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Analysis of Microchannel Flows Using a Model Boltzmann Equation

C. H. Chung

A kinetic theory analysis is made of low-speed gas flows in microchannels. The Boltzmann
equation simplified by a collision model is solved by means of a finite difference approximation
with the discrete ordinate method. The method does not suffer from statistical noise which is
common in particle based methods and requires much less amount of computational effort.
Calculations are made for flows in simple microchannels and a microfluidic system consisting of
two microchannels in series. The method is assessed by comparing the results with those from
several different methods and available experimental data.
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43 A (Boltzmann Equation), BGK 22 (BGK Model)
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IP(Information Preservation) DSMC %ol (3] A
Aoy oz dgdigt AAALFS daz
3ty AE8xe FFol ¢ "asith

B Ayoses 2d FEFE L (Model Collision
Integralo 2  ¢¢3d  Boltzmann WHAAE&
Discrete Ordinate B % A¢d FFAEHE [4]
o] &-3te] Zol9} Eolul [/p7h 3091 #H& wlolz
2, [t 250002 & vpolazad 2 F 7l
9] Ade] A¥2 AZAG vwlolaZ Al U9
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o} vl

2.3 71y

2.1 Model Equation

2249 Cartesian FHEANA BGK =29
Boltzmann WA 42 [5] A43eelA ofehol 2o
2 7ledt

of of _ <
v +vid = A )
Q7NN v, v, vE A 3% EASE,
5,3, V,, V,, V)& TUEEEFT(number density
distribution  function), Ax % &Y =(collision

frequency)olth. AP HEF g4 (local equilibrium
distribution) F& olgie] o2 FojAt.

F= ,dgy)arz"q’[ Cg,}-TW] @)

539 A A &8 ® 4 (macroscopic flow
variable)q! ¥2E 5, £ P22 T7%& tg&y
2ol FUZRREHTE EASTAC 3ty HES
o 38 § U

An=[ AV, 2dV G
7UD=[ VKV, DdV (8.2)

"%711?7(73:% [ VKV »dv  33)

o7lol-  F= peculiar velocity Z=V=T °lt}.
olgj o} FAEEF 4 (reduced distribution function)
g (6] =93t z L& EAER it HE
& F

+co
€ Vo V=[ fenV,Vyav, @

+ o0
Koy Vo V)=[  VfayV,Vdv, @2

SYUSY 48 oA thed 4¢ Auch

3
V% 4 Vy%f\{ +Ag=AG 6D
ah .0k
V% v, % rah=AH (52)
+co
QxyV, V)= [ Fav, (5.3)

HanV,V)=[ VRV, 64

5 EAAEY B 71F BedAMy FIE
Z}4: % (most probable speed) Vo=% o] &3}
of ol BAY HMFESL £ F

=L y=3/L n=nn, V=1V,
U=yv, T=11, A=AV, 2=g%/n,
'ﬁ=h/n,,, /G=G[%/"o'

H= H/n, (6)

BR& A0 e Sz ®A(Polar Coordinate
System)E& =Y ¥

V= Vang .
V= Vs (72)
¢= tm (V) V) (7.3)
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34 deth o] Wsfel 4(discrete equation)oZ HEE £ 3l
=
B +c% +Ag=AG @®.1)
oo LWL L Yy,
B%—z +c%’g +AQ=AH (82) op 7% i
oh oh
B=(Vos¢x,~ Vsingy )/, (8.3) BJ&? +C_a€a¢ + Ay =AH,

EAdES BFAZIE T HYY EE HFAA

He
Ao, ji= WEe] A3 % (Jacobian)ol .

2.2 Discrete Ordinate Method

Gauss-Hermite vk & 3 4] (Half range
quadrature)& [7] ©h&9] 23z o] 5o AT F
< vl(root) VA A ((weight) P °l%
sl W Yyolth

fome“V’V“’Q(WV =;Z‘1P6Q(V8) ©)

& X Z(velocity angle) 1 ¥
Simpson FE& =YsHE AANIZEFHEFE T3]
9% &xAd #F HEEL te FHHLRE ¥
AE § ok

N K
N K .
nl,= g ;P,;P,Vasmqﬁag&, (10.2)
N K
nl,= gi ;PaPavsoosqbag&, (10.3)
3 N K
5 nT= ;‘1 GZ‘[PSP,(h&ﬁ Vigs)
- B+1A) (10.4)

7]l N Gauss-Hermite ¥+73 329 x4
(order)o] 3, K= Simpson A NA 277 sl
o]},

Bamrao & Foe 2L BEXHT fAA
Bl AANEZEASLE Fite FHolmE AuA4y

B AT = ol 2xNxK i

(11.3)
C=(V,sng x,— Vscospy /],  (114)

G&,=—;I%:exp{~[(V6sin¢‘,~ Uy?

H Vs ,~U)Y T (11.5)
H,,=-% TG, (11.6)

23 et

A9 4L ZrYsld B AT LAY 249
EAo uwet otel v FF<4H(simple explicit
scheme)& °©] &89

98y _ EfE DG E~SAED

08y B E N —gLE n—is0y)
o Py (12.2)
is=sign[ (Vo8¢ ox .~ Viysing y /7] (12.3)

ss=sign[ (V,sing,y,— Vscosd x )J] (124)
ohe] FBAEYRNL derh

gsl&n)=1D,G s & 7+ B g6 n—isan

+C, g fE—50EP(B,+C,+D,) (131
B,=ifcos¢ x . —sing y)/(J o (132)
C,=(sing ,y,~cosg v )08 (133
D,=AJV, (13.4)
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[E=x719 |

24 AA=x=A
LA A M E F30] HYAEHA FALenz
BExg7) 29 Maxwell X2 FolA)

8 5™ ”;l\b exp{—[(Vssin¢a— Ux,b) 2
HVya56,~U, DT 141)
ha=3 T8 (14.2)

A7IA AR E AUAAE vedc. Ed
Ne dag Exb ¥de 2E o7 @
Maxwell 2¥ & 2tE= diffuse ¥HAFEZA 0] ALY
123

gw:;[%‘w;) exD{_[ ( VGSinan_Um:r) 2
(15.1)

ho=3 Tty (15:2)

for (¢- M <0

q714 7= ®EAWYE (inward normal to
surface) WA HHo T 5L EFAFLEZF(wal
number flux)o2 v ¢ & flod, BEHAA
Agke] =4+UE 5 E(net flux normal to surface)

o] gltds =& &3t ALt ot §.
[ _ (e fde=
(c- >0
_f_ (T WFde (16)
(&0
2.5 Collision Frequency

BGK modeld] B¢ 28uxE 033 go] F9
A},

A= an

o71olA A= ¢+¥, A Boltzmann ¥, R 7]
Aol FEUIEE A7 Hstd ZT+Rd
(Hard Sphere model)9) BT AF3BZ(mean free

path) & o83l 7% 2dds ¢ gutyez
2/39 A4 1xkol 8 @& (8] 7HATh. = coefficient of
viscosityol ™, ©1&3 7L 2% EAHE [9] zxm
At 471X A = 7IEHE HEET.

& Tyo
#o - To) (18)

b 7} (Variable Hard Sphere) #at2del [1]
A4 NEAEANAY HTAHF P2 (mean free path)

AE AE 8 s BAZ e F Sl
_ 16 Fep,
A, 5 nmo(ZZRT,)UZ (19.1)
Fy,= _(]:2%5:2@1 (19.2)

gebd FAesE FEUEE IURT EAE
49 FFARYRZE 0§35 A% Gt el u
g & gk

_ 8nT ™
A= Z;‘km (20
g7 gpe 71EAEH49 FAF(Knudsen
Number) o] t}.
A
Kn= _f (21)
3. 8o &3}

MEMS #AX& thdd ¥4 microchannel
chamber22 FAHeI Y. Figure 13} 22
microchannel & MEMS #A& FA43e 7173 71&
ZHQ Aoy, old v A4 AR 7|E
9l APRAY FoZ uny, Hol @ AFERAY
g el 452E AMsed B Lo EA
Cias

A HAZ ALY FAE Eol h = 05w 2ol
L= 15m "3 #& microchannelolth. &
2 3}F chamber$t channel ¥WHY 2%+ EF
300K2! A2 §3We 2x¥sg FAE ¢ 3l
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3, gt YRgUA dAgdg FAE £ U gF
&L 25bar, 27 UYHLE lbarZ ¢FH¥lE 2591,
g9 FAFE Ky = 006082 vy
dol slF et Channel?] dol7t gz ¢Hu7l &
ol AHTAIY 2/ AAte] 7hEdtn, vlnyggdd
of siFstnz oz A By T FAHFH
& Hastd HE3EY 5 9ol ¥ T4 {AG
A7 A4 HA

Figure 20+ 2 A7 ZAAHARAIYA o35t A
At channel ol A ¢] x-velocity contour”?} H|ZE
Rem, £x9 dAE mfsolth AFEAY ALZ
F(oARE)E  H3td  ol8H codedl= [10]
Variable Hard Sphere(VHS) ®9# [1] No Time
Counter{NTC) 7|®¥o] [1] AI&H%LH, cell &

4,000(80x50), cell ¥ W sampling sizet
1,000,000°1t},. B A3 AAro A (S HE-<]

contour)¥ 81x51 grid7} AF&ATE 71AE= Ao
o, Al AHgE HEX$(viscosity exponent)E
=077, 24435+ 7=135°]t}. Channel 4+

2 7MY GHFAZAE Y8 characteristic

line Wge] [11] o] &HMUE MZ o Wye st
AR & dAstn oy, HHEAYC 9
3 Ad o) = statistical noise7t ol US+E &
T U

F WAz Add EAs Fig 39 29 AAE
T M9 channele] HZEZ JFE  microfludic
systemo]t}. Z+ channel®] o9} Zolv ZZ} hy

= 0.5 um Ll = 1.5 1, hz = 1.0 pm LZ = 15 um
ojc}, 4% % 3§ chamber$ channel ¥He &%
T EF 300Kelth. Y47¢HL 25bar, &7¢HL
lbarZ 3 WHA FAle} 2t} Figure 30l & dF
o HAFEAIY 935le] Al4tE channel WollA2
x-velocity contour’} ¥l EHFoH, £x2 G
m/s°1th. F 719 channelo] A¥=2 dA"9 AS
AN gFo2 st A =71
Z2[A A2 F A $7MEE B 4 o A
HA EA G vldAxE B A7 Aidse A4
BEAYe g% ANEHREe] F dXdu o,
A HEAY o 93 AAtdalo]= statistical noiseZt
%ol I&E ¢ & Uth

Al dAZ AME AT Eol h = 1.2 gy B0
L = 3000mm= L/p ¥l&° #$ & 9
microchannel¢]t}. 4F % 3% chamber$} channel

103 -
_ SX|7{8 { J@

Yo £5& 2% 300Koln, 4TY¢HS 20psig,
7YYL Opsig2 HvlE 236019, BEAH
Ao FAFE Ky = 00322 vinyggge 3
o L/h ¥1&°] ®$ A channel W¥e frdo] 1
mfs ©13Z wj¢ Zrol AHEAYY 4 A2
E7bs st

ung oo fFse Aot wg 7
glo] 2219 e channel®] A$- mluy FA2A
o] &3&te] Nvier-Stokes WAl HE YFa Zo
T 4 Ao [12]

P(x) =
V(66K ,+R )?— l (RE—1I1+126K (R ,—1)]
— 60K, (22)
Uz, )= L (5?1~ 4h* KD (23)

71 B} x= 4z 273 channel POz
438 gtels, g 1 P(streamwise)d &
W% accommodationeltt. PR = EFlAMY
#e Yelig Ko tE73 Zo] AHoE local ¥4
Fojt}.

K= @ A (24)

Figure 591 ¥ <79k 4(23)9 93t ALtd
channel WoA¢] x-velocity contour’} HZE YL
W, £&9 B9 p/solth. Figure 6l 2 S+
9} 2(22)e] 93l A4tE channel WolAe ¢
37t AEa A AdZdgst AFqA
vebd g wAEEE F ez J8e ¢
T At

4. 8 &

2d 223P3oz ¢&3d Boltzmann A4
& Discrete Ordinate W3 2¢E FHAEYS
o] &3l t}dd £7F9 microchannel W 5%
o] s =gt

£ 479 fNUYEs AFs7l 98t sidds
7t A¥gd 2 OE oy 7R 3 4 AEn
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(Not to scale)
Fig. 3 Simple microchannel geometiry.

Present
10

Fig. 4 Comparison of x-velocity contours (m/s)
for the simple microchannel.

(Not to scale)

Fig. 5 Microfludic system with two microchannels
in series.
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Present method

Fig. 6 Comparison of x-velocity contours (m/s)
for the microfluidic system.

Fig. 5 Comparison of x-velocity contours (m/s)
in a micrchannel of h = 1.2 ;p and L =
3,000 /; at Kn = 0.03 : dashed lines, A-NS,
solid lines, present method.
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Fig. 8 Comparison of pressure distribution in a
micrchannel of h = 1.2, and L = 3,000 .y, at
Kn = 0.03.



