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ABSTRACT:

The background of the current investigation is based on the application of micro
channel heat sink in the thermal management of the aerospace craft operation system.
The research starts from the basic theory of micro scale fluid flow and heat transfer.
Then the mathematical models for governing fluid flow and heat transfer in micro scale
are proposed.. According to the established mathematical model, key factors, which
affect flow and heat transfer characteristic, are systematically analyzed. The single
micro-tube experiment platform is set up and a series of experiments have been done for
flow characteristic analysis. Inspired by the obtained conclusions, the design concept of
the new- type micro channel heat sink is proposed and the experiment instruments are
fabricated, which verifies a better heat transfer performance than conventional multiple
straight micro channel heat sink.

The mathematical models for governing flow and heat transfer in microchannels
are proposed for different flow regions. For slip flow region, Navier-Stokes equations,
which are based on the conventional theory, with Maxwell slip model are used to
describe the flow. Navier-Stokes equations with second-order slip boundary condition
can accurately describe the flow in transit flow region by proper choosing of the slip
coefficients in slip model. A powerful, easy-to-use analytic technique for non-linear
problems, that is, the homotopy analysis method (HAM) was provided for solving these
strong non-linear differential equations. By analyzing solutions and comparing with the
results of other investigators, the above opinion has been validated. Meanwhile, recent
researches show that, at the nano-scale level, an interesting phenomenon, namely
“velocity inversion”, is obtained by solving the molecular-based model. In the current
paper, gas flow in nanochannels is also analytically investigated by using the homotopy
analysis method (HAM). It is found that the inverted velocity profile can also be
predicted by solving the conventional control equations, which are the Navier-Stokes
equations, combined with high-order accurate slip boundary conditions.

Based on the conclusions obtained above about the mathematic models for micro
flow and heat transfer, proper equations are chosen to describe the physical process in
microchannels. Numerical and analytical analyses were provided to study the effects of

compressibility, rarefaction, entrance region and viscous heating on fluid flow and heat
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transfer characteristics in microchannels. It is indicated that the effect of compressibility
k _ _éan not bev neglected in microchannels. The cenventional criterié for compressibility
éffect, that is Mach number larger than 0.3, can not be used as a criteria in micro-scale.
The pressure drop is better than Mach number to be used as criteria for compressibility
effect. The “developed flow region”, which is defined in conventional theory, must be
re-defined in microchannel as there is no so-called “developed flow region” in
micro-scale. In slip flow region, a new non-dimensional parameter relative slip length
Ly/Dy is found to be very useful to describe friction characteristic for compressible flow
| with slip in micro-scale. The correlation for fRe with this new non-dimensional
parameter Ly/Dy 1s suggested. The suggested correlation for fRe with Ly/Dy, is validated
by comparing with experimental data. This correlation can be used for both slip and
non-slip flow, and for both compressible and incompressibie flow.

‘For entrance effect on fluid flow, it is found that the velocity profile in
cross-section in microchannels is different from that in macrochannels, that is,
maximum velocity occurs not in the channel core but near the walls due to the surface

_effect. Meanwhile, another feature of the velocity profiles is the presence of the very
large velocity gradients near the walls. These phenomena result in the reduction of the
thickness of hydrodynamic boundary layer. So the hydrodynamic entry length in
microchannels is much larger than that in conventional channels. The correlation |
Bctween L/D and Reynolds number and height-to-width ratio, which is useful for
'designing and optimizing the microchannel heat sinks and other microfluidic devices, is
established. For entrance effect on heat transfer, it is found that the temperature gradient
near the walls is very large. Thermal entry length in microchannels is much larger than
that in conventional channels. Comparing with conventional channels, the heat transfer
perforrriance in microchannels is better in entry region and worse in the fully developed
region. Also the effects of Reynolds number, hydrodynamic diameter, length diameter
ratio, height-to-width ratio and wall temperature on thermal entry length were analyzed.
The correlation among these parameters is established.

Based on the superposition principle, an analytical solution for steady convective
~ heat transfer in a two-dimensional microchannel in the slip flow region is obtained,
including the effects of velocity slip and temperature jump at the wall, which are the
main characteristics of flow in the slip flow region, and viscous heating effects in the
calculations. The cases of constant heat flux boundary conditions, one wall with

adiabatic boundary and the other wall with constant heat flux input and non-symmetric
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constant heat flux boundary condition are studied. The eftect of viscous heating can be
seen as a volume energy source, the temperature of fluid increase linearly along the
flow direction. In addition, it is noted that the effect of viscous heating distorts the
temperature distributions at the cross-sections. The velocity gradient is larger near walls,
since the effect of viscous heating is more significant there. According to these
calculations, it is found that the position in the inflexion of the temperature profiles does
not change with Br and Kn. The position of the inflexion is a constant, given by
n=1/ V3 . For non-symmetric constant heat flux boundary condition, it is indicated that
uniform heating will get better heat transfer performance.

The single micro-tube experiment platform is set up and a series of experiments
have been done for flow characteristic analysis. It is found that the friction constant is
the function of Mach number, and the correlation is obtained. By analyzing the
experimental data, it can be concluded that the entrance length in microtube is larger
than that predicted by conventional theory. Also, the value of friction constant in the
developed region is smaller than that predicted by conventional theory. These agree with
the conclusions obtained in numérical study part. Meanwhile, the theoretical prediction
suggested can give reasonable prediction on temperature field under the effect of
viscous heating for incompressible (low Re number) flow.

Inspired by the above conclusions, the new type micro channel heat sink with new |
structures is proposed. The test sections with these new structures are fabricated by
using dry etching method. Then, the microchannel heat sink experimental system is
established. A series of experiments have been conducted for flow and heat transfer
performance analysis. The conclusion on the effect of viscous heating on flow and heat
transfer characteristics, which is obtained above, is verified by experimentally
investigation about the multiple straight microchannels. That is that temperature change
is due to the viscous heating effect and compressibility effect. The relationship of these
two effects is competitive. By experimental study on two new type microchannel heat

sink

two stage microchannel heat sink I ( 250um-100pm ) and two stage
microchannel heat sink II (100pm-40pm), it can be concluded that the new type
microchannel heat sink proposed in this paper has better heat transfer performance and
lower pressure lose. It can be used as a high efficiency heat exchanger to the real
applications. In practice, the geometry parameters of this new type microchannel heat
sink can be optimized according to the purpose of the heat exchanger to realize the

maximum the heat transfer and minimum the pressure loss to save energy.

vii



B ST P NEes e L VA7

KEYWORDS: Thermal management on aircraft; microchannel; homotopy analysis
metuod compresmb1hty effect; rarefactxon effect;entrance effect viscous heating;

microchannel heat smk

CLASSNO: V57

Vil



Hx

L BT ettt iii
ABSTRACT .ot eees e esess s eseses s ss s sees st sen s v
L T oottt et 1
L L BT BT ottt 1
L R R B e 1
112 BT TS T et 4

1.2 R ESR AR AT R & H iTAERIREE B 6
121 JRBEBUIV oot 8

1.2.2 T RETE P BT ZAE oo 9

1.2.3 FE LB T EVEFT oo 11
124 T FEZETE oot et 12

1.2.5 TR oo, e 13

C1206 ATIBEIY oo 14

127 FEVEIFBEIY oo 15

128 TEEIRIEINIR oot 17
R 18

13 R I TE T T oo 18
L3 L TFBEPIZE ettt 19
132 W HF ... ettt bbb 19

2 K R B TR ENAE B FEE AT IRIE e 21
2L BT ettt 21
2.2 WY BRRE Y SR RET et 21
221 BEIERETUIETAN oo 21

2.2.2 KA R RO EREERE I s 22

2.3 SRIRTTIET AT IO oo 23
2.4 By TEIBEERTIIRAE oo, 26
241 FBIZEHR oo 26

242 —BEBLBISRIE oo 27

2.4.3 ZEARETIBIIRIR ¢.ooooeoeeeeeee e 28

244 WEEEUE B ..o 28

2.5 BERIHT o, e 30



ARG K AR

25T TBFETEIR et 34
252 TPERE o SR e 36

2.6 GATRIE P RIS —— S BT oo 38
DT I e 41
3 T IE P9 AR BN S BB PERF T oo 43
30 AT PR R T oo 43
B AT IR e 43
312 ARG SRR TR KRR e 51

33 FHLENHE—IEB KRR e, 57

30 NG e, 60

B2 ATTRU M et n s res s 61
3.2.0 NI FRENEFE IR oo 61

© 322 AR BRI R oo 70
3.3 REEAIBEIT oo 79
33T M oot 79
332 JURFHE IA B BT RS I AT RS B e 79
333 R AR B DL T R AR S AT M oo 90

BB TRTEINGE oot 08
4 FBIGETE R B BEHEEIEIIETT oo res e see e eseeens 101
B0 SEBG R G TR oot 101
A2 I TTVE REIRAE I ..o 104
4.3 BRI E AR BIIIOE TR e 105
431 BRIFTBIFEERTEM. oo e 105
432 KN BEEMEIFERI M e 108
4.3.3 TS ST RENEEE AT BEM e 109
4.3.4 R ISR IR M oo 110

4.4 FAFREETRHIIEIRIOAE oot nee 114
440 NEVBUSERISEBEIRUE oo 114
4.4.2 P ISR B R SE B B0 o 115

G5 ZRFEIINEE oot 116

S ERHBIEHITREAIE TS EIN oo, 119
5.1 R MB B RIT R IR e, 119
5.2 FAHOBE RIS EM T ESEEE s 123
5.2.1 OB BT SEIE BN e, 123



H K

5.2.2 SIS BEHIETEE oo, 131

3 5K JJ?\ R FE T R BT AL I e 132

5.4 OB E ATIRB) S IEF LI TT oo 134
541 BB ERTTRBIHUENE e, 134

5.4.2 FM L RE FAOBE YT IIVERE e, 141

543 GEEEEIR oo 149

5.5 —FhEE BE NI HH R ol E AYTR R G B 154
5.6 AT /NGE oo 156
ZEVRTIIBIER oo 157
6.1 AR ETELEI oo 157
6.2 AR BT FEEL L oot 159
6.3 T TAERBEE oot 160
5 | ettt st 161
PEB T v OO RSR 171
FHBIHE T B .ot 175

o YRV &/t =SSO RO UU RO 177

Xi



fll

1808

it

1.1 =48

<

1L EASE

TR, RARIE=TER, BEERER. Bk fiERR. B
TER AVBARFHETIRN KR, SRR R T P35 1538 7 B R
REHBEZEN, XHRPNAEFANTHREEZ TANREEMATFTSHAH,
A XX H K E S A

BEERARORI AR, RERMEAN AN RERERHEBRRH T EXH
fike FEMIEMRIUN, BEERBEAET B, HUR CHUNLZ B B M AR AN
RO H I RE, HURSHEREZ R AN 55 H 2 () PR (8] (7 i H 25 58
FHRBA S R SHREREL TERMHE. BEME, TAMREEFES
ERRETFBRERIMEREYERFTEREEE AR STEEBT, WA SIS
BT EYL. X TFHERAMKREENS, hTHRETEMNEHE,
FERRZERM BRI EE . GTERDR R LA SRS, fohER
— M EREABREARKFHEEERZ —. ARNAEHRETFERALUT 3
MR, BIRHAE . tedERE R AR,

FLE 1965 F, KEMEMRRNASA)SH & K i T HOTsis R ERITEN
FRRABENRR LA A s R A R 8.

20034, & BEAUEHIR R Goddard 43 (8] & AT H LRI A HENE S0 HIK S R BN T
—IE ) AT SRHRVEBEDUH . BIFIRE, 2 RRA BT RIS B SEH
SRR AR E (IR Ao TS HX — BER A B T (S B R AR I LA ST £,
REFARBAFER. HEigd, JFHARMRTFMRENS, R Tk nT
T (RIRER o ATRIRF TR S PR T B A9 B R T30 T 706 F B — s by 1
AR KEEI998EF R T ULR AR R AT A HIE B RL, B4
HCRAR R/ 19T, Bt R 4 e 30N I & P th AR BIX S Bl 1997
R SRk R IRBEE S AL, (RS MBI A J s E AT LUR IR,
BONBIER BARAE CERREE L REZXEENEH. XEMNSNERN
HUR CHLUCM E RSV BB I CAPLS, [FIRE, XAMEUVR G SE AR B 4>



A SRS A {3

FRT U IS o Tl T A ) R SE IR A AR A T . EaRIX e A
8 SCHRE e il s P iHE

20074, EENUEAMKRRGlennWF AR PO R T —FpH I ATTR AR X & K
BUR S AE BT B0, B0 R SHEE R T T — R B S RBUR 5 5
W90, RERUMNBIE R RN, EH O AR R, &REWIXFH
TN B AU RCASE B AP BRI, REDE R R SRR B3 I # sl 7 22

15 36 WL DR 5 B IR OB Fo ik i B % 6B N — B Akl a- 2
X" (Altair Constellation Project, 1] 1-1)f1—%8150 H KGR v BRER#EAT T 410
wik. HPEEHTHIKRE Johnson ¥[8/ LI B Ryan HEZEFx<gz4- 2
R R G R B ARM T 2miedl ', #4285 (Altain K E M, BILL
LR A ImERAH(LSAM), & NASA WERETRITHERAR, FARTRIE 2019
SEFeA R A MAE A BRE B <B4 B S R A T35 B TR A BREEILESD,
AP 25 & HIR(MER, “g24 275G Mg, FRERBERE X%
RS FMANE R EMRER S EABRUGEE EARRSE. &
AT PRBE R A L FHUR . AR B B TR AT <Pl 28 AR (LM)—FE 2 R AT,
ERAL vt 5P & AReHET 2 BFHA. &H 3 R, 45>
SERAN, 4 BFMARULEER, ETHRE B S CAETEAKLE, &
RAFFEEp g Kk 7 R BANEES, EEMNREHGRE 2 XEZENIEM.
HAl, FEMTHIRE Johnson 2% 8] F LR RN AR T LR RIEHIR AR T &
He, gIsEATTREEHERA: 1, SAEESWA I E (Air/Liquid Composite
Heat Exchanger, 1 1-2), XF03&E £ E R HBEN & FRPERN & BA1E A ¥k
WEMEL XMEEARARER, WHEEFFNA, S REREXR. 55—
B LR B S R BCEN - 108 8 He 4 3% (Microchannel Heat Exchanger, WA 1-3).
X I AR 36 B BT AR 5 5 38 B R 3 78 46 B 5K 5 R % (Pacific Northwest
National Laboratories, PNNLY&1ETF K. fE g4 E"5 L2 /DH = HdsH RS H
UEEE SE . X OR S B BRI 311 ST K. XA IHOE G A e
B O A B Br A R iR R 4k (lifting body)F A (re-entry) =X e D1 & [F] 25 H (1) R
RPL X-38 LIS T AR A

(A%



RS

Airlock

Ascent
NModule

Descent
Module

B 1-1 EEeRf RS R H WS rE R
Fig.1-1 Schematic diagram of LSAM['!

b 12 SRS A YR e

Fig.1-2 Picture of Air/Liquid Composite Heat Exchanger (1}

F1-3 SIS e A ag e )
Fig.1-3 Picture of Microchannel Heat Exchanger

[10]

TR PRSI, SRR THEREREAM I, SERM IR AR
FERRIE, MRS R EEECEE 100Wm? BEF R, JLFEHRIR
K R BEHE IS PN R B EH 2~3 M E %, B8R, BUEHFUHANTF
BOZM W ERB TFRRRBIRERE L2 BT,

ft:b83%E MEMS(Micro Electro Mechanical Systems, f5a[#E&EHIVEN . LR
F AR . BT SR U R G S A R EI R, HEREO. BIRA R
FT RN SRRV BRI DB R R, MK R &2
FHRPER A TERMZE5RAMASKENEE S M. MEMS fEAERMN
IS O E iR S, BRECL R A A S RIBE K LA T KB A I H



| AR U NS ST i 2 VAT

THEFRIA, e M EpT A s i, B 21 ALk, 3o MEMS (1)
P LU T R 0k B PR RGN TR AR Rk, EEH A
MEMS FRA“PLIE X", T NEMS(AHLIBRE) & 90 FRAFHAK — 4 Hr ik
&, R4k MEMS JG1E RGUBAE R RN 1 A 9K HOREE s i — 288 /M LA
—ARRRL, —RIBRIERSTER AR B EE AK,  CAYK S K i P A i AL
RE(CE TR SR AR R EE RN A TAERRIERI 2R MR L. TR A
EBUN, EER. M. FER. FORSERBTART RN, TER%.
B K. JURSI M ZERSUSE TR NG, B8k, Birt
MEMS & F$OE 2R K, MEMS SRS & EAF L HHE L KB B
C4 35k, MEMS/NEMS R 83 K& BI040 R T Mz Mg Rin @, b HT
I K B 1) )ROBE 5 %5 MRS IR BN R], X 28 ) 8 2 B0 AR M B AR 9T . TR,
NEIL . BB ARAI B REN — AN ERERBES, RS, RN,
WORE RS S PR, o A S E) S n S 5 T 2 T KB R

AR, WRETRERES) ARG AN S, KRR R LI
REUA T SR AR D HA R REEWE L.

LI2IRES

B, oK. KRB PELRABRZ MR IREY —, 21 HEHRAEE
MR AR KRR B ST B A R 2 b, T X R R IR Bl AL T 5%
M RER P EENER S X —, CRABE AN TENHEYE R, FE%AE
WU E FHIRITE . EREXTREZHIE., #oh%. Fikh%E. BRtBR
F). VEEERSYE., ARDEE). BTN T AR THM RS
F). A BN L5 MECHMEEI% . JE. BOE). DA,
WO ) AR 2 TRECBOR « R RRRs . TESTAES) Gk AYE R Stk
Wit by B FRIL)SEE 2 S — MR K . TR R TR AR, W
MR 5ERF R IEE BB LR . AKX RS — DAL
R b BRI R AR ARG I WISCRE, RS S ORI N R AR T B
MR

BB s B b B Ay R — AN E (e — bR, FUR — AN R/
BEAUD, EMAMRIOARR, HIUSRE RN R EuEBARR. —&
WA, ZRRERMNEFRADBIRCK SRRV E2 0 RE TR s) s
MmN, —ANTEEMRERIELLAN TR, ST R A R SF iz im K
TR T B B RN, R AR A R R, R I 2 T A R R gy



https://www.reguanli.com

i

1 i

1

IS By BRI B T R R BRI 40 1B B I R R A £ (R SR ok
[ % S WA RE B, TS BB R E R TS5 0 F A R AL
MHITE ARG, 2 FesimMERIEERHEK, BRESEN ERRRATER.
BEE 4 F 2 TR A PR VE RT /D, 0T LA RBE 70 F 2 B R RE, 10 20 5 30 58 BE T )
Flp A o 40 T Hh A

SRR B IR B R TR TR, SR EBURFRT BN T BRI B R .
1992 4% EIB“BOR YNGR L HIE T A EL T ERMBE G 2 2H TR X
HERFA, EEEFRFEESSNSHIBRCK/ K7 R0 58 X H 14551, 2001
FREBAFRES)T 2 R “ERYPKREHEF TR IR E , Bk R AE K
% KRS0 BAL AR T T B TS Bh FI 2 ARAE . M 2000 24+, NSF 2
LENKEARAFRIHBANT 16 12E7T, Ho 6 LHRAETEGRME. HEA
AMEE SRR RN, WX EFHBARSAIFAT T KER 7B LR 3= WAL 3R,
ERAKRE MRS A W, EZH NSF MHFEREHR AT, HHFRM
HEREEFRAMNEHE., AW0T%. WRERE. SBUREDHLE R, gk
GHECTHEAD ST PEY T (s U RN

HARLE 1991 FHITEHRS) T 2.5 TR B 70 R—— B Ubi - 4E ot
7. AARTBPKRBARN A FEBPE A4 BTN CHE . SER
ANBIB 48t 1.2 123650, 7ERRIN, BEIZVHRI. B & RIS R KA B 3L R e
KBAR ARG S,

e, 2002 863 1HRIER B3N TUYLFBRAEERNEIN, #E T MEMS
BEREWHSAEBR: X EF MEMS REBEHEMERNFLIGHR, S4RE
HRETRBNFENZOBA KRR, USHERE MEMS Pk R 1R
FERERN KRB AR AYIA A, EAWIST MEMS 88F. ERERS. SitEE 50
RERH, &1y EK MEMS TR AFRM& . B%ET. B8, 4
WEEATL, PR HE TR Zmfh. SR MEMS 83 F XM ERSE, #3) MEMS
AR R R RIR R PRI FE . 5T MEMS B8 FI R G0k B Se K, TT
AEAFALBY B . MEMS MBEEE A RREE . BRMUE DR, AEEERIT AR
g8, AR CERR MRS . SERMNMEASSE MEMS B FRMMAKIER
SRR, EAREFCHAUNER, FERITRT 2R AP T, b,
TERVEAERASFET) . TR T, B85, BN AYRIMARS HTHEL
POTR R, 4 MEMS A4 R BEE T XU, RN, M 7840, bl T
. PARBARMERBARERAT R 973 MBFHLM+ LE=FESHAT
A2~ 2001 EREIEM T (ERPKREBRBNE), ROEE TR
L PG BF A R B R, A T LASAK AR SN O R I B ke, LR JE




Bl NG g L e AT

AEKEPMEIT AR, YPRATFERMYKSR FE P, KB, TEYRRE
MOEFIES PR AR M I AR AR AR B R = SRR, W5 A
FE xR R,

TE Tkl AR, KM T, A AR BRI T & fiEeT
SRR I T IR R B FER HIE VIR . EFARAS, METRS. Hi
REHATEFEN MR NT R, fHARNSEERFER. £EEH
ARSI, SR BRRIR BB A N F B AR E ) FEE MR R . K
IEEE 4 3 FF ) AR R Al 2 HVE B S L AR B ASME AT R
FPRIMZR RIS HIL U T BT %R AT R ER. 5t Eas
FEARTRLL BT SR AR FZI AT RS, WiEokad. RAETHRERS. &
BRE. @mAROCEREMBYI R, MEERTIBRRER N A &R
A A B

RIFE, #H—DHWRMRELMT EE R DG HE AR 2 IR A
EFASEAEARNE LD . aTURE, RREES, ZOR M50 B TRk
RISEF TN S, AR R WL A BT S8 AA I, BT822 )
G — LR R LS, MMM R BRI NZE DT R,
BT IX L ARG U B A St TR R FR 0 0 B B AR (o A1) 372021,

1.2 RESKR R AN RER & BRIFEREF 0

SFRBWMIRS), KB HFHAF OE IR MHERERRE M
W, F7E 1909 4F, Knudsen Bt7EHE T MM M EALR T, JHRET
— /NSRRI TG BN H—2 AR B (Knudsen number), ¥ & X A4 3 B HAEFR
AFFE R 2 e M RB(Kn)3G KIS, SAMERNEEMEMES. Kn L
AT R B (Ma) 5 F W (Re) IR EL

A my Ma ,u\/;
Kn=—=|"——, A=
D, 2 Re /QRTPZ

Hrhy AL, Re A EEE, Ma ARTBEIHEL u WEMRE, R ASHEWE
T R RRIREE, o AR

SchafftEH M LR SCH IR, MR Kn BN T LA RS #AT402K. B 1-4
g T H AT E R A K B Kn BOG R K1FED 2 X ARHE 3T Kn AR X,
TEA R BRI TR RS B o 0 Kn SO0 KNG AURAE LS P 9350 2> X HL 4

6



.
K'V* 5
o 10 107 10 1€ it 1

-~ 1 1 e

B

WESEST AR | ITEREX
R S | e — il

AW E 4l
wmy s

Bl 1-4 LA Kn JARIE IS 53 X b
Fig.1-4 Flow regime in microscale based on Kn

(1)iEZHi(continuum flow, Kn<0.001); AENEEA, S4ES FREIESH
I, SIS FAHALRREMRLES G F5RmPMEMNE SRS, QAESEaER
RFIRAAERE . BEYSUFAER, HRMERENKKIEA, AUFRELEES
BEM KGR, S RIA Navier-Stokes 5 R KA E /> FHIIEE)HE K
FAE AR

Q)IFB R slip flow, 0.001<Kn<<0.1); ZESLVEEN, HF@RERTHAD, &
FLE A SRS R D, AR 7= A B N A 3 T P 4 F 54 TR
RN, FLERERELS)ESRETHRATE, GRESFEETEN
W FIAE R NEE, EREERLRES FREE 5SREFA S
BEH I ARAEARR), LR IR G RR A EEIF B (slip velocity) 5. /& M #X (temperature
jump). TESLIEE A, 5] FIH Navier-Stokes 72 HIATRIA N, (B ACHE
EEB5REN KW AT &M,

(3)1t P i (transition flow, 0.1<Kn<<10): [N FHLRHEMES KT 5
BEM MRS R KBUH R, MR TESEIFBX, EdERT S FSERERST
B RIAR AR B R AR, B DAYESL X Sk Y B AL IR R B A R B B 2. H %
# XA Navier-Stokes (N-S) FREEBEMB LU R KM X KMERIHE#S, W
Beskok # KarniadakisP & i (A B MOA R AR TR, RIREELIER 87
BEERREHE. T8 %% AN Navier-Stokes TREANFEM, NikmEkRERET
T IR

(4) B tH 49y Ffi(free-molecular flow, Kn>10): ipRka#mE, 9 FJLFZNU
H sz r AR B, WAOF ST 2R, X ERE, FFHE
B B 1EPY Direct Simulation Monte Carlo method,, DSMC, Bird, 1994), LI
gevh 2 B 7 AR AR W E A R IR

T/ K B TE P AR SRAR R ) B AR 1 538 B B 90 R TOd i 5T
T EEAGE. FEMRT RETERNMAERTEE. EHRKL. i) kit
PRERIUHI R LA & 5 R R L E T . 845 AL A TF R RIFISCERE
IR VA AN /D (R RIF9T 38 Ko — A 3 A 7 S 3 R SRR B RN A SRR M R AT TR



ARSI K F iR X

FE, B PG R R BB GA EOAR R . LR AR I LR R
S F 2 MO A, R IR S AR S R S0 T, M T e
TV R4 S BT P 3 1 5 R T L A B, T
0 38 T ) AR R BB B AR ORE R R T kAN, BB, T B
RIETHUREL . A RO RIS TR )25 B2 AT A PSP 8 S B 1 S
F4b, B REEMRARAR S, 5 AR G R UL R R T TR
BT . T B K R FAE) B AT TR

1.2.1 REXMN

ERAKRET, RENHERE S5 TP E LRMIELTT /N, 7EXFH
W F, SRR A B R /R FIIE TR R S B T BB PG, AR
SREN R RN, TR 2 R TSN R R P MR, . Ik
7L AR BT AT BRI SR, LA, RS, 7EMOR KT E
VYT e T R . AR, AT T MR SR )RR G B S AT
Ko M T ZRITES U OPTR T, DU bk B A 5 R,
R T T,

EBL IS b R AE M 12T B A B RGP R . R F R4 b1 )
EERABAREL S, AR DRRTEEREH=KE, &EHWTEHM
IR 2 R A T S ) — R IR BB R R, R
HEERIARENGE, R NG R R, R EEEER. —A, T
REBUN, RERSHRZLEERE, TEEIEZA, KEMBAMENT
KA EREANNER . ERREIHR, FREoRE AR, M)
o, TR ER TR TR F TR A R, BT S A Rk 16 7
MUMETE, ST KEENRE), HETREIEE RO, BRI )
Kb

SRR TS, B 20 42 70 AEARRR B ITHS, ME R EH RIS
THEAREE, BB H P ) R B 40 B T UL B2,

(LY BN LS S BB SR 55 R 4 PF FR IR, R IR 2 B S0 MO R 1
e B L, T ELAE R L TLATP & (A7 (A B3 TR B L) A, A7 DA
AT BB S

(2) BRI RIBM Re RETFEH, INBLHET5E BHO RN E L3
e R B A

(3) B A I J2 AL 0 R I S R R, AT A LE R



1

A, HEARE VR ) 300-1000, 4R, BRZEEBAREAN, WORE TR
M R RS HOR AT EURFR A Z T

(4) SR T 0 B AR 7 G, BB A RS KRR TR Nu A H4, B
R GOE 8

(S)TH B IE TR Nu LLE RIS L& 5-7 £ .

e b, A RS B e RS B R SR B AR S A R ) R B e B
DN ¥

(D) —KEEEN I REATER, AP EIFERST DR 58407 (2
T BT B ATFHREY B HER 24K, ETESEN FSK L
MBSMRAEEAFER, MERE. SHREEMESEERITE, Navier-Stokes
FEMSFHTTREERAFER.

(2)—RNZ & FER AR BB R E TN, YRR R E KT8
RTS8 AR, RS IR TIRe oL, B ETRENES, F5
K& TP s m PR AR A BB R A T A4, AT S B RS B i AR AL, o

122 AR ERM RO REHE

BRI P 638 B D7 R SR R A A0 RUBE T A 30 46 ) 0 A B o A 3 e A
B e SRR R . X TESEA T, ATLMER Navier-Stokes 52 #EAT Hiik,
IMTEELE N BT B A FIRZ B ALIEX, WA S — AT R T A .
HIME X Navier-Stokes 7758, tHFEEZEBUAXGHIEW, FIILREE. 1
3. RPEFERE .

WEMIAENAREYUN N EWHEE Kn SR NESRBEREE, LSS
BN TR, BEE R TS TR A% ERE I Navier-Stokes 77FEAR
BEA TR ERE X R R #E . Big -, Navier-Stokes 7722 Kn $H—M
BEARE. i, X250 0 Navier-Stokes FIE ARG Bl M IEBRER
KA XSO EX R M. kR, SRS F AR R
Tk, UK A Boltzmann 72 Burnett 752 A LB T4 F T LIS F3)
J1227(MD) LA R HERA - S5 R 18 5 I (DSMO) P SR #H AT W SR BB I . BB
B DSMCP) 2 B i Hr Roml 4 (2 SR BB T (7 1, IR i
WHERG LB AV EER, B2 TERSS, 3 EZIIR 2 & 40%
Ao “WTBOREE TRLBMEEZ R T HAA RN 2 %0, 2ER
BN WHTRORERS AR FET2, AR ERE NI RS 5
EORLREH R ETE. Tk, Niu®HRE T — Rt F ik SR 3% B AR B



https://www.reguanli.com

JESCSU A LA iR

R BER BN AN . IF BB AR RPN 5 3K A 00 45 5% ) B DSMC, MD
JTIREL K Maxwell B8 TR0 &5 95— 50

BUH, AHREPPURRERBX LR XA A SRS R A
N=S JFREMIRBEFH TR AR 5. Beskok and Karniadakis®® #2H 7 —Fb ik
M BB AR, b ERR R X P B BB & Navier-Stokes 75 F2 AT LLR 47 1 T
MER EZE 5 o FRFRARTE) . Nishanth® SR Sreckanth® 2 — e
BAEREA] Navier-Stokes JTFERIB MRS EIAR, MATHOWFRLEE R, Witk
BIERERE R A PR ALE ) Navier-Stokes 77 T2 Hib 05 5 o] B B 3545
HERMERIFHAER, R LR LR Kn=5 M04IRE) 1 . Weng et
al. DU B S VB RS BT & Navier-Stokes J7FESRAR T K0 T 440K B 4 1 S A%
g)), MATEFRZRE AT DL F AN A T AR Kn S0 Eh.

28 SRR IR SRR B SR B I R B B Maxwell BV RLAF R 1y, B
B s AT Z M — AL, A TR D BIAR AR, JF BAR R S5 R 1k A A
—HEA O TEIIRS, 5 RER . XM, SNMRBEEm R,

ou

u —u, =A—
X, u REBEE; u, £EHEE, /=12-0,)0,, | B2 TFHEME, o, V)M
HT Maxwell FJ—Irig A Thompson KB T —F g al

WZMAEREXFREIAGER THE S Kn HiAsh. N, Beskok and
KarniadakisPO& H 7 —F e 0 i B i

2-0, Kn Ou

o, 1-bKndy
XH, b ZRZKSH, CHME MR Kn 80T 1 BRI SR -RI8 J77EDSMO) 3 A
MATTERR R AR R, PRl X HE A B 2 T X E 0] DURTHR I D45 5
BRZHER R ATES S 2, YR .

RBTHEHZHNA, Sreekanth® $2H T — il FI B B R iRy,

2
u —u, = C]l@+ C,lI* u
oy

U, —u =

2

KA, A G P MISLIREE IR R R H AR R, LA
HERHER BRI K — R A B f

ATBLRBL,  HHRT R A B A B e S BB RO 57 30—
5 RS AL B 2 ST AHIE R H07 B By 35 R L L



=

1.2.3 Fem s R SR E1ER

RN W] 43 A 3R RN N 2R T RN o P U 3R T R0 3 B2 8 ARG P8 X ik
WIBEANRBIE R W, xE2 PSR CERTEY, RN RE TRIZ
WE R, WEMR T HFEMREREFEMILTS. MALKIE. RO HDBNHANER
MR E TRRER . REOFM . REEE . RERHK ADRMREERNHE.

e EY, FmEE A E T ER N — KRB BMEZZE R M 5]
R, SRR D A R L %8, X MD HESRITHR. &
TN E AR S, X — R IR A R B R R XU E(EDL)IAEE, [H
HHRAAZ AT BN RE TR 2. £2HR3aF, FENH
PEENAEENAG, BHERENER, REREARTE.

WORE PR PR AR AR EER W E R AT WTESEME. AR
W N AR TR 2%, REHMENEWAENEEE R+ EK, BE,
T R A SRR P E BRI, T AEER D REMAEE RS
e MEE RN B, XA R R TRRAOBAE. Bay, & 5ix—8uRrt
REBECFELEPELERN L, B 5 FRRE oA B SO RS FE AT 4
W

B X R IR FE N B e B 2, 2 B2 KER T IR R MR

Young 1 Vafai® Sz I8 HF5T 7 78 [ 52 HLBE TC IO IGEE o Re 75 800—1300 2 [) 1
SRR, AR T BESEMNATIRAER, B T2% KB,
Meinders et all®6Ixf b BEHIEL A [ 2 7 TEAELRS TO A0 8 F 0 55 B oF R0 St o0 33k
17T LTG5, Schmitt et alt® 4t %o 3 T HEU R 18 o B P00 38 o JR PR B e AT T

Abdelkader Korichi et al®® 1%t B4 [ RS 7 i) 40 T30 18 P AR W TR 48374
MBI PEREAT T Z R BE R, MR E A BB — AN TFEHA, ik
A SRaEE bR EMEIT, X Re IRMENBUR A T MR, JHBEE Re Ry
IARRE TC 2 ¥R E /N . Garimella et alP*MS2BG 57 T HAME EE XS ATBEMA, fhR
S 5 3 o P RLRG G 18 P LB AN Vu /Do T Koo et all*M 5| N T Bl sk i#
THOEE Hp 2 T RFLURE FE X PR R 7 B2 R ) PML A58, J. Koo et all*' R X — iRt
5Kk 2 THRH i P8 ot SO T 4 PR T S M AT T 400, AT 90 R 0 T R R ot et L
BRKEW, (B2 7R 0E W /N FETATHRGBIE R M. Croce et all*%f
HA = A R0 TR NG 70 0 P4 A 08l T8 R [ 5 S8 188 AN o TR 48 AR (R R B e 4
TROLHEAT T BUERIURE AT, AT TR 7R I3 RS P %o BE 482 I 1 ) 3 i 1R KB vt
Nu MR /N . A.S.Rawool et alt™ 5 FLA ] 52 KUK 7T f 85048 £ S 08 (/R 7 I 445



A3 RF e 3

WARRIR BT T EUAEREL, AT R RS 7o 00 JL AT FEAR LA R ARG Jo i) )
SRR G E N, Kandlikar et all™ b0 %0000 T o 1) 2 TS BE AL
B RS T A= AN AR B S 4 S T R TR R R . Yan Ji et al e
BN T A, BE T T TGRS R R KRG R S S AR R S e B B,
BLEIE S Croce et al " 1E B X RS B 2516 — 5L,

MNEFHSIRKRE, &N EERAREEBATHR, AL RIE, #
MR EAENE. B2, BiMEENR EE LI AT ERRAN 45
ENTEAE IEREPE A S T REATRAER . ARPT RN, P08 A 0] i 48 v ks vk
MHBMERE TS REN, ENRBEWRBREW. 5B, XA E SR
TUHIOEE FEATBUERE R, TR TE SR A, IRA R 4R
e ERKIRE,

1.2.4 A R 48tk

ERE T B R GEVE RASE R AT RIS R Aplp~Ma®, Ma By
B WO BT B At 2 e TR R L FIE R 46 5L, 08 Aplp~Ma®/Re,
Nplp~Ma’Kn. RET, RETGTEEBUAK, BbFrEMRER KK,
AAEFEAR IR B W, A O AR AU AR R ) LU B W B, DR &
BUE PR SRR N AR, FRENRMEERRETRZEE, WS
BUGRER AN E R Y B K246, PTCLEIERAGEME T, 0 80% BRI ) L 45
o EANSEAMELERE, WECKSREZRm. R RNEETRES
BRIIRK, FUpiBESUAS R RRE, R A Y SR S8k
HAgaRik, M0 H 2 RGN (8 5 VBRI, 8RR AN AT 4 1 F K9 4 AR
o FEFETIESS FRRITAZS, BEE Mach BUMNT 0.3 1E R 4K 48
VA . TUERAKREET, G Db A i T i e AT 5 o Xt AR s g 1
RITRAAR SR R AN [R) B 10 J7 R R T B 0 2 7 R Y )

W T ROBE s/, 2 A AN G R R R AR SRS T T e ol E A
ARMRIRERE . ATIRARE . N R S5 3 Wt S BT 5 ) 485 SR e 7= AR AR R S,
FPHURKIRZE, KAZ LT R — ) A 7 2 18 DA R 2 AR AR R i
ESRWMIRE . 2T Kn ORI, LU T 2520 KR A 1F A LL b A ] AR SE
FX(Kn <0.001), "IEFGEHFEMET IS, WEBBRK, BEH K HH8HM0,
0 TR PO 5 M) 7 0 480 9

Y. Asako**TE ZUBE T R AN S B R IR T JE B IX ] TR 4 bk 3 SR )
B AT, MAAAERIEERRRS), o gttt B . wis



.

1 W&

I

I

B TEHER S KRB EER TS5 Re WHIAW LIRIR A Ma BH)RE, HFHSH
T WA A2 18 I FIE T . B. Cao et al*S B T 57 T B 485 T 108 18 v <t e
A RERRE S HA M. AP ERE T I E4EUNERT, REMAT
T A AN R B ER S EE R DR T A A Nu B BRI . Croce!® S B HAG
[ B b S R R Bh R AT TR, %18 T BB Al IR 4&
HF, W TR A, Vijayalakshmi P SCBRAFST T ORI 0] IR 48 M F
TREVEIRPIOMEA . Rosall 44 T BARHOEIE RS I e MBE TR 4 2
AR PR TRl IR 4atE, fAFe B e E SRS ol B8 M A B AN o] 20

ALEH, B R e gRE % R nl R4 AR AN W M R B B X
R ER MR, ERBRIRBH AT RBERSEN T ERNEZE 2
EY.

1.2.5 HiEAL

FRRBET, Wzl BT 410 2 RIWE T &t BRI RS
o LA RSN BEBARAE T 2 A o F S RE I (ORISR R, Xt bR &7
AR, Kn B8R, WMEBNSHREREE. Eh. BENSREAE,
ZERCMR AT 53 29 VY

(DRI A0 & A (IR BE T B IS A5 R B TR I P S B T B U A 10389/ T
BUURE, B, EEREEERRBIRIK, BEBERAHME Kn MR ML
BEMS. HiMhi S AS) D Z A EE IR B -

o ), 4pT\ox),

LR, o RoRB R DTG, 1-0 RREE R D THELG], L 2OTF
AR, E3UHLE— TR T AR5 T OIS 3h B B W T 38 3 U 1«
FOU IR RS SRS ERMAR AR, RAFFEIR BRI 5] fe e
M

15k, R RS MR BE T I O M i — AN BEE RN E S 5w
BRI

(2)Kn BB RS, T8 000 2 MUK P 45 A R o 47 470 B S o

GYF N AR 2, e AR BV NGB 3, B T S EE SR AL S
BEXHATE, SBURRMEEAE.

OEBHEEEE, BEUNSEHE, RESMOEE R, FTUMEFESD
SUR GRS 2N YIS e R e L5 aiog UM



8| P e e VA8

FERTHED, B RS AU R AL B R R, TR 6 TR,
BN 4 S A G BT S LA RO

1.2.6 N

BOBER S A DR R BB, KR BB L S E TR A — B
BEEEFZ —. Steinke!™7E 845 T #1 A S F OIS SARRZ) HBF 4 25 RN,
FRSCBOT L R B B P & Bt TR 2 IR 24 T TR M BN 1A
S OVASE: GO

NoninoP BB FTIE M, 241 E B TIE R IR 050 4, 205
THENRERBESEMRIA DM, EREEERRER, ADBRKETH
SE KLY, B RSE R RT 20, AHEEEHEKX. Lee™
R R I, 7EBGRIE T R 7042 18 T\ D BSOS AR L 5 55 30 I ) 9280
FRA SERITHMS . 7E Lee BERIIBIAR, AbAISE A O BT T HHST,
I LAEN T ATB RIS R . Wenl ™ lSg 0BT ST T 40 K8 sh iR AR RV 1
BRI, FEA0RRE T A DB M EmE S TN E. Gamrat SR 5 T
P MR B B AR, RIUAEE RO B R LB B4 R 5%
ERAER T, P. Cheng™ WS BIFTh, WFHIET AR, HEHINL R
SHEHERRARTH B, BB, Guo AR AN, WEET T
ARG, RHRTRENTRSRR, XAMEREIOFRTAND BT
. WIREI, ARG oS E t R 2 — A BER EFHRJE PR L
TR, ERXEREEA EFHO IR R DN M — AT, FTCL, OE s rh B
WA R ERRE, ANDMNIKARTEE. ETRESN, MEEh AN
W5 BE, A2,

BT A A R BRI A B A B LU AR (1) EHEZARRAD
W, AAADLEARN KR, SHOBEESHRRARE, (2) BIUE
AL EBEEIAD. WHRIERSRE, B2, ZHEHLERKRE,
PR K R AT, SRUEE, ALk AR, HIEE K,
RN F BB A7 IR DTN 2 L 2, 3P A AR (R Bl YR R T
AR, BRI, XPRRALE VR B AR AR R 2, B S £ 1 B
o REHAA A D B B T BE B R M vl b3k 1] BB S

HEAEO KRR TR, &= ARREMRERGT PRI T ERAS
WO SR TRTT, R D B ARG A 73 S B, D)
ADBKESANEKEMNESAN 12.5%562%. Lin™4 3Kk hH 74



133-146m IR0EIE TR AR BINET T SCRWIST. AR DL, OIS A 1K A 15 3
KB R RN O B K A B AZ ], BURIE T A DB R K KA .
Robert ST T iR EREE . Kn A LB RIEW, JF AT
ERNEp 3 PSS e

X 36 BT A B RO S S AP e — ST T, AT RO 2 W
L N SO BT RIS, ST R RS, A RIA A
BB, 5 AT R, BT AN DOt T AR — B
BEE N 1B Y B 28504 T T 5 T TROFIT. Meetin™ SV B TR I A
N B 5 B AE SR MBI BT T 51 10F50, BT AN R
FHOR Nu BUSHE B HR LI SR X B RS — BRI EE LS.

T SCR A OB BTN TR 7, 4 A A D B K B MR FE K,
BIRAAARBRKEHRRES, 3 LRE S REGH AN B KEX—E
BSHHT R

54h, IAETFIFAN ORI BB E R ELRNRE. Tk, BAM
BRERAREARH KT RE, 0, FROR M RE RS RN R E A
B, TR, Fi, E2EAHRRE SR T BRIl R
MR BB T BA IS X

1.2.7 #5 TR

WH, AR EEAR KBRS B 1R & B 0L T 4 &2 Rk M i
MBLATREY, ERRET, MERERSIAGEERDNRERERHIERT,
R IR AR T BV, L as gl g b TR KN S BEH
FERREE IR, HMRAATE Pr 8RN BL TR HE ISR SEme h R R 208 . B xT
FEVE DAY BT R AR R F)F 38— D38 R MOR R iR sh i LB

Kool ™ 1 T i it BN 13 B MG HE MBS R B S I, SRIE T B 3 T
XTEEBER TR, JF BB SER AR TR A&, MTRI, EREET,
FEVEINRAN, EEZ BB IE R WL Re B Ec 0. Pr LA KK h BARX LS 5
M. DAL, FETHOE T 2R T AR £ B e B S B AR 0L LA R i B T B PR RS
PEe MUATHIRIFUETE R IO Bl 8 K h AR R TR, %%
FEAWRERIN T — AN AR BEE REERIIN,  BEE DR T4 T I B8R 1 3
W R 30N . RGN B B M) & B R A 15 DO A W B L g e e 1 ) B P 2 1R
o Pl T BTH 0B 50 s T R %5 RERb I RO B B

Tso and Mahulikar B8 ZGHIST T Br B0t o 4 56 LA R S 5 3R 1) 5% A0



AERUACI KA 2 iy 8

e AR, PRI (7, PRI ARt A RSF I — 25,
ANAE R T BRI I N OB E /K ) AR MR R e b ) B, DRLK iy T R g
=N T ERTRE YE I HBORE = A A T A MR R TR/ R T A S 1 4
AL

Sun™ VI T R E M O BE R AT B4 #H S AR A R 5
AR, EE R TR MIEN AT, REERTHER. il
MR BRSNS LM R &M FIRKIL, Kn BRI PEI SRS 1 5
WK EAREZEMER . AN DBRBRR S ERE, R EA I
W, RERHEHEEREN RS, BREEE—S, NuBBHRELRAME, WBE Br
s, XM R AEEANOBERE.

Giudice™ RS T Abf1ZE N D BURIBATE 40 J8 B 5 TG 0 038 157 5% 1 fr 8
ERE R HRERKN, ERAMBETR MEESETCEA, Mttt
UL W AN T] 200, EL S BURIR AR S TR B AR (b AN mT 2

Coelhol® E % FE kM Al B 9 S T A AT WE 9T 7 1) B R 3 78 40 6 R
BRI R A, A U R T R, A TIRES . RER
FE. RAMNEI Nu 05 Br BURAMVE L E B R ECR K.

Tuncl®7ZE % R M IR (3% 0 T SRR B B R Sk g T B & P R IR
AR RSN A 8T WA M KA IS IL ., TFFK
W, K& Pr B, AR Nu SRR S BRI B BT .

UTAER,  Aydinl®* 3o 0 R RO BE T R T I R L X ) 4 s
FIEMEAT T —RIVEF R

SCHR[SOVER K5 M1k Uit A 7 2 0 R FE ) B8 o 199 )2 40 5 S UG 7 % R RS R
PR HE R T AT T BT FEIR T RaIMAR S K EBRKER. KE
TEES A Nu BUHES Br IR 3

SCHR[OOTEH X 8 1k i A 7E 7 SRR BE R [R5 e I FAN 1) R Ut ik X R AE %
FERGYE I BRN E L F BLRGRAT TRATIF . R8T N RBBARE i A&
B Nu . SRR D R FEBURFE /3A0 F R EE Nu $405% 5 Brinkman FUF1EE [ il
FLE&AFI R . 76K Brinkman £ 00T A DAY W HE 5L

SCRR[O1]ET XS Poiseuille BRI IRIEAAT T ¥, HIB T WM FEI)r K
UL, $RE T XA FHGL T A& A T I8 JLAAS R E XY Brinkman 22, 7EAFE 2
R BB O B3R T HE 241 F Nusselt 201E 4 Brinkman £/ e1 48 .

SCRR[92]53 TSR R T AT SEAR ] Couette—Poiseuille 5225 AT I H il f . B4
A O BRE —ERE A, LR —ENEDEE. UGS T
AR, EERT EPARES z- 7 IR Bl AR AEAS R R 942 T HY) Brinkman



BO Nusselt 20152t 7iEM 8.

AL SR N R G RGBT T AR R T WIR TSI, R I AR S e
PAERE R . T PR R SO AR T W O T RGBT, RS P n o
[ s AT R R 51

SCRR[O3YEE X5 5 W4tk VR A 2 Tl [0 A PP D 22 U 3t 0 R 2% RS T A2 Y ()
&L AT T TS EVTHWAFY T Brinkman R Knudsen #0%t Nusselt i
F LR o

SCHER[94) 6T 3 R B o BT BN R0 FA 78 43 i FE 1) J2 VR S T o 7 5 RRORG 7 n 4
RGO T HAT TR 9. TR MBS T Brinkman #0f1 Knudsen (%
Nusselt ZFIM L. Nusselt P Brinkman T USH T AR, X8
SR TTERGYE I I T BE A& S SR e In#A = A 2 P4 . 7E{K Brinkman %X
T, Bf Knudsen A3 0, #ePE) Nusselt 20870

(B2 TF i — 6 SR> HERR ARE,  EIR Sk Mok it 18 — LB B 1Y
KB o RS X PAT FAR BB I 04T, SCER[94] P B iR, BEERAY
B EEEEIRE . BA, 76 Kn=0, Br=0 WIEHLT, W0 FUORS 14 Sk Y. 1) %
) I ANAELE, SRR MERE N % 5 H B TRME — 3. F R, #XE
PP BRI, 7540 RBEMBRAN Nusselt BV %5514 8.235 1 7.5417,
T AESCER[94]7 73 ) 4 4.118 F0 3.78. DRI, X CRRIISRARES RAFEE— Lo MR IR
(5] R .

M ERSCERE S PR RURIR, B A0 LR SRR BE T R s R xt
WSS AR AWM RAM R . IEW L EREIA Lok H AR,
VEINIABN o B3, XX o B RN

1.2.8 RERFUR

Big b, EKEER, Hiray st @it m K s . E3CHR[98]
B, FEXTAKBIERS) AN 2RSRE. BE L, MGAaTmE L s —EE
PO B A5 B Einzel #OFERAER RS T 9K 4UHIE B R
LB TG, Jf BARKE RRRE TYHE R BRI E (W IFL
) (Physical Review Letters). FriffIHT Il % B0 H R e 7%, B3 B iF
S5 TN AR e, R A K H LTE S B T AR . BRI E N
# Aoki et al.'JA Tibbs et al "'MRIE T 52 — B, FHX—IGRHIT T RIES
X T B AR M AR EE R E), %% Lockerby et all'®l, Sun et all'Il &
Myong et al "M E I T e— L% o AT, 2 Jung!' MR SIXFP 5 M RS




b AE N [ i S0

WL EHB L L mx LR R A o F SRR, sy ali )
F 5 REL %H%?ﬁ/ o MBS T — R, SRR, JEED
PR Bk, umﬁw¢ Rk E K A MR B RE . T A I
AR AINATE R 4R, a0 SR IR YT E P IR SR Sk B R R AR T
) i 7L o

1.2.9 SLIG AR

PR TR S b, SCIOBF R A, BT UL R 2 HW 54k
PAERETR b, BN RN FHRET mmARs A MR RS R E
LREM. D, X ERX SIS o AT A4

FERMARET, ZMTHEEARM MRS, ke d@EiimT, fFAEREHD
BIRET, WATFRBEERHANE, RAEHBAZHMRTF BT S50
Ee. HA, ST ROEERAERS AR, SR ITENIFARZ

mﬁ%%mﬁiﬁﬁuTRﬁ@-mﬁ%%MMIﬁﬁ TESMAR Sl AR - %)
HidE, MR Rs AR, EXRTRT, EEKNERTKR, PEFEZ
HEEEX ERHEENF; CBk[35, 36, 56, 57, 58, 69, 72, 106-118]#)E
TREHRR. QBELE. HRETEEXHIGHER NMOIERMRY, 5
KRR AEM T AR BREE LR . KT AR T2 SR
MRS R, SRl AR, SFE I TA L FEI TR,
M S B RIRER K, ER[119-132)B TIbEWFFT . STIR[133]1 5116 T 1x2%
KRR KRE.

H iR/ H SER IR A T S A R AR (S, C EMEWE AR
L FABLA MEMS SeBHIN THE AT H 10 HeRg: sk R I A0s E 317
B, P SCER[134-140] /8 T X KPS0, XL TR T B Aiskie
HREIREES.

132X ETERE

AN UABE E R OIEM S AR Sz THMEM FRNHFB-FSRA A
MY, URRERER)SERNTIN S, NBEEER R MaE. CBNER
REUrWcha e, $EIENONIE I S RS0 e UE BRI R



e

|

1Ty

sl

RO BOHELE, JFRH TR E M TR RS, R RE R A e
RO SR BB 0T, RIBE RS, R SRR AR S B, PR
LSRRG R BB —— R th—— R 4.

R F N E N -

L BRAWME T N-S TGN RO F A KB E R, HTHR
i S AR o T S MEHEB TR, NI BRSO E TR
SHRFAEEBHE; R MR THRERERSIFRAER\FR SRR,
— WA R RS B A RR s e A AR R, EECRRB K RS T
WIE A B ARG — E B R, RANR T B ENIEE, W L
{75 T [ iR X — BB &

2. AR OEE = g S B AR BCERE R, RA CPFDGHE R 12%)F
BUS SN E T X EZWIAR, WAl RAErE. MERN, REBY M A%
XTSI SRR RERE W IRATTFUE TR LR ) S e i
RN R Z I ETAFEAEFIAUER, RSk & ml B R L R E A T ISR AR S)
PR, @B E R AR B SRR IR

3. ESCAHMH AT RUIEE LIRS R SE, RGO B R i R E
) HEARE RV 5 2 AR BIe T T 45 R AT 5T H

4. RIS FRASRS) S HAE T T3 RS T ROReeE,  HEAT MO i 4 4
EBt ST, SRR SRR o7 30 Bt i B RO e eds o

S. FEMAL BT FERL b, BRMIEERARER TS, I ERAEN
Wrbl: BT RERER T, RET RS B4

132 A BEr

L A5 T OB PARLAR ) 5 B MR RO IR R b, B IEIUA A FHER =W
TANR AR BEAER, JEM T RO E YRR, IFIRB BRI, &
XTSI FR A B R AR s 75 2 156 F RO B AR 3 3 e 7 g
WRFtEh iRkt b, B — SRR R RS A sl s R, £E%
IRTS BIAR TR T SO T8 PR BE S A T IR R —— 8 R IR b, AR TR
YIEEHUE, AYIBE SR — S

2. TERTHGATE . AR EEAONT L 0N B N A S B DR 2R TR Rk



https://www.reguanli.com

Bl WS N L s S A7

TARTLB) 5 AT AL B IR DL RN FUAE T OR B T2l P JRr 1) SR B 52
W D) 34 2 () () A ZEAE R AL, RSk &l s i X R AC IR P L AR B SRR L ) 6
HEUHE, h @ AOE E B it SETRIR HEEHS SCRF

3. R RAIEE A R &, AR E R R R XS S R L
BATZ fIAR B AR b TP e B AR AR BN RER.

4, Wi SMTARNMEERAE, BEOFYHEERRSLRE, KB
KB B B Z X RS SR fEFANLER, 85 SE 0T bE R e Rt AR S

o
HE o



2 SRENK TR BRI [RIE 70 B K i

2 B R E RSB R ST K R

2.1 B{N

Wi E B BRI, B EIER R TP REE T WA T B B
AWK RERNE R G R E BRI RS X FEEN R, HATaT LLE
Navier-Stokes(N-S) /7 R2 B AT H6ik, MAELL A M B o FIRZ BHEERX,
BAWE AT ITHR. BELN N-S 5/, MFEEEERIDALHFNE
W, BliaFEts, HuFE), FERRE.

AFRIFEF B 7 T B BN KRB AR BKa TR B
LR FIN-STTRBC & —Br el s Mg B A BT R . NI SN B A T 55 1)
ALY R IR B A BRI B R R ISRV, A EAER K
SRR AR LV 1m B RIS AR R B A AR, NSRBI T JTHAR S B 41
W B HITT R T E oy A8, 30 R RS Wit T Tk ig. &
JRAT ARG RIEAT T REM 0T, B3 T ERTARRX KA R R Heg i,
H4h, T RAPEE KR E AERHIN-S R &SI BRI TR
BT, SidEs i RE ISR, SETHTEESRMNE RTEEINE.

2.2 YRR S H SR
2.2.1 BB EEE N

g s, EVEHTFETEEmRAARBUT &M, GETREREEE R
LA TE IR B BRI F A AR TSR UL, MR AR RS 5 IR JE BN 4 1 (UYL 2
W RMATFAAE T RN RN A BRI XH2 N, FERES T5E%E
A RERES R PR, siegerh, SO AR R 530 R Tk R SR 4 A 7E Kn<0.001
I REXT D) BB R A HER T . AKn B0 T IXANEH, 2T R A bR
FFHK N BERA Tl Ll iTs i, M4, RS 15 B AR 6 AR 2
5 K CAPRAIE SR TH AR AL T MO 5 P s, X gt & HUBIUES 52 # RE () 1) 17 3R
FEME B FIR FEBRER .

2 PR ARSI T I B AR R Maxwel PERLAESR T, 2
F A B )2 B — RS . A A kIR 9 BRAR A O, I LB 5 B T A



PN e S VA

—ER A FEE RS, BRI . RS A SR A R
Ao FETIXFIRR, STMNKHEBEEZENT,
Ou

u —u, =A—

XE, w AR u EREEE, [=12- 0,)/0,. | &TFHEEE o
VIR ER T R
FF Maxwell g5 A Thompson K& T —F B
_ 1
u ~uw=gﬂ(Kna—u+Kn 6_124)
o, & 2 oy
WEZMREREXFERANGEH THAS Kn B30, F, Beskok

KarniadakisP42 7 —Fbistist i) —Brig B Y,
_2-0, Kn ou

U —u —

ST o 1-bKndy

XH, b RAKSH, EMEBEAR Kn BN EEEIGE-RIRITIA(DSMC)R
B MATERFAXMRERE, KR E d 2 FRAEA LR IR A )
iR, AREMERGTESHEL, DEIEAE.

JTHEZHRH, Sreekanth®” $RHI T —FEH A M —HIABHA,

2
%—%=qz@+qﬂ9§
oy oy

EE, O G RBMMARRR NS R, X HaBEmENE, et
R IR M mprin B L —.

TEAERIFAT, FH T Maxwell— ¥ # B T i Sreekanth $& Hi (738 F ZBir
PR,

2.2.2 KA o1 50 py IR E FAE A

A0 T HET R ATAT AR B R s AT T A . KRB 2-1 Pios, F
WIREE . 2H, 4Bt R, WOE AR A RS, WESBmRE —8, A%
FEM . TR TR PO STRR, Ik, AR T SRR S DI AR 1K
__%go
B MELERE T U RE:

(1) ETIEAEREI IR M N-S R REHE R A2 n) 8 ;
) TR TR



2 TR R BE A K FIAE 50 MR R

(3) BRI
(4) ZIEHRARSs 5
(5) I FR 4 ARSI RN AN -

——= 2H

_—
).? T
X
Bl 2-1 R E A T (e ]

Fig.2-1 A schematic diagram of microchannel

AR LR EER, B TAW RS R ERIT . REWT:
EEE TR

ou 9v _, (2-1)
Ox 0dy
BhE T
2
uéﬁ+v@i=——1—d—p+va—l; (2-2)
x Oy p dx oy
10 75 A%
BETH
—Mrim R y=0 u= /1% (2-3a)
2
“Hhiman y=Oszﬂ%+Qf%; (2-3b)
v b ou
EP;L,\éf y= H 5 =0 v=0 (2'4)

KEWFF, o, =1.

2.3 KEEF EE A

AR L VE 100 il K AR EL e Ve ) R R TS 25, T R4 4 el B AR AT vk b L4
LR, FETTERESTPEABEATZEH—MER, Fsz, #3)
T3 N BB AR B — AN AR LR o) B ) U A D B 55 S ANV F R, 3R A
JUANEEE F [ /O i 2 ANACE M i AR R 1 R 2 i, bR 78 T 14 28 S A 1) s
BT B R . WIXAE LY, 8R3)hEond 53R 81k ) B SR R 2 i . (8
&, WITIERBIAENSH MK L, 8. FE-NEESN)ISE, B
(I AT LAZIZ (L) NS BB EIRTT . SR, XRS5 AR AR R,

23



AT N7 W -2 83

STomARLEVE RS, RIACEREIRE, HARANTEAEDSHAEN, FLaEs it
i, HAESGAREE TR RAE L E T AR/ NS, W, R KB
B, FKESHKEREATERRMNSE, Wi, 4R Stokes HKIE
HRAE B R 5% Rk Bk . BBNER ERJERYE, 564 R UET H I Or
MAhSHRE. B, fEMEDNSHEER, RE-MEEPKBT DS HE
KW NTTE, RIRALERN,

REFETHIPRE R RAERIESE R ENEERBERA S, Bk
L ) AR DL BN RIEK R WM. HAT, A E—MSANTHER
FELR AR TR, 1997 F, B LEN T —Fok@ R, W7
R —Fp AT T e —— A T v RS Wi B S B4 4 22 P 1 R4S Ak
&2k, B XK Taylor RE A, EHTAE/DSEERB, E7EEALR
MAFFEIEIF AL, MURIR T 83 B8 S50 RR T, maEEE
EEETHEIEESN %, W Lyapunov A L/NS4iE. Adomian 7M1 8 B IT
. Bk, NMEWEEST, ER—BN. SEEBITELTIEARR, EFERET
— AN A A2 K R T R g iU T 18 4 i v e SR S5O B, Rl G, TEF T
SRIAELE M ] R

FRECSR R AR A BAR, TRTI & 2 B e R S sl 0 77 A5 T I AR AR
Tk M H M 5, B HRREARKIELE B TRENEEDE
AR IR B H A T IERRIOA, BURIE AN S S HE A KR X L2k
YR T REATERRLME. T EEAN KBRS,

ZBEAN LT

N[u(®)]= 0 (2-5)

Heh N AIERMET, w@) AT RBHERR. ATEHREOINE, BEEL
— A5 AR R R

(- @)LF }= hgH()NIF ] (2-6)

Hp L WEMHET, SHTRFER: #F(g,0=0, LF(gn]=0. NAIF

MHT. h20AEISH, He)' OhHEBIEE, g0 hikAZREI, &

FHRHFARMRKALE g, LRHERAR, SENNKHF BAR, B, FAMY

BRI R g MR B S H A 7 R RN T HER KR 7 A -

(1- ¢)L[F (t,4)]= hgH ()N[F (£,9)] (2-7)

Fu () HVIEREN, HAREQ-6)FTH, Zg=0/, F(0)=1u(); Zqg=1

i, FTRE(2-6)% R RH(ONIF (¢,D]= 0. T2 FEBIELEAENuW=0, &
F(r.1)= u(t) (2-8)



2 Pk RUE SRR RS 2 Mok e

T h=0, H@E=0, BMEEXRE-7), F,l) BAHREQE-6)K#.

WA (2-8), HHkAZE g M 0 BEINE] 1 1, F (1,q) ARILRTE MR u (1) 1L
SRS B u@) o FTUL, FRQENDMMFGL MET W F—"1#©:
F(t,q):u,(t) ~u(t) . FIMERBH, XFMELMBHRIFAZL. Bk, FTEE-7)E
HIRAZENTEE TR,

S m B A B 5
ﬁm=§%%ﬂﬁ (2-9)
SAEMRITEI, F (.q) TRIT g RYH
d(t,q) =u0(t)+2%m (2-10)
= u, (=20 1 0Eg) (2-11)

m! m! oq" |q=0

IR (2-11), D, q) BRI LLFIE N
O = fy(M+ 3 fo(a” (2-12)
MR B AR R RME 7 iR AR, O, ) R HEL(2-12)7E g =1 WS, MR
(2-8).  (2-12), BEHKEE
u(t) =u,(t) + ium 3] (2-13)
RIEAAR A FERRERS, REF (1, q) FEMLEQ-100EME—K. Bk, EEH
FARFREMR, HELAAR, SRA () KFERNREE—F. BIEREe-12),
BRI TRGRE R u ()RR BENEETESHRALE ¢ 5K m I 35,
RIES ¢=0, BBRUm!, MABIMT m HEEFTRE:

Llu, ()~ x4, ()] =H()R, (£) (2-14)
Hrp,
0 m<l1
O IE
__ L o'Np(g)) _
k.= m-n! o™ | 319

KRR 45 SHER A, 20 BISK RS B 38 77 2 A0 753 B0 B G880 B JR 3
2RV In] BE(2-5) I AL AR AT 17

KRR, VIR S Bh L V5T R4 B bR B A I UK SR AR F2 52
REZ, BHREI T 3 MRUKTEE YRR HBIEMEE 4B R B
LK -

25



DRI G0 TSI S BhLE Vh 55 T A0S B R BT I, 1% L (RIE &
B AR T AR I A AN B T A S PR Xt A S T

DRI : MIIRFER . B EEVE ST R B B I, 17 i% LR AIE B
B =B TR, BEME— R B,

e &M (RBUEHYE) FN: MRFAR AN LRI, #aTLIES S
KRS R R E.

HERHRFME I ERIBARMAT, 7S 5 B BH 96 5 2 5 e 4814,
TR, GRS IRt B I8 T S . i AbbasbandyZ #9015
R TR T B T A U ) — e 28 M ) B . Allan #5213 iR vt 3
1RGN AR A Blasius H BEREAT THFST. HayatZB#2 FSajid Bl 15804} st £ iz
0L T HI34EMHDYS) e 4k 4 T — RIUR S, Bhob, B8 Hoth 23 N RS 43 b ik
ISR AR T VR 25 SO A A 2R 1 fa) L5167,

24—, ZHiBBIEEKE
2.4.1 1EILEEIR

M LB IR HT BRI A T 0, SRR A RT3 1) {E £ 43 R A
SERIA IR AAE R A TR L, ARAHRE T IR, WA

A ) AL M S AR AL E RS TR,
AILGIATET IR AL () BRI Z AR

=7 [4+ B _9 _% 2-16
n=1r () ={ HU@L u . v=- (2-16)

EX:
o =1 '_p=[Ax+§€;x2+ch (2-17)

X, 4, B C K AHEH. KK (2-16) (2-17)i NI R, M=% ) & p)
BRI EWM R, REWT,

vf"+Bﬁ’"—B(f')2=£3-k (2-18)
Y2,
— iR Af(0)-Hf (0)=0 (2-19a)
e Hf (0 CI*f(0)- CIH (=0 (2-19b)
LK fH=0 f1H=0 (2-20)
%Kﬁﬁ%i%ﬁ&méﬁﬂxmwﬁ%ﬁﬁ%%=
Knf (0)- £(0)=0 (2-21a)

26



2 AR B GBI S 50 B SR

£(0)- C,Kn’ f(0)- C,K;?f'"‘(O)‘: 0 (2-21b)
BlHAh R, BERIR X R B AE S i TR T AR E o TR
B SR T A MHE S LA, B R oRahAg s A IRHE vk x bk el U AT N T oK A o

2.4.2 —[ R BRIk AR
iz F R Ak g de et B B A B 22 E LR M T AN

B, FEAAE R AR B, 45 B RS it sk g et i S a5
WA (2-18)F1(2-21a), B IRENHERVIGEIENE, WT:

1 1 1
Ji= = o Kot Ko (222)
Btz b, FEI
L[cb(n,q>]=a—“g(’i—"” (2-23)
n

FNHBENE T, BHTEFWIE ©(7,9)=0,L[0(n,9)]=0. Tk
(2-18), EXAFLMUETIT:
(D(U,‘I) Z_H_3k

oD 2
N[cb(n,q)]=v——a(’i’q)wcb(n,q)a C0.9)_ 0 ]
n on on

KR gel0,1] , ARAZE: O(1,q) 7 n Al g KRE RIEFES g p BAH,
MIEFM BRI T,

(2-24)

(1=IP"(7,9) - /, "(m)] = gAN[D(77,9)] (2-25)
AFRFER,
Kn®"(0,q)-®'(0,4)=0, @(0,9)=0, @'1,q)=0 (2-26)
B8A: 1,0 = £,1),00.1) = (1) . BERHERGTIEQ-25% g K m kT
8, BEREL mIFL g=0, OTLAB BTN m MR, RiXWT,
LS, =, S (m)=hR (f,.) (2-27)
A,
Knf,"(0)-£,0)=0,f,10=0, f,"H=0 (2-28)
- 0 m<1
X X, = {1 o (2-29)
kH3 1

R )=V )= 020+ LB D, s~ B DS @30
K :0(2-30) W AF(2-27), AT LATEE):
1200~ 1) = £ == )+ S - B a0 @3
TS S A Mathematica, XPRISKAR S W FATTIE, BRI £ (1) .
VoK 5 B 45 SFARL A8 6 T K BB O

27



BT A A ATIR S

MR, RIESUBE S, FERCAN RS o FEORMERT, AT DRI M SRR fE
FECRUESK R RE IS T, IR BOHT JURR AR 45 A LB . X3 o0 A FE o T S5 40

B
2.4.3 ZIRBIRY K AR

ST AL, RIEEITIAER 2-18)M (2-21b), L R TR R A E
R, EBIRTE MR T

1, 1 1
L= gff- 5'f+(C,161+ CKn' - K- GRnt (2-32)

XE, T BRI BRE, CNMRRETIIREE,
TRENHEAMAAY -, ZEENAT-BMBEtE rnFetsEr. A
BHEA SRR R R A — 5. A TR IR . AP AR S, B R &AM,
MY YR BRE, A AFREWT,

£:(0)- C,Knf,(0)- CKnf,(0)=0 f,(1)=0 [ 1H=0  (2-33)
EHFFSTHEHAE Mathematica, XFNCSRIFE KRR/, AIEXNAE £,07) - F
SKAGHI S B 46 FARIBRAR 20 T AR IR . [FIAF, X T Zim sy, nr ARG
WCSSRRAE, AECRESR RS BEI BB, B ICAT JUBM AR I U . IXHE 9T WA e
Ja B g .

2.4.4 WSS E AR

ST BB TR, B ) = £ )+ 5 /) SRSR, A5 ROl 1
(2-18) A1 Q2R KB £ () L5, (2-26), EXR (2-28)-
(2-29) N H.

UEHH :

T ONADL O A

" lim £ (7)=0 (2-34)
XSG =3 1,00
WA 2-29) KT 2, MENX, H

28



2 BRAK I B AR IR AR 2 B SR

Z"][/,}, (M) = XS (1))

= L) +1LLM) = A1+ = L1+, = £, ()]
= f,(m)

W, S0~ 2 fos (D) = lim f,(7) =0
e N
Z LLf, (1) = 2 S (D] = Lle[f,,, (1)~ X Soa (D] =0
WER 27,8
gL[f",(n)—szm-l(n)]=h;ZiRm(f,,,-l>=o

LT RBI BN L TBY, B4

ZR (f, )=0 (2-35)
R (2-30), &ﬂ]w-%iﬂ
}:R (fo) = z{vf,l(n

+0 m-1

- X )+Z[Bﬂ (n)fm k(1) = Bf o (D) £, (D]}

D etk (D) = By () £ ()]

+00

D -BS. S LA Vs )]

m=0 k=0 m—&+l k=0 m=k+i

SONAT WADNACEDONADWAL
VS () - "'Z +BS(M)S ()~ BS () (n)

3

=S () + BIS)S () ~IS ()T} ~ "’Z

(2-36)
Hit, #t— a3
KH

vS"(m)+B{S(m)S () -[S MV} - p
Bribz b, BHRE-19Q-20T R R &, B
SM=2 £ W= FO+Y £, 0= F0+3 LOF =1 =0

=0 (2-37)

SH=3 0= £0+3 £.0)=£1)=0



2SS R i A

S L O=Kilf; O+ £ 01O+ £, (0

KnS'(0)-S'(0) = Kni £, (0~
=MWww«w§Awﬂan4iﬁmﬂ (2-38)
= Knfy (0)- £, (0)=0

MR (Q2-37)RQ2-38)F LAE , EHITRRRERMUL T K SRR R —
Mo Bk, S St =) f, () BEAEEFRQ-18)FQ-2) IR . EHE

ST B, ERIRS -MEEEINERTEEAR -, LR

AR, REPR—H. ERAERR.

25 ERAHh
B, HTRRABIRSURE, ERRMN Kn BT, BT HBIZ R0 0
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Fig.2-2 Behaviour of u/u,, versus h in the second order approximation for Kn = 0 and =1
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Fig.2-5 Behaviour of /A, versus 7 in the second order approximation for Kn = 1 and =1
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2.5.1 BBRX

TEMRSUIIX, AR SCHE R R TS5 A 18 AIN-S T R IE & — B v B B 200 R 4T 4t

o MR BRAT— Wi R A A UEAT RN KA T A 20 FLAR 25 R LiBiE—
BB X RS X SRR B AR ) EEE

HSCERE, #EiE MRS 0Tk sRARAE SV T REIT, 13 U SRR AT (2 Bl
AL 73TV B — KA RO R IO FE R, ARl DURE WS AE , A (R UE SR 4
FEMINR T, EBCHT LM RIE Uil . R2-1U8R T Kn=0.011, £ KI8T JLB VT
. NEPATLLE, EMBRTINUGE, MECEIEF /D, MNRALEROLE
KEAEW, TLABESATE. Bt E—PHRBERRAER, $RE T SRR
e~ REZERE rop= f,0p+ £+ £+ L) TE IR

F2-1 LEKnL N — IR RE YT LBA AR T R A A

Table 2-1 f'Value for first few orders at given Kn number for first slip model

— R R R
Jo 0.267815
h 0.0678415
£ -0.000504084
VE 3.43016E-06
fa -2.08621E-08
fs 1.06355E-10
f -3.6492E-13
f -4.83781E-16

e N RS RS RN R A A R s R . R 2-2 B3R 2-4 Ry E LR Kn
H(Kn=0,0.05,0.1)F , F050 A SR U TG 1 ANV 1) 3 B 11 048 40 AT AT AR £ i LB E 1
fi# 5 R. W. Barber 1 D. R. Emerson'® 8 FI[3EMAIRT . X, TR g
Rep A S EIE W T

p=1.123753392kg/m’ ,v =1.47882x10"

SeAh, 4k fi B RIEEMRE RN oAb BAR W, AR T,
ZH kM B BAARIMAE. MR 2-2 2 2-4 BRI EE W, KU
1 =B Al B2 A RO IR S o AT 34T B B o i 9 1 5 SUE R T L
A LUK, ASCHIRNT R 45 R SEELE RS IREF, BrA TR N b iR
EBHE 1%L

P, MR 2-2 3% 2-4 7] LUA IR — 4 HABYFAE . 858, BE Kn BUWIEM,

AT IR, SR AN A ST S WA B, ST RS AL A S A
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2 SN KRB SR A% SRR RAE 40 A sk i

SR, X A E $(0.422649, 1), 5 R. W. Barber 1 D. R. Emerson*'73
Sl E A R — .

& 2-2 Kn=0 B F0 43 R e U T B 2R 0 ek 88 PO AR AT A L (LR 1O 0 b

Table 2-2 Analytic results of non-dimensional velocity at different order of approximation compared

with numerical results, when Kn=0

n 2 B 3B 4B 5B 6 Bir B
0 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 0.000000
0.2 0.538518 | 0.538528 | 0.538529 | 0.538529 | 0.538529 0.538530
0.4 0.957365 | 0.957384 | 0.957384 | 0.957384 | 0.957384 0.957390
0.423 0.99786 0.997879 | 0.997879 | 0.997879 | 0.997879 1.00000
0.6 1.25654 1.25657 1.25657 1.25657 1.25657 1.26025
0.8 1.43605 1.43608 1.43608 1.43608 1.43608 1.43491
1 1.49440 1.49443 1.49443 1.49443 1.49443 1.49443

%% 2-3 Kn=0.05 B 78 73 & RR LT B AN T Bl 2 IR AT I L B AR RO KT

Table 2-3 Analytic results of non-dimensional velocity at different order of approximation compared
with numerical results, when Kn = 0.05

n 2B 3B 4B 5B 6 Bt HUEM

0 0.379105 | 0379105 | 0379105 | 0.379110 | 0.379110 | 0.379110

0.2 0.714388 | 0.714388 | 0.714388 | 0.714390 | 0.714390 | 0.714401
0.4 0.975164 | 0975164 | 0975164 | 0.975178 | 0.975178 | 0.975211
0422649 | 0.99999 | 0.999999 | 0.999999 1.00000 1.00000 1.00000
0.6 1.16143 1.16143 1.16143 1.16145 1.16145 1.16181
0.8 1.27319 1.27319 1.27319 1.27321 1.27321 1.27342

1 1.31045 1.31045 1.31045 1.31047 1.31047 1.31062

R 2-4 Kn=0.1 It 7850 KRR TC BN 3 3L (MR M Ly B AR RO xS EE

Table 24 Analytic results of non-dimensional velocity at different order of approximation compared
with numerical results, when Kn = 0.1

n 2B 3B 4 B 5k 6 W BUEMR
0 0.546442 | 0.546442 | 0.546442 | 0.546449 | 0.546449 | 0.546450
0.2 0.791363 | 0.791363 | 0.791363 | 0.791374 | 0.791374 | 0.791400
0.4 0.981858 | 0.981858 | 0.981858 | 0.981872 | 0.981872 | 0.981910
0.422649 | 0.999999 | 0.999999 | 0.999999 1.00000 1.00000 1.00000
0.6 1.11793 1.11793 1.11793 1.11794 1.11794 0.11801
0.8 1.19957 1.19957 1.19957 1.19958 1.19958 1.19971

1 1.22678 1.22678 1.22678 1.22680 1.22680 1.22681
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Fig.2-8 Fully-developed velocity profiles for slip flow between parallel plates
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H2-5 L TEKnEU b IR ALY LI R R A

Table 2-5 f Value for first few orders at given Kn number for second slip model

T HrER T
fo 0.238129
f 0.000136539
I -2.02814E-09
£ 2.75715E-14
fi -3.34292E-19
£ 3.38E-24
f -2.26555E-29
£ -7.67555E-35

AT KSR X (FEn L, Kn>0.)IB A ERFERNYE, AR RKn
WO, BT —PrEBREN B ERE, USRI AR )
MBRIHERTE . BI2-9RR T mKndE A, WAARBE R EREEEH O &) KR
KFR. BHHEEN—NRBRERSE ) BB, BN Akilic K
sl g R, AR, ZHriRBERESLRERYESRE, M—EBEEEE
B2 . X 5Nishanth® B EIMEE LB Bk, RATATLIES, —HRBHER
X FILER X (FKnE, Kn>0.)HE) RBAEER, T a3 Ral e m
W= KnBURBIIE T— B R ER KR,

1.35E-11

worale [ kafs

o

A

Pressore Ratio

B12-9 JH T RERIEE L DR 9 BRI 56 R BiZ(Ci=1.466, C;=0.97561")
Fig.2-9 Mass flow rate variation with pressure ratio (C;=1.466, C2=0.9756m])
AR LR BRI S BERX (K E, Kn>0.1)5 50 0E A
P, BT R SHsieh BB HEAT TR b, X, THERSEER BS54, B,
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37



ABRAT K Wi X

5 #kHsieh!" ™ L T A STBHTSKIB T B IR S . 6B I A SR I — i

AT TSR A3 I Re P e A i 5 SCRRAEL M bl . R AR R, AR R B Kn

TEE A, RGP B AR 1% SreekanthP2 I 21X, HHE REHEIIN T :
C1=1.466, C,=0.9756"

MEPRUAEL MR HS EIEUMEiR. BELERX @K, Kn>0.1)
GO, BBt — i B R R T A A R A e R . TR B,
—I BB A TR E AR E10% U L, B, —MEBREE 2 T
To S Kn X B SRS, TR i R TR Z R AR % AN . AT I
%%%?%MEWWMMW&w%ﬁEMA‘V@%ﬁﬂaﬁ%@mﬁmﬁﬁﬁﬁ
FIEOLT, BeEERGh. MBI &S KnEoct X SRR E) ) @,

ﬁ26$i%*ﬁmk§ﬁ}mwm”%{”iﬁ%le%(QOW%mb
Table 2-6 Comparison of Re number obtained by Hsieh [129] with that obtained by us
(C=1.466, C,=0.9756"%)

Re Error (%)
S A — ) e o Hr — B R — g e 74T i
89.4 100.6 83.1818 12.52796 6.955481
67.4 76.4 68.7178 13.35312 1.95519
50.7 56.6 51.0757 11.63708 0.74103
s 324 35.8 30.8924 10.49383 4.653086
16.1 17.2 14.8053 6.832298 8.041615
57 6 5.6355 5.263158 1.131579
2.6 29 2.61855 11.53846 0.71346

Z bk, WFEKnEGLEX SRS, EEEERIHEREMELT,
KAETHE MBI ON-SHER S M BB RE 5 AR R2 im0 Ri i) Tl
Y IR 1)

2.6 PARBERRNFMWER —RE RERITN

Tk, B¥ ALY, FYRGEERT, SHINIEREERE
W%, BVEEFE A A 5% TIIAR &, R fi K {E B R B T T ARl P
XIS B 5E 12 % Binzel et al PYEYIRIR IR PR FIRIE, B R XA #E Aoki
et al.'"*IFNTibbs et al "ONRHIX — B FHEAT T IBAE. ST R A RIFE SR M EESR R R
Z), %% Lockerby et al"", Sunetal'™LL&Myong et al'"™ bR I T H—IME,
i, FEng!' RS XH R E R EERE AL SREMNERERMX. ik
BFFIEAR SR INIE T o0 IR AR, W55 ) 3 iR R W L5, A
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SOREF AT B R AIN-S H RS @ B A T R I — i R AT

T
XECRROYIEERS ERES—E, ERTRREWT
a—”—+Q‘i:0, u@i+v@=—ld—p+v§2—lzi (2-40)
ox Oy ox Oy pdx 0Oy
ki IS
BETH
Ou o'u
=0 =C/1—+C2/12—2— (2-41)
Y u=4 Y &
hk
y=H —%=O v=0 (2-42)

XE, sSINSHXA—HMFHTELBAEMAAUSEE, $TEMSN.
M EWNT
_Y - _% _ 09 ]
n=0r pm)=uwf(n), u %’ v==o o P Ax* +B (2-43)
XEB A B AEH H ROKBESEN—FE. BAAER, R HE
A A TR E B AR

f +Re, f -Re, (f) -C=0 (2-44)

ERHET -AEBMAGSE, HE, TERSH Re,,=“—f~, szff :
ih LM

£ =0, £)=0, £ (0)~C,Kn" f"(0)~CKnf (0) =0 (2-45)

BT R KRS ¥k BRIt H s BT R SR . £ XTIk R
YE B AT BTG AR A -
fom) = %7}3 —%nz +(C,Kn+C,Kn*)n (2-46)
LAk, BhEEHEE RN
u®w4n=9%%ﬁ3 (2:47)
AT 5 FR(2-42)F1(2-45), FELLME T LN
Vo)=L s e, a(7,0) 2D e
n on
SEXEM A FRFIEMT:

(=) L[®(n,q) - f,(1)] = hgN[D(7,9)] (2-49)
hARAEFRHBSH. WEMBLFEATM, B ¢g=0 Fg=1, F
D(n,0) = f,(n) M D(n,1) = f(n7) « BEH g MOBEIMENL, & D(,q) N HI U555 T A&
folm) BiHR fp). HEMERE

=

[éggﬂﬁf—f?(z4&
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AELCT K AR X

F =L+ £ (2-50)

[m]
ﬁi,ﬁwhﬁﬁ@w%mTE%%X-

=20
ENTATEA o % mWHH, TR mI4 g=0, T IHFN n

WAL, kT,
LS, )= 2 for s DI= R, (1) (2-52)

(2-51)

Wit

B 0 m<l1 553
W=y @-53)

R, (fo) = foa )~ C(~1,)+ MZ_‘[ReH S fri ) =Rey, £ M f(D] (2-54)
Bk (2-54) WA (2-52)k=?ﬁ
S = X frr () =
o (m-CA- 7z, )+Z[Re S oM =Rey, £, D LN}
KA SH SR Mathematlca K& TR T RRHAT KR AT AR EITE
RIXERIE, RiEA, fOn)=F (n)+Z £, o BAb, ST LRk R T R HIRE

RATR R BT S 244*‘853‘8’]3‘&%93% B, TERAEFR.

Bl 2-10 #5H TASCKRIBHIARIR Kn BRI T ENERE 4. IWE A LLE
MR, ER Kn $RE), SESEASM S MAKRGEE S, FrEnEE sk
TEAEH S R G . KHEERRAMBIORRTER, ETHEMRELH NS iid
E IR BRI T I — SR

(2-55)
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Fig.2-10 Non-dimensional velocity profiles at different Kn number (C;=1.466, C,=0.9756)
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Fig.3-1 A schematic diagram of microchannel
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Fig.3-2 Details of the mesh used for simulation
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Fig.3-3 Pressure drop with Re variation in 3mm channel

R2r

Apf 10°Pa
st

0 1000 3000 3000
Re
B 3-4 300 pm W3 O R 2280 Re 924K

Fig.3-4 Pressure drop with Re variation in 300 um channel
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Fig.3-5 Friction constant with different Re in 300 uzm channel
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Fig.3-6 Friction factor with Re at different Dy
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Fig.3-7 Velocity variation along channel with D;=300 pm
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X RN ERE B URFMRENT,

2—-a , 0U

BEHl, y=105h, U,=U,-——A(—), (3-12)
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Table 3-1 Grid size effect on friction factor
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Table 3-2 Friction factors for fully developed flow between parallel plates
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0.01 |21.43 21.21 1.03 21.34 0.42
0.025 | 18.46 18.23 1.25 18.39 0.38
0.05 15 14.74 1.17 14.96 0.27
0.1 [1091 10.61 2.75 10.89 0.18
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adinbatic

(c)
B 3-46 (a) it FBTURER (b)Case A TREK (c) Case B REK
Fig.3-46 (a) A schematic diagram of the microchannel, (b) a schematic diagram of
Case A and (c) a schematic diagram of Case B.
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20

B 3-47 W R4 SAEREN S AR R4 SR REhE L DR % A 4 b Diff
Fig.3-47 Percentage difference Diff in temperature rise between the inlet and the outlet of the
microchannel between compressible and incompressible gas flow

28
Kl 3-48 BN 0.1-3 m/s B 347 ) R E5IHCK K
Fig.3-48 Close-up of Fig. 3-47 for the inlet velocity range from 0.1 to 3 m/s
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SRR, H 2= o 15 EAERIVERA AR, LU B
BT, W

2 + +
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BREMA
46 _o. n—g (3-34b)
di
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KA K EREE AN LR TR, W
d2<91:3(l—772+4Kn) 1 dT,  9Bry’
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u+:_ — v _ T 9 — 2 w,2 W
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1
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= akn 2l 116Kn 780+ 6Kn)
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Case A RIRERE

FEFBIMERE, T Case A LM LLUEDE A)F AQ)YBI 4 I fE S
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0(n) = 6,(7)+06,(n7) (3-44)
BET, BT DLIRTS PR AL PV PE TN Nusselt £, KB T,
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X
LH utdy

u

m

=(t, -, +1q,/ 2) [wody-lg, 2+1, (3-46)

Case B Him &%

FIFEHL, RTBMERE, XTF Case B ME LM LLEIL R B(1)F B
fIfig 2 nmskE, B,

8(n7) =6,(n) +6,(n) (3-47)
BT, AT AR R A R B Nusselt 20, RIXWT,
2, | 4n -4geu;—g+waﬁ
Ny = |22 | = Y|_|__0n
tm _tw’ tm _tw tm —tw <
= 40'0) t' —t +lg, /A (3.48)
(' —t +ig,/A)|ubdn
T [ g/ A
2
49'(1)
fwodn
2 1/Kn+l
XH
[ utdy (ﬂw—tw+qu/ﬂ)£u+0dn
¢ = - _lg. A+t (3-49)

" u, H 2

o LRSI

FFRFP T, BITE Kn=0, Br=0, BIZBRTURBEUNIELR FAT 7 a5
5. Kn=0, Br=0 B, Nusselt N 5% NHCHNE . K 34 JHTH&E
Kn=0,Br=0 i, AICHHEREHNER AR L. PTRUKIR, 8RB E
RN FIER A E R 5 E AR RTUEY SR, MNMIBIE T ASCKAFS
Refyml 5Edt

A& 3-4 Kn=0, Br=0 B 7853 & B B Y] Nusselt 31
Table 3-4 The Nusselt number for fully developed flow at Kn=0, Br=0
Case case A case B

Nu FXER iy FXGR i
8.2353 8.235 5.3846 5.385

85




AELSHN T [l e X

58, AR GRS InARRORE Z A H 3E .  r AERE T 46 44T L 2%
FERGPE ANV I 5L, B0 A(DEE B()o XFEWLT, S0 FE 20 A1 1K ATk
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Kn BRI IN, K E DGR 3 BE TR B AR S5 . B 3-50 JBORT
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Bl 3-49 Br=0.001 B 7R [F] Kn 30 NS 5 2 AHiRLE 43 A
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Fig.3-49 The variation of the non-dimentional temperature profiles with # at different values of Kn
(from top Kn =0, 0.001, 0.01, 0.1)
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Fig.3-50 The variation of the non-dimentional temperature profiles with # at different values of Br

(from top Br=0.005, 0.003, 0.001)
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Fig.3-51 The variation of the Nusselt number with the Knudsen number at different values of the
Brinkman number for case A (from top Br=-0.1, -0.01, 0, 0.01, 0.1)
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Fig.3-52 The variation of the Nusselt number with the Brinkman number at different values of the
Knudsen number for case A (from top Kn =0, 0.01, 0.1).
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Fig.3-53 The variation of the Nusselt number with the Knudsen number at different vatues of the
Brinkman number for case B (from top Br=-0.1, -0.01, 0, 0.01, 0.1)

I

Mt
15 g

10 Hi

L

i
iy
il

| 3-54 Case B I A~ i] Knudsen £{ F Nusselt £1fi Brinkman {251k R h £k
(MEZEF Kn=0, 0.01, 0.1)
Fig.3-54 The variation of the Nusselt number with the Brinkman number at different values of the
Knudsen number for case B (from top Kn =0, 0.01, 0.1).
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Fig.3-55 (a) A schematic diagram of microchannel. (b) A schematic diagram of case A. (c)
A schematic diagram of case B
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& 3-5 Kn=0, Br=0 I R4 & BBt Nusselt £
Table 3-5 The fully developed Nusselt number for Kn=0, Br=0
Case g*=1 g*=0

Nu AR 12 i g7 A LEER i
8.2353 8.235 5.3846 5.385
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Fig.5-3 Close-up view of N of local heat sink sturcture
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Fig.5-5 Close-up view of general local heat sink sturcture
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Fig.5-8 SEM picture of heat sink fabricated by wet etching

o TXihxl

FRUZIE 2 MM THEAR. ALK FEFEZIME AR LR 5 =451 0
OB E S5

MTEFFEZI, BANEESRBEETNAS, PREED ., m#ITER
Phih Z) A0 R BE S L e BT AR TS, MIdBEATEE#ITIRLE. X
ZITZ5BEMMZFEZ TE -3, REXN FALKEE T AR ZIRE R
AZ1518. AFFHT %)L 7E Princeton KR EFE T, BB TAZ0hit
FEFE SAMCO International 2 & (¥] RIES00iPB 4188 L HEAT, HLBswA 5-9 fim. B
PR ERAE S5 TR 384 A AUAE T LA 5 Priceton K 2# M4 in T 5k 5 F 181,

FIF AR S EEAN I Tt F, ASERBn T 7 BdE T, 2 HiEIE
G 3 RORE ARG, HAkmgR oS MwmE 5-10@)-(DFTR. *EEE 5-8 M
5-10, FJLLEMTRIAIR, FIASEFEZMERNTHHEERIERE S, FHit,
WS B T R R B ARAE A A SO B B B T 77 ¥



5 SRPOBIERIUR AL Bt LS

4 5-9 SAMCO International RIESO0PB 4555 - i 21l
Fig.5-9 SAMCO International RIE800iPB Plasma etching machine
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Fig.5-10 SEM pictures of heat sink fabricated by dry etching(a)straight channel (b)two-stage channel
(c) two-stage channel (d) two-stage channel (e) three-stage channel (f) three-stage channel
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Fig.5-11 Picture of mold
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Fig.5-12 Picture of test section after package
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Fig.5-13 Schematic of experimental system
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Fig.5-14 Location of thermal couple distribution
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Fig.5-15 Picture of fixed slot for test section (a)top view (b)bottom view
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Fig.5-16 Variation of temperature difference between inet and outlet with time(g,=20 ml/min)
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Fig.5-17 Variation of temperature difference between inet and outlet with time(g,,=39.5 ml/min)
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Fig.5-18 Variation of temperature difference between inet and outlet with time(g,,=59.8 ml/min)
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Fig.5-19 Variation of pressure loss with Rey, (q=1286W/m2)
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Fig.5-20 Variation of pressure loss with heat input (¢,~60ml/min)
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Fig.5-21 Variation of temperature with time at different location (g,~20.8ml/min, ¢=1286W/m?)
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Fig.5-22 Variation of temperature with time at different location (¢,=40ml/min, q=1286W/m2)
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Fig.5-23 Variation of Tyouom With Re;y at steady state(g=1286W/m?)
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Fig.5-24 Variation of Tyouom With heat input at steady state(q,=60ml/min)
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Fig.5-25 Variation of heat resistance with heat sink with Rein(q=1286W/m2)
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Fig.5-26 Variation of heat resistance with heat input(g,=60ml/min)
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Fig.5-27 Variation of response time with Rem(q—1286W/m )
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Fig.5-28 Variation of response time with heat input(g,,=60ml/min)
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Fig.5-29 Variation of pressure loss with Re;, (7:=1286 W/m®. g,=5270W/m?)
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Fig.5-31 Variation of Tyouom With Reiy at steady state(q,=1286 W/m’ ¢,=5270W/m’)
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Fig.5-32 Vanation of Tyouem With heat input at steady siate(q,,~60ml/min)
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Fig.5-33 Variation of heat resistance with heat sink with Rei,,(q=1286W/m2)
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Fig.5-35 Variation of response time with Rein(q=1286w/m2)
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