4t g S8 Hd 74 S (local mean Nusselt number)& VERH 18]
Loty z}zbe] aFH QIR X B ETFAT LT APAHY JETAM F
A Bo] d&E 2E7F A¥Her Frrddar At AststdAn). Fig 38 (a)
oA T A £ 2WUA IFHA 2004 1FH7R BASYOoH, BEHO
22, 15-199A o5 2) ZAEA &2 dolge APAXAZgAe AFE Q)
ARl &dor glste] FHE vlolHolrh F ztzhe] aFH A F4 o
FAS Aol Bude] RAAE g FHE XA TR A5ty
AAG FAFIAt. & AFdE oldE & =537 flate 54 o
A FE Ao, F4 W A FE AA dusty] dAd el %
2o AL F Qugre A7 dAsed 8% A8EN AM-E & gt
Fig. 38 (b)olA stz FHAlE 2FB9 A= #AZe #Holazx oA

self-sustained oscillatione] Yoy 2F B9 QX E FAGIoH, HoluR

o

2
i)
o

7} AR5 self-sustained oscillation®. 2 Ho|H &= X7 do g FANS &
Atk self-sustained oscillation®] Yo|UA HW FFHEFAMRT ZFH QoA
o] fFAEF o] EEstA FHol €A Aol FAHE

0% HolHe fAv =4 B FAFY WIE £43o #dsden, F57

&

2, self-sustained oscillation

oscillation®] ¥oAUAFEE AU wWekr  Re=270, 370914 = 30704 1%
B A A A self-sustained oscillatione] dlA] e FHFFLE 4 F AT
FEAE A w4 P v o B435te Bekdl self-sustained oscillation
o8 Holghy aFH X Re=55001A 13WA 1FH, Re=730°14 8w
IFH, Re=910oA 4WA 2FHB k. Greinerst Chen(1990)¢] 4z d4 278
Ade AT A 30MA 1F R HolHE dojs2 7 Re=500% A3t £ 4
TolA  Re=370914 € FHAFTFHOIL, Re=b50914 13¥WA aF M)A
self-sustained oscillation©. & FHolsls= A= vlud 2 dXskgc}

Fig. 3.9% §57HA 88k AbR 0 2 4] self-sustained oscillation 0.2 FHo|& &= ¢
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%2 Tollmien-Schlichting ¢lolB7l @AsteE aF R HA=E  AAsAC
Tollmien-Schlichting #lo}®2.7} wAg oz Qlste] aFHoA self-sustained
oscillation®] Asto] =i FAF7E F7HEHA Erh Fig. 3.9 (a) Re=370¢14 = <
28] fAel WErt flo] 256WMA aF Rl EE #AY £ 91, Figs.
39 (b), (o), (A& Tollmien-Schlichting ¢lo|B7F LS AL, o] 2F L] 9
A& self-sustained oscillation®. 2 o= &= X2 w50

B dTtellA 3279 AYAA 2 AU AAA Y Greiner®} Chen(1990)9]
ATE Fa3te] Tollmien-Schlichting #lo]X2 &) dol& IF1B 3HZA Q] 282 oA
3t1, self-sustained oscillation®] ZE#-& ¢(St)E AAste AFHAE A
Ak A B G5 E 48 Esle] B 18 B o| A9 Tollmien—- Schlichting
glol® o] Ao} 1F R 7hAH FUI 1=18 mmYE ¢ =+ U Fig, 399 &
F7HAEE §8o] #EE Tollmien-Schlichting ¢le1B. ZHeol& nig 22 (Fig, 39
(b), (d)) self-sustained oscillation®] =EEM2 F(Stn)E 4](3.2.3)% Ghaddar(1986)
59 XA AHE o] §ste] ALsA St,=0549 AT ¥ AIAYE W FF
Helol et Astr) Wi 12 dolux & MAE A d¥PHezs
& Ao TAskA ekt

dolzz o m& 3078 Z2FE AAY F7 rdse] WEE Fig. 3109 &
Altion, dolsx 7t FEFE 44" 45 FdEE & 5 Aok FFHF

LA self-sustained oscillation® &, ¥ Y HFEO0Z Holgte gy dAAY A%
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m Re=370 & Re=730
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(a) Local Nusselt number

5 Transition position
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(b) Local mean Nusselt number

Fig. 3.8 Plots of the heat transfer measurement for the steady flow
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(b) Re=550(11th ~14th groove)

(d) Re=910(3th ~6th groove)

Fig. 3.9 Flow visualization for the steady flow
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Fig. 3.10 A plot of the local mean Nusselt number as a function of Reynolds

number for the steady flow.
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A9 ALFEAYNN FAF FFEANA AEH&(7)F Table
31614 Eolshe wheh go] WMEATMA ABS FASAT. RO EAE
dolsx foh WFugo] B ATFNM FAHYY AU oItk 2z AP
L oddg gt At 9 22SE £ AT dstel #AEREY FR5E
MEATEA 2P FAsEon, BEu Lo 0 APE ALHF 1YL Uw
Wtk BYARBY) SN ABNES A7) fste] Lon e WEHE
o4 H¥e FABAo, Re=270 PlWe] FFE ¥ PFA NPz 4
o Fus B gawslel AGoR Aste] PPN A HUL, Re=9100]

go GRolAE GAT A% BRI HopdA APeAd THPOR A3

Table 3.1 The experiment cases of the grooved channel for the pulsatile flow.

7 0 0125 0.25 0.5 0.75
Re
270 O O
370 O O © @)
550 O O @) @
730 O O O O
910 ®) @)
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3322 W¥E Fa¢ HF

ohdo A AAT APHANA WEHEE /HEy] XD P AYE 5]
of g AEPE(Goloj=y Fxm)e gk WFKEFE hot-film probeE A}4-31o]
AE3th. Hot-film probety: &-& AAMExR B Aggxor BAs 0] HEH%
o] Fo+E AFHAY Fig 311 W Fub4 =0.333, 0667, 1.0 Hzol 3t
Fu42 A% FET(Fast Fourier Transform) A3 ZrgjZoln), wigg T ol qin
BE 2t 7Fg WEfse] AEsA FHES HIsAh WEHZ QAW
Elo) A BAEE #@E #4e F349 hot-film probeZ HE T Fiset Fds)
FOBR, o]F RE HFo Fogs WEHZe QuEe e AAT FoeE
AH8-8H Sl ok,

WEH &L WFHAEL7L Z1AHQ] AagoRd FHke XY Pxoln, Iy
FA 7L vdE Aoy wiEd A¥H SHE &5 WEHFH HFF SdE AA
FFAAFER &5 WEFT B v mAGALt &

_/‘l:_
o) PAAGE AR oH, FAALE 6052EY FAURE Tt A3
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Frequency (Hz)

(a) £=0.333 Hz

0 04 08 12 18 2
Frequency(Hz)

(b) f=0.667 Hz
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0 04 0.8 12 18 2
Frequency (Hz)

(c) £=1.0 Hz
Fig. 3.11 Verification of the pulsatile frequency using FFT for
Re=370 and 7 =05.
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4 pulsatile flow

steady flow

Fig. 3.12 A flow pattern of the pulsatile flow.

3323 WEwE A¥4dy 4 a1
Fig. 3.13& #lols= 4 Re=730, ¥ & 7=05% 7S¢ AWE vehd
A Lol Fig. 313 (E ANHES AEFFY T4

T A fo 9% dAY FAUE Fig 31

REo OaFHAME self-sustained oscillationo] €ojvtz, 2 F/HFEE UFFF
AL & & 9t ¥ o R 2HFEINAE dFFFAAART AL ATl

Hwez S4 rd $7b A debddg, eSS 9% 442 F4L Fig. 36
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FA b 2] Wi Exg PAHE o

i
iz
=2
x
H
2
oft
o2,
)
rr
Pk
o
g
ol

Atk Z BRAEAN AEHES wHRGE FRETANY WEFES wFH}
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A F7rsksih.

Fig. 3.14% Fig. 369 a#ixe] A¥AIY st I4 HAd v F@9 =
A T A FE iud dde F4NM)E e g Eolth Fig. 314§ B
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Fig. 3.15% Table 3.1¢14 AAs AFHA NN NEHsE HAT AJ24E
Vel A2, Zzte] Ao e e G T
OFE7A BEE 4 BE A oHE Yehddch & AT QA WE
ol % FHojo] ddEIALL dols= F Re=270, WEH & 7=05 2Ef& F
St=0.335°1 A 350%7+A F7tetadvh. we Z4zte) A #olwz & U #EH| &
A Foert Sokgtel wel ddde] FUbsivil AAste A S Holun o,
ol Hurt He FHAHY 2ETE £t EARE RAFET. o] A
Ghaddar(1986)%%, Patera(1986)%, Greiner(1991), Nishimura(2000)%, Kim(1999)%, Lee(1999)
9 ATl BiE fF5EdEge] EATE Eon, B AF9Ygdgae #A
o] 2Ezhg F HeE 015~03°] At}

Table 3201 = & A7A%4E AYATAE2] Aol vastdoh. APAF74
91 Ghaddar(1986)%-, Patera(1986)%-, Greiner(1991), Nishimura(2000)%-2] ¢ -0 A
o} o] FRUFERHFEAM HHo 2EGE £ St=03004 A ATk
A3 AT712 Ghaddar(1986)%5 2] A8 nlgro 2 AAE self-sustained oscillation
2E2tE 4, Sta=05499 & AelA Y /eI LEEE T4 g F - Al
drel Aoz YAAT FrETI 2EHE F9 79 22 HAdd EAFTE B
T At & A7FGelH  Re=730, 7=0.759%} Re=910, 7=059] AFPA A
ol HUrt He HHY 2ETE F7H4 AF S A ZEdo. olv B

AN Fo| WBRL) For @ WERF AAZ Aste] FASA 2

T3 Figs. 3.15 (b), (), ()Y 2H=ZE B Td HolsR FoA HEu&
o] F7ETE dxde] FAEE B 5 v} o] HApe) B L 33349 {E)

As ABe Sokel ABAEe 9% AAY B4 HTIET WE L] Srheo)



uz} dAE & vyl EE 469
Fig. 3162 ¢ wZu]go)r #olu= 4 Re=270, 370, 550, 730, 9104 <]

QA PANE DG TAERA, dolEx 7 FAESE AAY Fol
A& B 5 vk o) AFE FRAFO AA AFRAA A= vgo] BL

Y E9E AFE T o o= Fig 3133 3.149
Re=730, 7=059142 A&7 FdsAt WFHES SHFFEIGAN H4H
ojste] AAE fFEe EAHAE S ANFoEN FASHE FAANIL EA
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Fig. 3.13 Plots of the local heat transfer measurement at Re=730 and 7 =05
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Fig. 3.15 Plots of the heat transfer enhancement ratio E as a function of St
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Table 3.2 Comparison of the test conditions between the previous researches and

the present study

Ghaddar et al.
(1986) Nishimura et al.| Kim et al
Present study
Patera et al.(1986) (2000) (1998)
Greiner(1991)
Experiment| Heat transfer mass transfer | Heat transfer | Heat transfer
Geometry Fig. 3.3 (a) Fig. 3.3 (a) Fig. 3.3 (b) Fig. 3.2 (c)
L/H 5.2 4.7 2.7 1.33
Re 700 235, 500 500, 700 270~910
i 0.2 0.4 0.2 0.125~0.75
0.3
Optimal St 0.336 0.45 0.15~0.3
(Re=500)
E 2.6 16 1.2 45
333 w&7tr 3 A ¥
WESE ¢ QAT AT AEH o] Fogl we AnY PPt 3
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A& FPsY. Fig. 3172 FE57IAE7F folsldd  Re=370, 7 =0.125,
St=0.166(f=0.333Hz)9 D3 WEF-5o 15715k aF R e BFEHFE %5
el & Ve Abdloln), o)A AR FF9 X ANEE YEeRdT
Fig. 317 ()% WE4FNA &5 BEHFo| ARSE REAe FEIA
8 AHoEH &5 WERFe FNPons 18] AR F A
W, A FE Fig. 3.17 (bl Ak o] wtglH e 1FHe] HAIWHOR 375}

A o] FakA o o

Bahe o
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Fig. 3.17 Flow visualization for the pulsatile flow at Re=370,

St=0.166.
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Fig. 3.17 Flow visualization for the pulsatile flow at Re=370, 7=0.125 and
St=0.166.
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(a) 7=0.125

(b) =05

Fig. 3.18 Flow visualization for the pulsatile flow at Re=370 and St=0.166
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Fig. 4.1 Plate heat exchanger.(Brazing type)

Table 4.1 Specifications of the plate heat exchanger.

Maker & Model SAMHWA ACE HM 15-8
Size A(210mm), B(130mm), E(25mm)
Plate no.(effective plate no.) 12(10)

Heat transfer area

0.032m’
for each plate

STS 304(0.3mm) +
Cooper(0.1mm X 2)

Plate material

Herringbone angle 120 °
Hydrauric diameter 2.0mm
Plate pitch 1.417mm
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Fig. 4.2 Schematic diagram of plate heat exchanger experimental setup.
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Fig. 4.3 A photo of plate heat exchanger experimental setup.
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Table 4.2 Transformation of dimensionless number for characteristic

length in grooved channel experiment.

Characteristic length | channel height(H) |Hydrauric diameter( D,)

Reynolds number 270~910 490~ 1660
Strouhal number 0.15~0.3 0.487~0.973
o] Aol EAHE FYHA LR v 2FR APXNE H7|Et #Y
ddolE FYHAZR vhE
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Fig. 45 A plot of the plate heat exchanger Nusselt number for steady flow.
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Fig. 5.1 A schematic view of experimental setup.
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Fig. 5.2 Comparison of measured temperature profiles of internal air with the previous
numerical results at (X, 2) = (05, 05 ;M,[JJ: Ba = 7.3x10"; @, O Ra=12
><108, solid symbol: the steady state, hollow symbol: the oscillatory state; the
numerical result (Kwak and Hyun, 1996) (dotted line: Re” =7.0% 10" and dash
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Fig. 53 Temporal behavior of non-dimensional temperature, & for wvarious
imposed oscillation frequencies of bottom wall at (X, Y, 2)=(05, 0.75,
05) for Ra = 12 x10° and A = 0.06. (8) w=356; (b) =927; (c) w
=3566.
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Fig. 54 Temporal behavior of fluctuating component, & for various imposed

oscillating frequency of bottom wall at Rz = 1.2 X10° and A = 0.027.

(a) w=356; (b) ®=927; (c) w=1997.

- 102 -



o
oy
[+]

® 0142
o]
()]
gl 356
0.08}
@ 2 |
0.00 -
342 3420
®
0.16 prv , o
i 1927
® 012}
B .
3 0.08
by 2
®) 2%
£ 004}
000 MM\«MMLMM‘ N -
342 3420
6))
0.16 x
@ .12+ 4
5
(0]
() T oo08:
= 1997
£ 004! '
0.00 oot ,
342 3420
@

Fig. 55 Magnitude of fluctuating component, & for various imposed
oscillating frequency of bottom wall at Re = 1.2 x10® and A = 0.027.
(a) =356, (b) =927, (c) w =1997.

- 103 -



Zpolof ogk W) wE AEsA FrHKwak and Hyun, 1996, Kwak et al.,
1998). 28 B R RN Fojx s o] AFed ud WF 547 A5 H

H
n
L A9 1 2%AT] FreE FAALE 43T 5 o

A9 7] fste] F4F FAUHAMY 25 8% F=E& Fig 5600 JEhich
oju stk MW JF A 00272 AASIR X Fogrh S wek WR
T7) 2R 883 EI FUbete] bR FuTh

w
F F FHE BT oA R ERE 5T Fagd JRle]l iR FoHE
A

2 AF3d YEF7) £x9 8.5 EAE Fig 579 YetSlth 713 1 ZFe] &
71kl whEl Frlex 8 FHo| TS ¥ F Jov FrREe Ho 8% 2
Zo] wAsE T FueE Wuskad WEFe Wale Augle]l WEEA e A
S ¢ F Utk ol 7|E A B A dFdA FHEHAY 22 HHLs 3

1996; Antohe and Lage, 1996; Kwak et al, 1998b). =, F7]¥ o2 Wgsle 12
g fEe) NEA WAT W R B AAHE A3nel AR

o

A% gAo) WA FARE Ao W Gk 28 neWus ANRT L
7t gt A3 ARt Wl W AL dol: AR TG wae

THKwak et al, 1998a). 28 B2 @ A&d9] #ddy o FFFA ZAE F
7b A% A duA HEe 4Fs A= =3 A wspelx] @ew utgkM 7}
| Walslo®E TGl HA =
zRe Lo HEe 45 A=rt dskstes A S| sk b F
B2} 1 85N Fo] WMIIYE AMEE FFT T

dde] F& WA fE 719 AF3 Aol Matee o TAste R &+

7] SEEAS Fig. 5801 Ytk dda8 $% Ra = 7.3 X107 o]9 7R E o)

2
4H
o

o=
QL
e
N
_l‘_l,
}.
Ir
T
S
_?L
N
°
r
o)
P
iin
k%)

- 104 -



0.30 T

Y
025} —a—075 -
—eo— 05
3 —a—025
® 020 1
©
3 0.15F -
2 |
f=3
£ o010} ]
<
0.05 - V)\.\_/__
—~A e A gt ]
0.00 bt i — ‘
200 1000 10000

@

Fig. 56 Effect of forcing frequency on the fluctuating amplitude of air
temperature at (X, 2)=(0.5, 0.5) for Ra=1.2 X10® and A = 0.027.
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Fig. 57 Effect of oscillating amplitude of bottom wall on the fluctuating
amplitude of air temperature at (X, Y, 2)=(05, 05, 05), A= Ax/H for
Ra=12 x10°.
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Amplitude of o'

Fig. 5.8 Effect of Rayleigh number on fluctuating amplitude of air temperature

at (Y, 2)=(0.75, 05) for Ra=7.3 X10" and A=0.027.

Table 5.1 Comparison between the previous theoretical estimation and the
present experimental results for the resonance frequency, w.

Theoretical | Theoretical . .
.. .. Theoretical | Theoretical )
prediction, prediction, o L. Experimental
Ka 6.1 and 5.1) and prediction, prediction, result
'<5 9 '(5 3) (5.4) (55)
7.3 X10° 1245 859 765 472 649
1.2 x10° 1932 1333 980 751 927
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Fig. 59 Variation of time-averaged Nusselt number for wvarious forcing

frequencies, « at Ra=12%10* and A=0.027.
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Fig. 6.1 A schematic view of experimental setup.
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Fig. 6.3 Temporal variation of hot wall temperature at the center point of the
heated surface. A=1.1m/s. (a) f=20Hz, (b) f=50Hz, (¢) f=100Hz.

- 117 -



2.0x1072

1.8x107 |
|<—-————>
1.6x10%F Acoustic Excitation
1.4x10%
1.2x10% %
1.0x10% . L
0.00 0.05 0.10 0.15
T
(a)
2.0x10%
1.8x10%
1.6x10°
1.4x10%
l<-——-—-——>|
1 ox102 - Acoustic Excitaion
1 i 10'2 l.  — i
0x1% 60 0.05 0.10 0.15
T
2.0x10%
1.8x10%F  fe——————n
Acoustic Excitation
1.6x102
1.4103F
1.2x102
1.0x10% i L
0.00 0.05 0.10 0.15
T
(c)

Fig. 6.4 Temporal variations of hot wall temperature at the center point of the
heated surface. f=50Hz. (a) A=0.3m/s, (b) A=1.0m/s, (¢) A=1.4m/s.
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Fig. 6.8 Temporal variation of air temperatures in the enclosure for various
forcing frequency. A=0.9m/s. (a) f=20Hz, (b) f=50Hz, (c) f=80Hz.
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Fig. 6.9 Temporal variation of air temperatures in the enclosure for various
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(unction) € EE FERE Zolx Axde 2x3%e Aoz F Yri(Kraus and
Bar-Cohen, 1983).
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v we AP - AN H A7) o] Fo) A gtth(Davalath et al, 1987, Kim et
al., 1992, Hollworth and Durbin, 1992; Brignoni and Garimella, 2000).
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B-AlolF 71712 AEr) Hokd F2 ALFHAH(Kurzweg, 1985, Kim et al,
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(Kim et al., 1993).
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He Ed 9o A pin-fin¥ €FvE WE71E AU Ao AEH
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Heat sink
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Data
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Fig. 7.1 Schematic configuration of the experimental setup.
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Fig. 7.2 Configuration of heat sink.

Table 7.1 Dimensions for heat sink specimens.

Area (mm®)

4500

7500

10500

t (mm0

2.0

2.0

2.0

h (mm0

10.0

10.0

10.

)

d (mm

2.0

5.0

8.0

N

Case
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Fig. 7.3 Averaged Nusselt number for d=2mm.
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Fig. 7.4 Averaged Nusselt number for d=bmm.
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Fig. 7.5 Averaged Nusselt number for d=bmm.
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Fig. 7.6 Heat transfer enhancement factors.
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H 8 & SssH= olEet 7ield #Harel CPU

81 A&

A nZH AR 7719 B F dH FAY svE we dF dd" AF
Adl ol MAstR At FEIF Fotx WAF frge] FFolx7] wie] 24
ghok o]’k 28 M 7719 R fEL G5 EFol AL FF 5H &
AbeohH(Kim et al, 1992; 1994; 1998a; 1998b). A& oz f#eo AR
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al, 2000a). A% TE7le d2As e AsFFIar FAHH o 5A 7t
X FAEE b FEAA AAE AP dEae 54 1f FIA5E 2
ste AAZIZ1Z sbeldch BE 438 Az I Foest EAgted ole
Feo @, 7F 2da 25 o o3 wgn AF M FaeE FEY LR
Fapeo] ghEd AR 717 R §59 EFe] v AIA L o] st A

go] FI1EHA Eh(Kim et al. 1994; 1998b; 1998c).
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Fig. 8.1 Schematic configuration of a Pentium CPU cooling experimental setup
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Fig. 8.3 Temporal variation of surface temperature of CPU at A=0.25m/s.
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Fig. 8.4 Temporal variation of surface temperature of CPU at f=40Hz.
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Fig. 85 Effect of forcing frequency on the quasi steady-state surface
temperature of CPU at A=0.25m/s.
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o A2 . E£¥ 4eF 2o AR pd F¥ WEe) FAY nHAFS
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Fig. 9.2 Shapes of a liquid drop at each shape oscillation mode.

~ ) - Deformed

\—l drop

Fig. 9.3 Liquid drop vibrating on a spherical bowl as analyzed by Strani and
Sabetta(1984).
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Initial state t=-bh3ms t=—-45ms t=—34ms

t=—25ms  t=-14ms t=—2ms t=0

amm (a)
E—

Initial state t=—58ms t=—54ms

t=—19ms t=—14ms t=—4ms

(b)

Fig. 9.6 High speed images of the liquid drop disengaging from the vibrating
ceiling. (a) =25 Hz (b) =75 Hz.
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Fig. 97 FFT result for drop vibration due to impulsive ceiling motion. (a)
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Fig. 9.8 Evolution of the contact diameter d prior to drop disengagement. (a)

=25 Hz (b) =50 Hz (c) =75 Hz (d) f= 100 Hz.
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A fle] Wdd AHe TN Fuprl, dA RE ZFo
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, AE A7E kv A3 ded dE 33
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TARE 449 T4 EAA wg & 4L WWg. #2300 HAFA FA49
A9 HZH(no-slip) £:1& HEF A5 A&} HANAA

A" o] 3ol (Brochard-Wyart et al, 1991), oFA7A = #dg A9
el Hale AAelth v fHo] mAR A EA|H(capillary) #del <
& ¥ A|=(spreading) -7, H4 24ke] fiFEe] HHFAH FZoM dojuts AL
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o1 ge] R FAEsh EATE RA% oUW N e AR FarEe 7]
OE dHe ¥ AEF med AP oA o YRUEY nANEFE o
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9, Fe o] AAsiclrt HFRFS TS dod F de AV HH

Anonyy LAHER, TAR F9 4 27 ¥

t

|

X

& ¢ vl EE AT sHFIe Al vge Faadd e e ez
WA A mApEe] ARE vk avie] d3E EEAE FE A

T B dolA mEgk dF el 3HI FAAA, VY FHE FAREE B
o7 o]&3sle WS AL 4 9luk. & ¥ S (nucleate boiling)e] 7H4 71 E 3
¢l Aol mANe MAWA R A (nucleation site)ol Al 7| E7F @Atz ARsE F
oF WA os] AW EolUvtrt £Ho Y] AR WeEE AYEs 1
g, NxY FHE FE3Y 7xY BHE HAANE ujTel 9% dxHo]
34 F Udes 5 7 Avk VIR FH EA4L HHe 54 ule FALS
7] W&ol (Lamb, 1932), & A gl EQl utol] B|Fo] & w o2 T F=

95 AHEste] 7129 £YE FIAME F fle heAel Wy Ana @ ¢ ok
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H 10 & FSs3% JI&X A
10.1 7Fx7] AA 9 &4

freaxd BaEAYE 7testAl B Pt d A2FeE AfEF T
g Ze FEuds gFoN FdFstoor dnh £ 4 Axde IFEE FIF
Y ForE d A2" Wi fAE w@dAF)= 7hzl7] (Vibration Exciter)
7b dasit B ATl Aotd AAdrvie AR ERe FAE HAHE 5 Q)
E 753 Y (Moving Coil® < Folo]Eo] 2]3le] +
(High Bandwidth Excitation Characteristic)S ¢17) ¢3¢ =
A goh 2 49 E 71 Aad AAE 9 A dAE 7Y 58 Rdste
T2 RdE A vlgsks otk olF et Y] E#He 1A IF X
< e 3a49 FA A Rdo] AAFH A, o] EHldA ALEH
njx] ] AlA®] AR (Unknown System Parameter) & Al2=® 3+ (System
Identification) W o] ¢dte] FAHEQUTE o]e} o] Aojx 47 mdo] FA3}
of I thgF JHR EAE Zke A7)t AAEAL, o9 Aol H4¥E Fste

Azt 53], Az B FAFAG 717 &Fe] X AFE R=gd

_Hl
2
-L~= é
18
I
N
N
e
A
o

4

=7F 23EA|

&2

oY E Aol BHS vASE U oA FE AR 222 853 Ygo] 4
gHoz W Avh B AFNME A9 E3 D (Low Pass Filter)7h 7€ =
A #E (Notch Filte)& AHgsto] o] £AE sjAstdAw, Bt o S2HA A4
Ao 34 AFRES Fiesh 0 2/E FE WEen AAT & Qe A7)
AATES A B,

2 Fo5 g B2 H52 BAAA £ e S A st
= MY Bf ABFE 99 4GS 1 FHE goe) fiXHolol Bk o

Astele 7barle) 5B FATL Holok B, T LEBY JFL AVHE 2

Yo 4% gol & e RES MASI} Tk WA, AA2GPA Holx =
Ao FHRIL AgHEch. FW, £FRe] ARZAE AFH) $HHT e
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F&o &t A AL uA gy IdFulgo] AFLEHAG okgle Table 10.1

o el 71AH Aot

Table 10.1 Mechanical property of aluminum.

% &4 A+ E N/m?) 68.92 x 10°
3 gA4ASF G (N/m?) 95.99 % 10°
Eopg oy 0.33
&4 (N/m?) 27.99 x 10°
AFAE (N/m?) 75.97 % 10°
AT ( kg/m’) 2705

10.1.1 7Fx7] 27

Figure 10.1 7kx171e] AAH1 F2& Yepich Eet28 Zgde] T4
Aol Ao FFE 5L, Voice Coil2 71719 &5 Tdo 4%} Fig. 101
o 28 ¥ 19 JIAVE e ZEdA 23 agelth #ERE R ZY g
of ©gs] nAEM, ojyf FHIe] FTAMT HEo] dojuA] REH FJ5}o]

Zgo] Fojof gt HA AHEE Kol mA F 757 B, olF sted A

o
<

TS Fig. 1029 2 FH4E zer 9

Ho

S oOE tdmmeltt. @9, 7ha 7))

#o 2o BEE wuad sy Zdgel F4o) M, Bols me] A
J= FY wo] £HL A Ak ¥W, o] #e) e FEA} FY B 449
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Fig. 101 7} 719 A=A T2,

O
P
O
8%
igs

90

136

Fig. 102 7I%7] &89 HAA=H (4= 04 mm).
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7719 &E5E& Aiste &% RAE fFisle] 2R 97)A, fRE &5 &
AL 33 Holx FAe EA HA oy AxF g g AA, agla HFEE
AFE-8E 7ER7]1e] 9% (Bandwidth) &35 58314 Al&"EY. WA, 711379
FE5HUE OS89 FE Hog O Fo| AAHH.

_Q'_.Z +c——x+ky ka (10.1)

" al

, BolA F Y| Kirhihoffe] MM E 283w,

dr e dt =V (10.2)
9 Aol M, m: A7) EER AP

¢
k. 4719 Flexural Springel] ¢8F 7} 2= A<
y 77 &F % o]l W

R ¥olx 3de A3

L Holz= mYde] Iy e

V. RolAa m:d 27 A<t

K; Bol2 :1d XEY 3] A (Force Constant)

K, Rol2 3d BE¥E 9 7|18 44 (Back EMF Constant)

o], A (10.1)F (102)914 A18% stetulg] FE FoA 24 M58 gs
dejste]l RA}
o FAe A (m)

s A&(m) =
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(A=) X (A 4)= (2705 kg/m”) x (0.08 X 0.08x0.0004n") = 6.9248 X 10 ~*kg

=

Bol 29 B AT AF (m) = 2.2x10 kg

m=my+my_ 9.1248 X 10 kg

o ~x3 A (k)
no Age Axy A e 471 sk Figo 1029 5% ¥ FEM
A S Sk 5 FUdo) 1 Newton?] I53F0] F-83190L v, 5% B
w2 Fig. 10.39

of th3t A dIE Fig. 1037 Zth o] JFatsol sty &%
veld A3kel o] 00512 m ¥MA oS stnE, o]Ewe Ev}
= ot Zo] A

_rF _ 1  _
k== =05 ~ 86-14N/m

_[E _ 66.14  _ _
w, \/m 9 o8I 10 85.14#»/s = 13.55Hz

o Hojx AU A (R)
R=4.102

o

A9 Al sebule GBS AT e gL HAH

Ao, 40 B}

53 golth o] & A Eile 1 gEo 2AF o Aot}
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ANBYS 5.5,1
dUL 21 2000
12:02;:41
NODAL SOLUTION
| sTEP=1
aUB =1
TIME=1
Uz TAVG)
R3Vg=0 '
PoverGraphics
EFACET=1
AVRES=Mat
DX =,015512
SMN =-,505E~08
SMX =.015812

- 508E~-08

010341
012065

013789
015512

o
[

Fig. 103 7F7] &%%¢ FEM a1 A3,

102 7k7]1 A7) & -5 d=x Al

ZFA Ao}z A A A (1013 (102)F ZdHE 713719 &5 EAL
£ M Hoz AHrA. 4 (10.1)2 Laplace W2 A 7], Moving Coil 943 A
I FETe] | #AE YERE A (103)8 ALEgFE 48 = Y

Y(s) b (10.3)
V(s) mLs®+ (Lc+ mR)s*+ (BL+ cR+ K K )s+ kR ’

WA 7] AA #A3L g&3 Zo] FoXa 7HA g
JIA 7] 5o WS £ 2mm

7FA719 e E: DC - 200 Hz (TBD)

Fig. 1013} #& 71x7] 28 2t3 99 A4 w48 HEA7l= 713 Ao
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1% AABE Pt ohds 2 F A PHel ok

1021 7RF32 7F2A Ajo]7]

2] ZbR e A1A/ WA NS nEEte] 9o A 74E wEAIE
etolvk, &, e Fo] 200 Hz7b HX%% ol5 %o A& (m), o|TH AA 2xd
R g AAsta, DCAA +2mme] olFo] 7hed Holx Y EEHE AA
H gvh 2, ke ¢S ZA s Y EFe FZF A, DC AL Fhe]l Zo}

AA "ok F, o] A, £2mme] olEAE 8T7EAE UFAT]) fAdtel=

I

o] Aok 3}m, o] wj$- & (Volume + Mass) Ro|X 3Y REE Ao g & $
Act wekA) 9ol dA FFe] FAHW, o Wy 23 JlRr| HAE uw$ A
g Q) o] "

o
)

1022 #HFz= 713 A o7

Ao Fse) e =98k, 919 Open Loop Ao/t 958 458
WA, b9 A/ A7 RE B4 | ndE A/E 4AT & g,
B, o) e Axy) o Bmel WA AT F Qb T A4S ANANE Be
2 @tk aEu, AE RS AAL ¢ AL A/ A R/ AL AR 2
AFE oo B7lel ol Add AY asolth B HE AN Fol skl AnA

el 7 AlA (Capacitance Gap Sensor)9] 7%, 4= wWigtel A

o

W

X

—

ojt}, ol# 3 HHS AU, B ATE WAL £ e Bere A7) o
Eyo] Wegs FAEE WM FA7] (Dsiplacement Estimator)E o] §-8&= W9

3t7) wiol W #4719 A FE8] 4

o
o
~
i
N
T
N
ey
N
=y
BN
N
I
o

1023 7kxl7] 5 9=

Hol2 I BHE FEseE 2= o Fig. 1049 Zo. A7 T35 AMPe
National Semiconductor®] LM3886 ICo|™, 409 F&}A ] tjste] 68 Watt7hA]
o A¥s 5 & Uk o 5 Pz M 5AHL oY 4 (104)] €384
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Vout . R1+Ri _

V. R, 11 (10.4)

Fig. 1042 F& 4L 3z FAEH IRl R #2 10 keolH, RS #*
2 100 keelth whEbA], FEPE AQle 11¢] =t} =3 Fig. 1049 FE59=
szds nolx Y FHEAFE ALY & A& MUTE 753 7437 £50e
A (Static) $1XE 7F¥AIE 4 J+& Balance Offset Nob &332 71 E3HE o
Atk EFE LM38862 A4 AF Al B d (Heat)s A7 EZ, Wz} el 9
3 BA Wzhge] ARE-E

e Fak

|

2 = ety =
FAN DRVE CIRGIAT

+ 28 4

BALANCE OFFSEY

T Ak
WeE by

fpt b—"\“\v; .
P 0k

. 10
“in

Output
ety

R » Ry

- 168 -



103 7427] AFZ 54 vo}p A9

AF7AA wejd 7pa7)e] 2 dste], 1 54& AAsr] A% og AY
of RN 7Nz, AFZ ZRR Aojr] AAC gdMA, 4EH PHer A
A 7k e AFEZ E4E A E dv) FAE APE ot Lol 4 7A
Z 782 F Aok

o 7H719 AH 54 23
o 7HX7] T& fdze Fu oH 54

o 7714 AFZ Fog SH 54

e 77 54 dEng AA S % System Identification

ot 9] Fig. 105% 7kx17] AFE 54 o 9 AFFA Y 28 A
oz mdsta Ak 7RV &F WH AEE o] 1yl BAIFHO v UE, FF
BA7)/ FogF S A7)/ DspaceAte] HAE Aoj7)FolA S ET. o)W, T
TAZe 9ste] F3E AV W= KAMANARS 7 AlA1Ql KD-2300°]
olste]l ZAdrt, L3 HAEA AMNFTE QAR 23X/ Fuf S {47/
DspaceAl ] A" Aoj7] o2 YEE MNsA e frh

w [hitas Sigoat Procasser Hupparting Bprivg =¥

g C?«nm:;n;:‘que;aia\;? & Bpacy Ryt Blaby
& snaralon

: aygfs i £ e Phé (Pacmissent Magnut: -
Dugital Sonlrad

"\ Kit Flow
» Fraguansy Respanse Analyzes Curant / -
W Opes Lixip Test A/J RS

-

v Gigasd Loup Test ¥, in [\\ i
&K 2628 = Bty

Gup Bnouor

e Motion Sanstng

& Uthear E gipenents
v Ouollloscogs Signat AMP
 Functisn Gererator ]

bcgrcr gl i

Fig. 105 7Iz7] &% 54 sots AT A4 FH=



103.1 7F71¢] A2 (Static) 54 4 ¥

Holx 3 HE QS EAS Yoty 3 AFPolt) Fig. 1059 FxolA 7
g A 719 DC offset A9, %= 711 A= 312 vt~ 9] Balance NobE x4 3
S®A Rolx Y FF PEo AVtEE AYE 2AHE F Uvh Fig. 1069 A
g AFsr 24 Hol gleh o] geA kR & AFERS (Volt), 283 A=
2 A A 7Ed7] ol de oA AYE (mm) WERTH o] TN BE
1, A7bgtat Ao a9l wAE Y] olF e X wik A wNg 5

o
o,

S BoFa v a#y, olFwe] A MAZt 60 mm ~ 95 mm Alo] o
Me Blad APeE 54 FAsA e glvh
= -3.2089V_in +5.7482
AZ1M,  yr A XS 7E7) ols Rl diiE AE (mm)
V_in: BolA AU FF P 7tsE e A (Volb)

o]l A@oayE ofgsl go| Aed & Yk AUV LERY 27| fAE

A ANe HAF 1FLE She] AN 77 mm BolW EolA dAdm Ay
off EZ t2mmdW, AM/Z WEE AW G AEA T 5 o ®

e, ole TEUE YY Offset Htg -06 VoltZ A4 Fozry Aoz 3§z

1032 7k7] 35 Y= F= 3

B&KAFS] Fa $o 347 (RE # 2035)& AH&8te] 77 #E g=Ew
o] Fuf &7 548 2AEIYTL AR FRAAN TE QT Y @E 1ol
Aol AAANINA k& AdElo] tste], Fa¢ Swol AU Fig. 10.7¢
AR Fo4 ¢ yshdd. 94 102349 MY Adse 2q g A
EXE RFa Juh F, Fig 10894, R,= 100, 283 R,=100kQ o2 A

=
¥
oo
ot
Jjm

A A, 4" gz AL 11oAN AFA = AL tigf 758589 Ao
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Felaive Displacemant of Plds fo Cap Seasor {mmd

{} i i
-1.2 -4 -§ & -{1.6 =84 ~-(.2 ¢} .2 LE]
nput o Curvend AR (V3

Fig. 106 7137 3% 9= dgAd43 7147 ol 53] d9 #A.

1033 7kR719 AFE Fo¢ 7 54
Fig. 1058 &3+xoA B&KAFS Fab¢ 8 siA7]1& o] &3] 74d7] A
Fiol Fug o] AEH o AAHUY B&K F35 &9 A 7oA LA
=& Swept Sinewave’t FEUZE AA 7HF7E FESHA €k olw, 7431719
T¥ W9 = KARMANALS 7} Alx o] o)ste] FA =Yt Fig. 10.7¢] Bode A1
of dgAel Fu4 I A 24103)e Qg ;A Fug o] 1EA
At ol ZHAlA 1 Hz¥E 800 Hz F3< thofol AAA ey 3709 A2
AYgH Fupy SHL ouisy, F& Aoz FAH AL 4 (1039 o Fu
¢ &®E& YEkdth 220~300 Hzol F3 gigelxd yeva e 7k &5
e B=E 4 (103)¢] Edo] F#stA Xt @io]l AR 4 (10.3)
< DCellAl 100 Hz7hx19) Fat i fjelx e A2 dolgo z dAstx Ut
o, 2] (103)8 HEdFaAA 2oz senE] FEL YEelr A= System
Identification WHo 2 ZAAE Aolt}

Mo

H
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10

ﬁi

:

o

1

FEOT(RFA)

K

s

153

I i dijiil AR W VUG T N 0 8§

H

i i idiil

)

10

3

i
Frag {ide)

{1
iy

Y1) R
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f, S4E Far sHe S REE A 103 A (1048 A
Aol o s27) LFwel wel WAL ol A

Y(s) _ RAR Ry
V_in(s) R,  mLs’+(Lct+mR)s*+ (RL+ cR+K K )s+ kR

(10.5)

UANE AFHAAT, 22 A (10594 L,c, K, K, 9 47) s gEL 21 @
2o} F4H WHFeR FF £ gl AEo|Th wEhA, v A=
System Identification WS A}-83te] o] & As}7) 2 B}

o

1034 7}x171¢] 54 stetvle 24 & 913 System Identification

WA ekl A Ay We] #E ANE vl Fig 1059 A3F A o)A
Digital Signal Processorg! d-SpaceE %3l @A FH+ PRBS (Pseudo Random
Bonary Sequence) A 3%2 7}x171e] @F%E 7FX A7), o] W HAHE TR
9 ®MAE A AME Fsle FHEY F, Fig. 1099 TZ0 93t A==
PRBS A5 & 71179 F5dza dyAzitt. o] o, 75 dxzoll= 7hxl = 9
29 Balance Nobel &3le] -06 Volt7b A F®E XPo=, 7M1V 53L& F
HAHE FASFL Y= AHlolt. Fig. 109¢ SIMULINK R €2 MATLAB RTW
(Real Time Workshop) 7]%5°] €3} dSPACE DS1102 R.=9¢] TMS320C31 DSP
NAAE W/ deEE @ F AXNTeE HAyFE ol Zo] 44d¥E PRBS 4l
& DS1102 R=9 Aid 1 DACE &3t 7H7] &5%g 7H-AI7] L, old ¢
st ANE FHY WA= A AAd o] FAE F Ad 2 ADCE F3}o
DSP R=2 g€l Fig. 1099 PRBS 23 AAFae AZE YA2H 4T&
e 12719 @9 A7) (Unit Delay, z )% REZ 2 7F¥7] (Modulo 2 Adder)
 #ietd OR wdl&axtz T4 50 glom, PRBS 239 on/ off& #]3te] 294
7F AFEH I dvh 3 PRBS 28 A5 A€ £2HE ¢ JEF UM AL &
Z~ (PRBS Gain Block)7} A}&#t},
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Fig. 1099 32X Fag MAA Axs oy A7 Agd &Y A2
(o), AZE AX2EY Mg (n), 283 PRBS 259 7] ot} WA, MZd A
7y, = MEH AP (Sampling Theorem)ell 213t AAHH A& 1 mSecl
2 A4 HJv =3, PRBS AsE tHo A (10622 AAEHE F718 24
Huz, gA2EH NFEE 128 AsA d9 gk 4%vg PRBS A&7} ki g
"ot o] AlZHE JR] 59 FHAZE (Settling Time) Robe FE3 & 3
"oy F 4%7F dolzl A9 dioje FoA AL 2239 deolge Aad FHS
A% volHE AR EHU LY, thg 22309 HolE e A2" W ARE Hrishe
vl Ak8-E ATt

T=Q2"—Dr 22848 329 3% Az (106)

S, PRBS A9 Zy)= sbdzle £5@o] A8 FFIHLS Bojux @
3lH A, S/N H] (Signal to Noise Ratio)7} 7}53F & ZA HEE AAstojol 3l

*

Aot 22 AF Pyez 4o el dste], HA A5 (Least Square
Method)oll &A% 3 =€ ARX, ARMAX, OF, 281 Ae ¥+ 2dg A
&3kl FobAd A # A2F el £FFHIAT PRBS A5 A71E 01
Volt2 st ol dlolelg EAe AAE A7 JdelA 2kt okde Fig.
10.10°] =tk Fig. 10.10¢] A WA zzln F WA 2¥L AH 052 79 01
Volt PRBS 72l 415 & olof osto] 44" 7117 £5%e] We A58 e
th EF, 1Y 109] vhAe P A& 2&zke] AF wolEel tistel A Fxb
TEE ZE 33 FARAS HEete] dozl A SH S4E H4¥ A v
W zlolty, &, AA PRBS 98 A% FoA 2:2%H 4% T B9 59%
PRBS 948 Az7t A4 7p709) lg=o] 448 43 Zads dHe= agn
37 ezt F4 mde] HEHo Ao Aze HAdez aA Urh ¢7)A
A3 dHEA s FAW, AEY AE 1 mSeco 2 3te] AL doJE Setoll w
© AFHelA X ssid. F, PRBS A%

)

3le] System Identifications =33+ 2

:4_
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o] Z7|E JPEAAA ZHEA (003 T 02 Volt) dojx @& dHolE Seto] Wil
ARX, ARMAX, OE, 18l 8 F37+4 2dE 2 83lo] System Identication 3F

A3 F w9 %E e 1 A ogF oA, o8 EYHeR vy

2
s

ole

]a,.
WS HAES A "o mEA, AEY MRS 5 mSec® HA3AA B
oo ATE gd el dWE dE AE Bd Axg 35 g5 AT

¥ grom WHsA HW, 4 (1039 A4H Fue $@ 294 245
=

>

1 ! Ky I 1 N
& & X ® l z
D s i eyt AR DR e Ddawd snd Deteed Qi el Ul Dot LWt Bate? s Toadid el Unaluday e Und Dby vl

SRS taga range FERY. G
Bow lUsa el g

[T RN Pk S Pe

E__

e LG BN B3R

Sasdndy Eieindily

sdiei i gulingss

gasl gl

PRI .
S Y )
D% HIE Al

Fig. 10.9 SIMULINK model for PRBS generation.
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.
(.05

(=3

~.45
RN

FREBS {Vol)

0 408 01 815 02 025 03 .35 1.4 .45 0.5
Tire {suc)

o i 1 ; i i i i i i
] 0.05 6.1 15 2 0.25 0.3 .35 .4 .45 0.5
Time {sac}

Time(sec)

Fig. 10.10 PRBS and generated/ estimated displacement.

(1 mSec Sampling Time)

1035 7}39 719 AFE &5 EAH 2d

o] 714+ PRBS Al&9 A7|&E 30 mV, 2812 MEYY AHE 5 msece® A
Aate] AL System Identification A& A}, System Identificationo A A}
|8 71FE 2dE ol 2 (1073 .

Y~ ky
Voin() ~ O L+ (Lot mRE T L+ R Kot iR V)
(10.7)
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ol AeA G, 7] FE JZ AYES vEv, 2 g o Aol HY
How AAE A 75858 (V/V)7F AR ESAT ofdist o] Aeld HAE A&
ste A (107 A AHE-€ Al2d st e Eo] AAE AT

1) Step 1: PRBS 413& Ab&ste] 7FA71& 538k, oz % 59

He e
2) Step 2: System ID Toolbox&E Al&-3le] ®dl Al¢ & (z - AEds)

ot

e
o

3) Step 3 z- WEHIFERE s~ AGTT =
4) Step 4 Matching Coefficient W8 2.2 Unknown System Parameter 23

19 AAE A &ste] Dozl X9 & BEE oy A Zow, ¥ (10.7)
o Al ALR-El Al 2El Feu|E £ Table6.20] A& 520

8
Y(s) 1.2350 %10 (mm/v)  (10.8)

V_in(s) ~ $*4745.18s*+1.5785 x 10°s+3.1868 x 10°

Table 10.2 System parameters for flow motion vibrator

Symbol Description Value Unit
m Mass of moving plate 9.1248x10 73 Kg
Damping coefficient of flow
¢’ ping . 2.7877%10 ° Newton/ (mm/s)
vibrator
k Spring constant of moving plate 6.6140%x10 2 Newton/ mm
R Resistance of moving coil 4.7 02
L’ Inductance of moving coil 10.69 mH
. Force constant of moving coil
K; & 15830 Newton/ A
motor
. Back EMF constant of moving coil
K o g 0.001 Newton/ (mm/s)
m
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A (10.8)° thek ol oA, 2eFstAl System ID9] Step 4)ol A LA = AR
A dstel dFdn. 4 oAM= AFHAJA T, System IDE 918t PRBS 4l
=] AZE 003 7 02 Volt7b#] WA 7|HA @2 golg & skt 2t ol
E] Setel] tiste] oA Mg AxE A E3}9], Unknown System parameters

Toke] Btk 5 mSec MEH ALY A, hF-ES] vlolE Setel dste] Kt

Ny

oﬁ.J_u

29 #e A =AY wEtAd, o] K, e o oz WMEAg|HA, 1 Ay
2 A¥ZF Fa¢ dd vlwste] Byl A Zo] A)7ko] 1 mSecq] ©olE Sete
Afoe ugds 258 d& 5 gdey, AEF Az 5 mSeco|® PRBSE =

717} 30 mV<Ql HlolE Setd A3 A Fo F@IH HEI dXHE ZAE AT
Aek. wekd, K s 9 gom vreA, K., ¢, L 9 #@% Step 99 AT
Matching o2 T3 & |odAM a4 HsA71EAN 4 (108)9] F35 ¢l
AEA Fae Sgd SHENEE vk Table 102914 ¥ § HAE Ze A
2 e EL o)9} e Wyog AAY Aot MEH Al7ke] 5 mSeco]H,
PRBS #4139 @77} 30 mV¢l ®Hlolg Seto] thE HoJE SetRtl £& ZAHE A
ok olfE JRIZIE &% 54 tRE A Fy¢ dYedAM AA"de AR
I AR ASE WS 3A AASE 7] &5 AP A glolvr] Wil
I FA42.

%9 Fig. 10102 2 (108)2.82 Fojx 77| HF rde Fo+ @& 4o
@4 Fa S99 A 2" AHeolvh o Z2¥olA 1 HzHFE 1000 Hz F3 of
Aol A 2 3709 S ARA Fag SHE grsH, F2 HAde=R
FAE AL A (108) ohg Fa FEolnh. 4 (108)9] HMH Fu S
1 Hz¥¥ 1000 Hz F3t5 thdoA vins 43 Aot & dXxga vk wahA,
do g AAE HFE I Aore A (108)E FoAAe 7Hx7] &5 ELd &
Aste] AARE Aolrh, o] HE& Frsty] Aol 4 (108)¢] BEAE At o] o
ste] AF3 AAE AAE7IE . Fig. 10119 A% F Plot2 27| 2%7H9)
PRBS 213 9# 3 Gap Sensor®Z%E 3% ol% o WHYYE BRoFI U} &
g, Fig. 10.119] w}A14¥ Plot2 658 9x712 9 & ¥ PRBSo| &3 ojsate 4
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