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The heat transfer characteristics of rarefied flows in a micro-actuator are studied numerically 

The effect of Kuudsen rmmber (Kn) on the heat transfer of the m~cro-actuator flows is also 

examined The K n  based on gas density and characteristic dimension ~s varied from near- 

continuum to h~ghty rarefied condmons D~rect simulation Monte Carlo calculations have been 

performed to estimate the performance of the micro-actuator. The results show that the 

magmtude of the temperature jump at the wall increases with K n  Also, the heat transfer to the 

Isothermal wall is found to increase sxgmficantly wah K n  
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Nomenclature t , Time 
a . Acceleratmn T Temperature 

A . Area Greek symbols 
c . Veloctty 

s ' Energy of molecules 
f . Force /~ Mean free path 
H " Vane height 

Degrees of freedom 
k . Boltzmann constant 

K~  : Knudsen number Subscripts 
L ' Characteristic dimension z i Incident 

m " Mass o : Reference 

n Number density r : Reflected 

N . Number of molecules; molecular number ro t  Rotattonat 

flux lr Translational 

p , Pressure x : x=dxrcctlon 

q Heat flux 

R ~ Gas constant 1. Introduction 
Rs : Random number 
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The field of mzcro-electro-meehanlcal systems 

(MEMS) has rapidly been developed during the 

last several years. From biomedical appheatlons 

to flow control devices, the potentml of MEMS 

has attracted the attenUon of many sclenusts and 

engineers The advances in fabrication techniques 

have enabled the production of micro-devices, 
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such as micro actuators, micro-refrigerators, and 

micro-engines The characterlsnc length scales 

that govern the momentum and energy transport 

between MEMS and their environments are ty- 

pically of the order of microns W~th the ,n- 

creas,ng demand of micro-devices, it {s of great 

importance to understand the behawor of m~cro- 

fluid flows (Ho and Tal, 1996) 

The scaling from the macro to micro domain ~s 

such that some forces that would not be appro- 

priate to power larger devices can be very useful 

for operating micro-devices As an example, gas 

dynamic forces are an efficient means to power 

MEMS (Kennard, 1938, Wadsworth and Muntz, 

1996, Ota and Kawata, 1994) Crookes' radm- 

meter generates useful work or force due to the 

gas moUon that develops on a surface maintained 

at a different temperature than a surrounding 

ambient rarefied gas (Wadsworth et al., 1994) 

In this study, the performance of micro actuator 

utdtzmg radlomemc forces is stud~ed numeric- 

ally 

A schematm &agram of the micro-actuator 

proposed by Wadsworth and Muntz (1996) is 

shown m Fig 1 The cavity contains a chevron 

pattern of inclined vanes. The vane surfaces or the 

cavity boundaries are radlatlvely or resistively 

heated The vanes can be considered analogous 

to pistons, with local heating of a vane surface 

leading to a radlomemc force that displaces the 

connecting rod Figure 1 shows the force direc- 

tion on the actuator for the case where the surface 

4 Is heated 

In this study, the heat transfer characteristics 

of two d~mensmnal m.cro actuator flows are ex- 

amined Direct mmulaUon Monte Carlo (DSMC) 

calculations have been performed to esUmate 

Fig. 1 Linear Imcro-actuator 

the performance of the m~cro-aetuator In the 

present DSMC method, the mteraetmn between 

molecules is modeled by the lnefastlc colhsmn 

model Particularly, the effect of the gas rare- 

factmn on the wall heat flux is investigated 

Simulation results are also compared w~th the 

previously known numerical results (Wadsworth 

and Muntz, 1996) 

2. N u m e r i c a l  M e t h o d  and 

A c t u a t o r  G e o m e t r y  

2.1 DSMC method and boundary conditions 
The Navler Stokes equations based on the con- 

tinuum model are apphcable to numerous flow 

sltuatmns The model ignores the molecular na- 

ture of gases and hqmds and regards the fired 

as a continuous medmm It is vahd when the 

molecular mean free path (A) is much smaiter 

than the characterlsuc dimension (L) The ratio 

between the mean free path and the characterlsuc 

length ts known as the Knudsen number (Kn= 

A/L) and is used to indicate the degree of flow 

rarefaction All continuum models break down 

at sufficiently high Knudsen number and must 

be replaced by molecular models In the high 

Knudsen number flow regime, the hnear relation 

between stress and rate of strata and the no-slip 

veloc,ty condmon are no longer vahd for the 

Newtoman fired Similarly, also, the linear rela- 

non  between heat flux and temperature gradients 

and the no- jump temperature condition at the 

wall are no longer accurate 

For Kn<_001, the flow is considered to be 

in the contmuum regime and the Navler Stokes 

equauons aie applicable Generally, when K n ~  

001, the rarefaction effect tends to be signs- 

ficant For MEMS flow, Kz~ is large even at at- 

mospheric operating condmons Therefore, con- 

ventlonal computational fluid dynamics (CFD) 

methods that are based on continuum assump- 

tmns may not be approprmte A method based 

on kinetic gas theory is reqmred to describe the 
flows accurately (Bird, 1994} 

The DSMC method is a well-established meth- 

od for modeling flow for Kn_>001 (Bird, 1994) 

It computes the trajectories of a large number of 
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particles and calculates macroscopic quantities 

by sampling particle properties. In the present 

DSMC method, the interaction between molecu- 

les is modeled by the variable hard sphere (VHS) 

scattering assuming an inverse-power interato- 

mic potential. The no time counter method is used 

as a collision sampling technique. The VHS 

model lead to a power law temperature depen- 

dence of the coefficient of viscosity. The tem- 

perature exponent co ( # o c T  ~ of  nitrogen is 

chosen to be 0.74 with the reference molecular 

diameter of 4.17• 10-~~ at the reference tem- 

perature 273 K (Bird, 1994). Also, chemical reac- 

tions and vibrational mode are assumed to be 

frozen. For  the calculation of the rotational en- 

ergy exchange between the colliding molecules, 

the Larsen-Borgnakke phenomenological model 

(1975) is employed. 

Particles impinging on solid walls are reflect- 

ed diffusely with full thermal and momentum 

accommodation. In the diffuse reflection model, 

the emission of the impinging molecules is not 

correlated with the pre- impinging state of the 

molecules. The outgoing velocity is randomly 

assigned according to a ha lbrange  Maxwellian 

distribution determined by the wall temperature. 

Table 1 Simulated cases and conditions 

Quantity 

H [/.tm] 

I [#m] 

0 Edeg] 

~ Case 1 Case 2 Case3 Case4 Case5 

- ~.0 1.0 0.5 0.1 0.05 

�9 2.0 1.0 0.5 0.1 0.05 

45 

ho [kPal iOl.5 

To EK] 300 

Kn -0.027 I 0:054 1 0 . 1 0 8 ~ f ~ . ~ - -  1.08 

@ 

a / / ~  Po, 
- / > ~  

l 
(a) Computational model of a micro-actuator. 

a--a is a cross section at Hi2 

Iy 

2.2 Actuator geometry 

The computational model of the actuator 

and the computational grid system are shown in 

Figs. 2 (a) and (b), respectively. Geometric para- 

meters and flow conditions are given in Table I. 

The grid consists of  uniform cells with 40•  in 

the x and y directions. The number of simulated 

particles is 200,000, The time step must be smatl 

compared to mean collision time between molecu- 

les. Therefore, time step A t - - 2 . 5 X 1 0  n s was 

chosen at K*/--0.027 (case l) .  The Jntermolecu- 

Jar collision number at each time step is about 

2.3• 104. In the process of simulation, the flow 

field is allowed to be developed with time. When 

the steady state is reached, the sampling of the 

molecules is started. The f/ow is sampled after 

each fourth time step. The results are based on 

time-averaged sampling over the time step from 

200,000 to 400,000. The present DSMC simula- 

tion takes approximately 96 h of run time to 
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(b) Computational grid system 

Fig. 2 Micro-actuator 

obtain a converged solution for K*t~0.027. 

A gas of undisturbed pressure Po (1 atm) and 

temperature To (300 K) is confined between hor- 

izontal upper and lower cavity surfaces 1 and 3, 

and inclined vane surfaces 2 and 4. The model is 

aymmctrical about surface I tmd ia two-dimon- 

sional, which is an accurate assumption for the 

case where the vane width is much larger than the 
height H.  

The variation of N,z is achieved by varying 

the vane height H ,  while keeping the ratio of 

vane height to separation distance l constant. The 

surfaces I, 2, and 3 are kept at the undisturbed 

temperature 300 K, while the surface 4 is kept at 
600 K, 
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2.3 Temperature and heat transfer 

For  e q m h b r m m  gases of  dmtomm molecules, 

by neglectlng the vlbraUonal  energy, the tempera- 

ture can be calculated as 

T = ( 3 T ,  r+~ro~Trot)/(3W~rot) (1) 

where Ttr denotes the t ranslat ional  temperature 

and T~ot represents the rotat ional  temperature,  

respect ively,  ~rot is the number  of  ro ta t ional  

degrees of  freedom (Bird, 1994). The  transla- 

tmnat  and rotat ional  temperatures are 

2 K T t r  = mc2o = e,~ (2) 7~/C g -  

where ]e is the Boltzmarm cons tan t ,  m is the 

mass of  a molecu le ,  c Is the velocity of  a mo- 

lecule ,  6o m the mean velocity of  sJmulated 

molecu les ,  r and erot are the t ranslat ional  and 

ro ta tmnat  energy of  an individual  molecule,  re- 

spectively (Bird, 1994) The overbar  m the above 

equat ions represents sample average 

For  nitrogen, there are two degrees of  rota- 

t ional freedom 

r = 2 (4) 

e,-o, = -in(Re-) k T  (5) 

where R i  is a single random f iac tmn 

The net heat flux on a wall  can be evaluated as 

L (5~s. + Es.0,) , -  (2e~ + E e~o,) d No (6) q At-A 

where the subscripts z and r denote the values 

before and after the impact of  molecules on the 

wa l l ;  No is the real number  of  molecules as- 

sociated with a computataona[ molecu le ,  A t  is the 

time step of  sampl ing ,  A is the area (Bird, 1994) 

3. Resul t s  and Discuss ion  

The flows in a mic ro-ac tua to r  with the Knu-  

dsen number  ranging from 0027 to 108 have 

been simulated. Geometlac parameteas and f low 

e o n d m o n s  are g~ven m Table  1 The lowest value 

of  K , t - - 0  027 (case i) is close to the cont inuum 

regime, while K n = 0  54 and 1 08 (cases 4 and 5) 

are m the highly rarefied regime 

Table 2 Comparison of the present axial force fx 
w~th the previous ones 

Wadsworth & 
Mumz (1996) 

H - - 0 1 C a n  H = l / 2 m  f2 r =  10/Am 

0 068 0 027 0 006 

Present 0 06821 0 02702 0 00596 

Table 3 Effect of the time step zJl on the normahzed 
axial force fx for H =  1/zm (case 2) 

Time step (s) f~ 

3 7 )< 10 -7 0 01022 

9 7 •  8 002104 

3 1 • 10 -8 0 02529 

9 5 • 10 .9 0 02704 

2 8 x l0 ~ 0 02690 

8 5 • 10 -l~ 0 02700 

14)<10 ao 002711 

2 5 X 10 -n  0 02709 

To  vahdatc  our computer  program, the p~esent 

numerical  results are compared with the previ- 

ously known numerical  ones obtained by Wads- 

worth and Muntz  (1996) for the elastic model  

The  computa t ions  are conducted for the three 

different cases of  H The present results aglee 

well with those of  Wadswor th  and Muntz  (1996), 

as shown in TabIe 2 For  Kn=0054  (case 2), 

Table  3 shows the effect of  the time step A t  on 

the numerical  results The  axial force fx  is near- 

ly constant if the time step is smaller than 2 5 • 

10-ias The  force is normal ized by the value 

])oH The gas molecules exert a force on the 

surface 1, 2, 3, and 4 The  value fx  is obtained 

by 

[ (Y, mc2 , -  (Y.mc.) ,~ 
fx  A t . P o , H  (7) 

where Cx is the x - c o m p o n e n t  of  velocity o f  

molecules 

3.1 Effects of collision model 

[he  previous study (Wadsworth  and MuraL, 

1996) was conducted by employing the elastic 

co ths lon  model  But, m the present study, the 

mteractmn between molecules as modeled  by the 
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1 . 0 [ ~  inelastic mtxtel(Present) 
elastic model(Wad,',wocth & Muntz(t996)) 

0.8 

(I.4 

0.0  i 
10 -~ t0 U 

Kn 

Fig. 3 Total axial force fx and maximum average 
surface heat flux q= versus Krmdsen number 

Z 

1.2 

I.t 

Fig. 4 

- -  inelastic m~xteltPresent) 
. . . . . .  elastic model(Wadsworth & Muntz(1996)) 

'~ i; 
/ /  / / i  

/ ~ / |  
0.9 - - -  , ' , ' ' ' . . . . . . . .  

0.0 0.2 0.4 0.6 0.8 1.0 
x/t (surface 3) 

lneident number flux on a surface 3 at 

Kn=0,54 

inelastic collision model. The present numerical 

results are compared with those obtained by 

Wadsworth and Muntz (1996) in Fig. 3, where 

q~ is the maximum heat flux normalized by 

the product of the ambient pressure Po and the 

speed of sound no. The value qm occurs at the 

surface 3. For the normalized axial force f~, 

good agreement between both results can be 

seen. However, there is a noticeable difference 

between both results for qm. Namely, the differ- 

ence is about 59% at K n  = f.08. As Kn increases, 

the discrepancy between both results becomes 

larger. This indicates that the elastic model is 

inappropriate for the heat transfer analysis of 

highly rarefied flows. The radiometric force in- 

creases as Kn increases (Kennard, 1938; Ota 

and Kawata, 1994; Wadsworth et al., 1994; 

Wadsworth and Muntz, 1996). It can be seen 

that fx  increases with K-n due to the radiometric 

effect. Also, the heat flux qm increases with Kn.  

The increase of the number rate of molecules that 

impact the wall is apparently a dominant factor, 

contributing to the observed increase of the wall 

heat tran.~fer rate. 

Figure 4 shows the incident molecular number 

flux on the surface 3 at Kn=0.54 .  The number 

flux N is normalized by No, 

in which no is the number density and R is the 

gas constant, respectively (Bird, 1994). The value 

No is the inward number flux to the walt for 

a stationary equilibrium gas. For both models, 

N decreases along the vane surface. Also, it can 

be seen that N corresponding to the inelastic 

model is larger than that corresponding to the 

elastic model. Consequently, it causes the increase 

of the heat transfer rate qr~, as seen in Fig. 3. 

For both models, the incident molecular number 

flux on the surface 3 decreases along the surface. 

The incident number flux predicted by the in- 

elastic model decreases rapidly at x/ l - -1 .0 .  This 

is because the number of sampled molecules is 

very small at that location. 

3.2 Number flux, temperature, and heat flux 

distributions 
The distributions of the incident number flux 

N o n  surfaces 2 and 4 for various Kn are shown 

in Figs. 5 (a) and (b), respectively. It can be seen 

that N o n  the surface 4, at the same x / t  and Kn, 
is much smaller than that on the surlace 2. Since 

the temperature of the surface 4 is 2 times larger 

than that of the other surfaces, the number density 

near the wall becomes smaller. [t causes the de- 

crease of N on the surface 4. Specifically, for 

the case of Kn=0,027,  the normalized value of 
N/No on the surface 4 is much smaller than that 

on the surface 2. 

Figure 6 shows the temperature distributions 

at section a--a  (see Fig. 2). As Kn increases, 

the degree of the temperature jump at the wall 

surface increases. Also, it can be seen that the 

degree of the temperature jump for the hot sur- 

face 4 is larger than that for the cool surface 2. 

The degree of the temperature jump is propor- 

tional to the temperature gradient at the wall 
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(b) Surface 4 

Incident number flux: The arrows indicate 

increasing Kt/ 
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0 . 0  [ 
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Fig. 7 

- -  Kn 0027 
rb . . . .  Kn=0 054 

G 
. . . .  Kn=0,108 
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. . . . . . .  Kn-t  08 

[ / . N~ 
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y/ti (surface 4) 

Ib) Surface vh 

Hca~ flux distributions:  The arrows indicate 

increasing K~ 

Hot wall {6[10 K) 

2.0 
- Kn=0.027 

1.8 . . . .  Kn=0.054 / / ,  
. . . .  Kn=0.108 . / / - .  �9 
. . . . .  Kn=0  54 / [ . "  
. . . . . . .  

1,0 

0.(I 0.2 0.4 t}.6 0,8 1.0 
yfH 

T e r n p e r a t u r e  d i s t r i b u t i o n s  at v a r i o u s  K n u -  

d s e n  n u m b e r ,  ] h e  a r r o w  i n d i c a t e s  d e c r e a s i n g  

Kn 

,1.6 
>- 

1.4 

Fig. 6 

pendicu la r  to tile wall. The t empera tu re  gradient  

at the hot surface is larger than  that  at the cool  

surface§ 
The heat  flux d i s t r ibu t ions  as a f lmction of  

K n  at surt~ces 3 and  4 are shown in Figs~ 7 (a) 

and  (b) ,  respectivety. It, can be seen tha t  the heat  

flux increases with the t{:h~. For  the surf'acc 4, 

since the heat is removed from the surface, the 

sign of  the heat  flux is negative. 

(Kennard ,  1938). Thus,  

Tg,~-  7~au ~ 8 T  (9) 
c?n 

where Tg~s is tile gas t empera ture  and T,,,au is 

the wall tempera ture  ~ n is the coord ina te  pet-  For  the case of the n u m b e r  of" wines n~, and the 
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3.3 Calculat ion  of  the ax ia l  force of  an 

actuator  

As seen in Fig. 3, the normal izcd  axial force 

fx increases with  K~a due to the radiometr ic  

effect. For  a vane height  of  H = I /zm (i.e., K n - -  

0.054), fx is 0.0173. Therefore,  the axial force 

pet vane is 

tg',:--f:,-poH=l.756x l0 a N / m .  (10) 
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vane width w = 1 0 0 / ~ m ,  the total  available force 

F~ is 

fx=f f  x.J%w=8.78• (11) 

Neglecting friction of  the l inkage support po- 

ints, the net force Fx provides an actuator acc- 

eleration a-Fx/rn =1.756 • 10 ~ m/ s  2, where m 

( ~ 5 •  is the mass of the actuator 

(Wadsworth and Muntz,  1996). Assuming a to 

be constant,  the t ime to move a distance x can 

be calculated by 

&=]2x/a (12) 

Therefore, we can see that the t ime to move a 

distance x =  I mm is 33.7 ffs. 

3.4 Distributions of the rarefied flow field 

Velocity vectors, shown in Figs. 8 ( a ) ~ ( e ) ,  

�9 - 6 m/s .,,:.2J:;.~:S:v..:~::;:,r 

�9 : ~ ~,... ,' ~" :c.,- .' : ::'~. ~'~ ~'.~-;2' ', 

0,61"~ , / J ~ j ~ !  I;, f..; . . . . . . . . .  ,~;/ 

. : : : , ' - : : i : ) . ;q/ / .  

0 0.~ I 1.5 
x/l 

(a) Kn=0.027 (H=2 ,um)  

1,2 

I 

0.8 

y/l-I 
0.6 

0, 

y/H 
0. 

O, 

0. 

IL 
0 

y/H 
0 

rdl 
(b) Kn=0.054 (H=l/tm) 

0,4 

0.2 

05  ! 1.5 x/! 
(c) Kn=O.108 (H~0.5 urn) 

x/l 
(d) Kn=0.54 (H~0.1 g~m) 

1.2 

~';Z~:~ C ~ ' ; ~ - ~  ?, ~ ~. "~ ~ "2 ~(: : i ~ ' 

0.6 g',"~ ....... ~Y"~. '"~ '/r /fl/',~'~,.;'t,<: ~ .,:i :~ ~,;~<. :,z (/'/ /f//, 

,,f..j,,'~, t,;s,Zt ] i : !! i~ b '. m : td,~:~ ~ /  

0.2 

~/# 

(e) K n = l . 0 8  (H=0+05/~m) 

Fig, 8 Velocity vectors 
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show how the flow changes with K n .  They show 

the swirling motion developed by the radiometric 

effects in the originally stationary gas. The gas 

flows are induced by the temperature difference 

between surfaces. The radiometric phenomena are 

due to the thermal creep of the gas over an 

unequally heated surface {Kennard, 1938). This 
flow paltern has been observed by Ota and 

Kawata 1994) lot a micro engines, The peak 

value of the velocity occurs at the hot surface 4, 

A s / ~ z  increases, the location of the vortex center 

moves up. 

Figure 9 shows the temperature contours. 

Because of the presence of significant temperature 

jump, the temperature near the hot wall decreases 

as Kn increases. Figure 10 shows the number 

density contours, and the density near :he hot 
wall increases as Kn increases. 

1.31 

l).h 

0 . ( ,  

0 ,l 

O2 

{5 

}.2 

I 

i)5; 

y/H 
O,,fl 

0,4 

/ ," 

, 1.08 
/ /  

// "\ . \., ;' 

x/l 
(a) Kn 0.027 tH=2/an) 

,~ ~ - -  . . . . . . . .-. . ,  :,.-:,;/ 

. .:.-_ :::.y- / ..." . 
../ ,/ . :".:-:;-'." 

t ,r 
. ir 

l.ls" 71 .l~4.t;7g, 

, ,,. , , ., .., .>., 

!, ,, i , . ,. //,, 
,, , s /, /. / / ~/-'/-/ 

,/ /. / /,,- /]/l,i.~// 

/./ ] , !" / // ,,//i'/'.~" 
" / - / "  t / / /  

../' i " .' .',"."..V# 
1 / "  �9 - , r i ,.,ill 

" I ! ' ~/,4 / 
/ / L 0 7  ' " ". " " ~'~.P" 0 2  ~ / "-., ",. 'C\ ,. "'.Y' 

O ( I  <, ] 1 .5  

x/l 
(c) Kn=0.108 {H=0.5 ~ml 

12 

(IX 

Y/I-I ).o 

{i.4 

().2 

0 

1.2 

J 

0% 

y/H 
0 h 

tl.4 

,,,r: .......... 7:"""- :"-"  7 "-':" ' "'~7: 77 .3-'Y' 
/, .- " .,'-.';.hi 

i , ." .+" .J" . . .// 

. -  " ..... .." - ";.'.7: 
/ r / f / /" ,, ~ ,; 

�9 / " / / z �9 "'."~ ." ; ," / / ," /".-'/"..V" 
" " ] z i r ,." ~" "i" 

/ /  < , , � 9  / I /  / f /  

i 
" 1.07., " t,"' '"'" ,, ..'hg" / , .,..y. 

o,5 I 1,5 

x# 
(b) tOz 0.054 (H 1 ,urn) 

i ) .2 

0 
i )  

/ , .  - �9 , - :  . -  , . -  7 �9 "..2". ~ 

/'" " .". ':'k 
/, ,," ,, / , " ,',.) 

/ . "  / /" / I" / ,-/ 
/ ," I " / ,I / ,/i'~r 

,'i " . < /1.4i~ 
/,. �9 , �9 i / i l  / : ! // 

,' LI1 :.. i ,,/ ; ,~ ,, ;. ,,,,:,;. 

s/ L ' ,, ',, ', ' {.f/ 
i 

l L , 1 , , 

o 5  t 1.5 
x / #  

'd  ~ ., Kn=0,54 (H=0.1 ,~m} 

L2 

. / / /  / / / /  / / / /  /..~. / ' i ~ ,~  / 
y ] i p ]  [),~ ] / ' , ~ ~,  

r / / / 1 " / ' / . "  ,' , z i / /  
i '/ 1"< "/ / / I /" 

I ) .0 i " ] ' / / / ~ / 

o,l., . / t ;  { l i lTf  ,/,JyT~2,~i(a j 

i./.{ i// ' X  L ~" ', i. i i '@~ / 0.2 . X ,, ~ ' , ; , f  

I . i {12%l , , - ( " L . { C } "  , i . , 

0 

(e) Kn=l.08 if1=0.05 ]xm) 

Fig. 9 Temperature comours 

Copyright (C) 2005 NuriMeelia Co., Ltd. 



672 Joong-Sik Heo and Young-Kyu Hwang 

y/H 
0.6 

0.4 

"1.2 

{) 

12 

y/H 
0.5 

0.4 

O.2 

1,2 

Y/Ito. ~ 

x/l x/i 
(a) Kn=0.027 (H=2 era) (b) Kn=0.054 (H= 1 #m) 

I 

/ ) / A  o., 

0+4 

0,5 I (.5 
x# 

(c) Kn=0.108 (H=O.5 ~rn) 

0,5 ~ 15 
xt/ 

(d) Kn=0.54 (H=O.I/ira) 

12 

0A 

O.2 

0 
xfl 

(e) Kn=l.08 (H=O.O5 am) 
Fig, 10 Density contours 

4. Conclus ions  

A linear micro-actuator powered by radio- 

metric gas dynamic forces has been analyzed. 

Direct simulation Monte Carlo calculations have 

been performed to estimate the performance of the 

micro-actuators. 

The results show that the heat transfer charac- 

teristics of the micro actuator flows can vary 

significantly with the Knudsen number. For the 

two-dimensionM rarefied flows in the micro- 

actuator, there is a significant increase of the wall 

heat transfer with the Knudsen number. It can be 

seen that the axial force of the actuator increases 

with the Knudsen number due to the radiometric 

effect. Also, the simulation results show that there 

is a swirling motion developed by the radiometric 
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effects in the gas 
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