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Heat Transfer in a Micro-actuator Operated
by Radiometric Phenomena
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The heat transfer characteristics of rarefied flows in a micro~actuator are studied numerically.
The effect of Knudsen number (K#) on the heat transfer of the micro-actuator flows is also
examined. The K» based on gas density and characteristic dimension is varied from near-
continuum to highly rarefied conditions. Direct simulation Monte Carlo calculations have been
performed to estimate the performance of the micro-actuator. The results show that the
magnitude of the temperature jump at the wall increases with Kx. Also, the heat transfer to the
isothermal wall is found to increase significantly with Kn.
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Nomenclature ¢t  Time
a . Acceleration T ' Temperature

TA
A : rea ‘ Greek symbols
¢ Velocity .

: & . Energy of molecules
f . Force .

. . A Mean free path
H : Vane height . .

. ¢ . Degrees of freedom
k  Boltzmann constant
Kn : Knudsen number Subscripts
L : Characteristic dimension ¢ . Incident
m | Mass o . Reference
7 . Number density 7 . Reflected
N Number of molecules ; molecular number rot . Rotational

flux fr . Translational

p . Pressure x . x-direction
g . Heat flux
R : Gas constant 1. Introduction
Ry : Random number
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such as micro-actuators, micro-refrigerators, and
micro-engines. The characteristic length scales
that govern the momentum and energy transport
between MEMS and their environments are ty-
pically of the order of microns. With the in-
creasing demand of micro-devices, it is of great
importance to understand the behavior of micro-
fluid flows (Ho and Tai, 1996).

The scaling from the macro to micro domain is
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’ radio-
meter generates useful work or force due to the
gas motion 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
utilizing radiometric forces is studied numeric-
ally.

A schematic diagram of the micro-actuator
proposed by Wadsworth and Muntz (1996) is
shown in Fig. 1. The cavity contains a chevron
pattern of inclined vanes. The vane surfaces or the
cavity boundaries are radiatively or resistively
heated. The vanes can be considered analogous
to pistons, with local heating of a vane surface
leading to a radiometric 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-dimensional micro-actuator flows are ex-
amined. Direct simulation Monte Carlo (DSMC)
calculations have been performed to estimate
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Fig. 1 Linear micro-actuator

the performance of the micro-actuator. In the
present DSMC method, the interaction between
molecules is modeled by the inelastic collision
model. Particularly, the effect of the gas rare-
faction on the wall heat flux is investigated.
Simulation results are also compared with the
previously known numerical results (Wadsworth
and Muntz, 1996).

2. Numerical Method and
Actuator Geometry

2.1 DSMC method and boundary conditions

The Navier-Stokes equations based on the con-
tinuum model are applicable to numerous flow
situations. The model ignores the molecular na-
ture of gases and liquids and regards the fluid
as a continuous medium. It is valid when the
molecular mean free path (1) is much smaller
than the characteristic dimension (L). The ratio
between the mean free path and the characteristic
length is 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 linear relation
between stress and rate of strain and the no-slip
velocity condition are no longer valid for the
Newtonian fluid. Similarly, also, the linear rela-
tion between heat flux and temperature gradients
and the no-jump temperature condition at the
wall are no longer accurate.

For Kn<0.01, the flow is considered to be
in the continuum regime and the Navier-Stokes
equations are applicable. Generally, when Kn=
0.01, the rarefaction effect tends to be signi-
ficant. For MEMS flow, K# is large even at at-
mospheric operating conditions. Therefore, con-
ventional computational fluid dynamics (CFD)
methods that are based on continuum assump-
tions may not be appropriate. A method based
on kinetic gas theory is required to describe the
flows accurately (Bird, 1994).

The DSMC method is a well-established meth-
od for modeling flow for K»=>0.01 (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 @ (goc T®) of nitrogen is
chosen to be 0.74 with the reference molecular
diameter of 4.17 X107 m 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 half-range Maxwellian
distribution determined by the wall temperature.

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 1.
The grid consists of uniform cells with 40X 40 in
the x and y directions. The number of simulated
particles is 200,000. The time step must be small
compared to mean collision time between molecu-
les. Therefore, time step At=2.3X107"s was
chosen at Kn=0.027 (case 1). The intermolecu-
lar collision number at each time step is about
2.3X 10" 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 flow 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

Table 1 Simulated cases and conditions
Igase 2{Case 3 {Case 4| Case 5
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(a) Computational model of a micro-actuator.
a—a is a cross section at /2
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(b) Computational grid system
Fig. 2 Micro-actuator

obtain a converged solution for Kn=40.027.

A gas of undisturbed pressure p, (I atm) and
temperature T, (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
symmetrical about surface 1 and is two-dimen-
sional, which is an accurate assumption for the
case where the vane width is much larger than the
height H.

The variation of Kn is achieved by varying
the vane height A, while keeping the ratio of
vane height to separation distance /constant. The
surfaces 1, 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 equilibrium gases of diatomic molecules,
by neglecting the vibrational energy, the tempera-
ture can be calculated as

T=(3 Ttr+§rotTrot)/(3+§rot) (1)

where T denotes the translational temperature
and T7.: represents the rotational temperature,
respectively ; & is the number of rotational
degrees of freedom (Bird, 1994). The transla-
tional and rotational temperatures are

% KT,=mc*—mci=cun (2)

Tro= (Z/k) (?ot/&rot) (3>

where k£ is the Boltzmann constant; m is the
mass of a molecule; ¢ is the velocity of a mo-
lecule; ¢, is the mean velocity of simulated
molecules ; & and €0+ are the translational and
rotational energy of an individual molecule, re-
spectively (Bird, 1994). The overbar in the above
equations represents sample average.

For nitrogen, there are two degrees of rota-
tional freedom.

Lrot=2 (4)
5rot:_ln(Rf)kT (5)

where Ry is a single random fraction.
The net heat flux on a wall can be evaluated as

_ L (Dew+Xem)i— (XewtDero) r_]No (6)
- At-A

where the subscripts ¢ and 7 denote the values
before and after the impact of molecules on the
wall ; N, is the real number of molecules as-
sociated with a computational molecule ; At is the
time step of sampling ; A is the area (Bird, 1994).

3. Results and Discussion

The flows in a micro-actuator with the Knu-
dsen number ranging from 0.027 to 1.08 have
been simulated. Geometric parameters and flow
conditions are given in Table 1. The lowest value
of Kn=0.027 (case 1) is close to the continuum
regime, while Kn=0.54 and 1.08 (cases 4 and 5)
are in the highly rarefied regime.

Table 2 Comparison of the present axial force fx
with the previous ones

H=01pm| H=1 pm | H=10 ym
Wadsworth &
Muntz (1996) 0.068 0.027 0.006
Present 0.06821 0.02702 0.00596

Table 3 Effect of the time step 4f on the normalized
axial force fy for H=1 um (case 2)

Time step (s) fx
371077 0.01022
9.7%x1078 0.02104
3.1x1078 0.02529
9.5%107° 0.02704
2.8X107° 0.02690
8.5X107%° 0.02700
[.4x1071 0.02711
2.5x 1071 002709

To validate our computer program, the present
numerical results are compared with the previ-
ously known numerical ones obtained by Wads-
worth and Muntz (1996) for the elastic model.
The computations are conducted for the three
different cases of H. The present results agree
well with those of Wadsworth and Muntz (1996),
as shown in Table 2. For Kn=0.054 (case 2),
Table 3 shows the effect of the time step Af on
the numerical results. The axial force fx is near-
ly constant if the time step is smaller than 2.5X
1071 s,
poH. The gas molecules exert a force on the
surface 1, 2, 3, and 4. The value f« is obtained
by

The force is normalized by the value

_[(Zmex) i— (Emcs) 7]
o At'po'H

fx (7
where cx is the x-component of velocity of
molecules.

3.1 Effects of collision model

The previous study (Wadsworth and Muntz,
1996) was conducted by employing the elastic
collision model. But, in the present study, the
interaction between molecules is modeled by the
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1.0,
inelastic model(Present)
osl elastic model{Wadsworth & Muntz(1996))
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Fig. 3 Total axial force fx and maximum average
surface heat flux ¢, versus Knudsen number

inelastic collision model. The present numerical
results are compared with those obtained by
Wadsworth and Muntz (1996) in Fig. 3, where
gm is the maximum heat flux normalized by
the product of the ambient pressure p, and the
speed of sound a,. The value g occurs at the
surface 3. For the normalized axial force fx,
good agreement between both results can be
seen. However, there is a noticeable difference
between both results for g,. Namely, the differ-
ence is about 59% at Kn=1.08. As K» 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 K# increases (Kennard, 1938 Ota
and Kawata, 1994; Wadsworth et al., 1994;
Wadsworth and Muntz, 1996). It can be seen
that f, increases with K» due to the radiometric
effect. Also, the heat flux ¢n 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 transfer rate.

Figure 4 shows the incident molecular number
flux on the surface 3 at K»=0.54. The number
flux N is normalized by N,

1 SR T,
No=t- 70,/ BT (®)

in which #, is the number density and R is the
gas constant, respectively (Bird, 1994). The value
N, is the inward number flux to the wall for
a stationary equilibrium gas. For both models,

1.27

inelastic model(Present)
»»»»»» elastic model(Wadsworth & Muntz(1996))

0.9

0i4 016 0:8 1:0
x/1 (surface 3)
Fig. 4 Incident number flux on a surface 3 at
Kn=0.54

O.‘O 0.2

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 g,, 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//=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 on surfaces 2 and 4 for various K#» are shown
in Figs. 5(a) and (b), respectively. It can be seen
that V on the surface 4, at the same x// and Kn,
is much smaller than that on the surface 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. It causes the de-
crease of N on the surface 4. Specifically, for
the case of Kn=0.027, the normalized value of
N/N, on the surface 4 is much smaller than that
on the surface 2.

Figure 6 shows the temperature distributions
at section g—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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(Kennard, 1938). Thus,

Teas— Twau OC% 9)

where Tgas is the gas temperature and Ty is
the wall temperature; » is the coordinate per-
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Fig. 7 Heat flux distributions: The arrows indicate

00 02

increasing Kn

pendicular to the wall. The temperature gradient
at the hot surface is larger than that at the cool
surface.

The heat flux distributions as a function of
Kn at surfaces 3 and 4 are shown in Figs. 7(a)
and (b), respectively. It can be seen that the heat
flux increases with the Kx. For the surface 4,
since the heat is removed from the surface, the
sign of the heat flux is negative.

3.3 Calculation of the axial force of an
actuator
As seen in Fig. 3, the normalized axial force
fx increases with K» due to the radiometric
effect. For a vane height of H=1 um (i.e., Kn=
0.054), fx is 0.0173. Therefore, the axial force
per vane is

Fr=fxpoH=1756X10" N/m. (10)

For the case of the number of vanes #, and the
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be constant, the time to move a distance X can

be calculated by

vane width w=100 um, the total available force

F.is

(12)

Therefore, we can see that the time to move a

2x/a
distance x=1mm is 33.7 ps.

Ix=

(1)

8.78 X107 N
Neglecting friction of the linkage support po-

Fx'nvw

Fx:

ints, the net force Fx provides an actuator acc-

where m

?

2

E/m=1.756X10"m/s
5% 1072 kg) is the mass of the actuator

{(Wadsworth and Muntz, 1996).

eleration 4

3.4 Distributions of the rarefied flow field
Velocity vectors, shown in Figs. §(a) ~ (e),

(

Assuming g to

(b) Kn=0.054 (H=1 pm)

0.027 (H=2 pm)

(a) Kn=

N UPUNS TPRTT TVRTTURTES FUEWE FEA P
N = e 8 = o ©
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(c) Kn=
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0.05 zm)

(e) Kn=1.08 (H

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 pattern has been observed by Ota and
Kawata (1994) for a micro engines. The peak

08
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04 / “ ;o
0.2 —/ \‘\\\ . ““/_,,/
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0 .u.\‘\\‘:/ i
a 0.5 ] 1.5
x/
(a) Kn=0.027 (H=2 ym)
1.2k
!
08
y/H

0.6

a4

0

06}

value of the velocity occurs at the hot surface 4.
As Kn 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 the hot
wall increases as Kn increases.
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(d) Kn=0.54 (H=0.1 ym)
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Fig. 9 Temperature contours
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4. Conclusions

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-dimensional 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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