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Abstract

Thermal accommodation coefficient, one of the fundamental parameters in rarefied gas dynamics, is usually in-
troduced to account for the fraction of incident molecules interacting with solid surface in a diffusive manner. In the
present study, the effects of thermal accommodation on the unsteady one-dimensional micro-flow are examined, when
the oscillating flow input are applied, by employing the unsteady DSMC technique. Since the temperature jump relation
has been usually accepted as the thermal boundary condition in the analysis of MEMS flow, it is also focused on in this
study. To this end, the wall heat fluxes are also obtained indirectly by applying the temperature jump relation to DSMC
temperature profiles. For the case of small system with full thermal accommodation, the indirect wall heat fluxes
calculated using the DSMC and free molecular approximation are almost exactly overlapped whereas two direct results
show an obvious deviation, because the propagation speed of heat is different. A variation in the thermal accommo-
dation coefficient is observed to only affect the wall properties such as heat flux and wall pressure rather than flow
properties. In addition, the difference between indirect and direct heat flux remained being unchanged even if the
thermal accommodation coefficient is varied. These aspects need to be kept in mind when analyzing the problem with
the temperature jump boundary condition.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In spite of the rapid development in the micro-fab-
rication technologies for MEMS devices, a fundamental
understanding of fluid flow and heat transfer in micro-
scale is still not satisfactory. Especially, a study of un-
steady heat transfer in micro-flow is rarely found while
most previous theoretical or numerical works regarding
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micro-systems have concentrated on the flow charac-
teristics [1]. Practically, a detailed analysis of micro-flow
with heat transfer would be very helpful in designing the
efficient micro-space propulsion systems such as p-arcjet
and p-resistojet [2].

Considering these points, Park et al. [3] investigated
the unsteady micro-scale heat transfer by employing the
unsteady DSMC technique. However, they assumed the
diffuse wall therein. Different from the previous work,
the present study concentrates on the effect of thermal
accommodation on the unsteady micro-system.

Experiments about gas/surface interaction at normal
temperature indicate that the reflection process can be
successfully modeled as a diffuse reflection with com-
plete thermal accommodation. This behavior may be a
consequence of such surfaces as being microscopically
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Nomenclature

Co speed of sound (= \/@)

Cmp most probable speed (= 2"%)
E energy

f velocity distribution function
ks Boltzmann constant (= 1.38054 x 10~ J/K)
Kn Knudsen number (= 1/L)

L system size

m molecular mass

Re Reynolds number

q heat flux

t time

T temperature

u bulk velocity (x-direction)

Y specific heat ratio

A mean free path

p density

oT thermal accommodation coefficient
w excitation frequency

£ thermal velocity (x-direction)
n thermal velocity (y-direction)
4 thermal velocity (z-direction)
Subscripts

0 rest state

m medium

w wall

rough with the incident molecules suffering multiple
scattering, or with the molecules being momentarily
trapped or absorbed on the surface. Most analytical and
numerical studies have assumed the diffuse reflection,
and fortunately, this appears to be adequate for the
many practical gas flows [4].

Actually, the assumption of full thermal accommo-
dation is valid only if the characteristic time of mo-
lecular energy exchange, ty., is infinitesimally small
compared with other characteristic time of the system,
tys. However, such a simplification cannot be applied
to the following problems such as the flow field around
satellite [5], the ultra-fast heating of small substance by
laser [6], the highly oscillating signal propagation
through rarefied medium [7], etc., since in these prob-
lems, ty, is comparable to fyo. Particularly, in the
rarefied binary mixtures in which the two components
have very different molecular masses, the fast sound
(the frequency level is larger than 10° Hz) is generated
[8,9], which is one of interesting phenomena in rarefied
flow.

Driven Input

@, ul

x=0

Extended from the previous work [3], in this study
the one-dimensional unsteady micro-flow caused by os-
cillating flow input is investigated with emphasis on the
effect of thermal accommodation. Although Park et al.
[3] have pointed out that the Smoluchowski’s jump re-
lation induces some inevitable error, this study focuses
on the effect of thermal accommodation on the jump
relation, since it is still widely used as a thermal
boundary condition for diverse governing equations
[10-13]. The six different cases are considered and dis-
cussed in the below by varying system size and medium
density, i.e., the Knudsen number and the acoustic
Reynolds number. As a numerical tool, the DSMC
method, which is validated through comparison with
free molecular solutions, is adopted.

2. Problem definition and unsteady DSMC method

As schematically shown in Fig. 1, a plannar system
filled with monatomic argon gas is considered, which is

Wall (Reflection)
7

MEDIUM

Fig. 1. Schematic of the problem.
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similar to the previous study [3]. A fluctuating input is
continuously excited at the left end by imposing a si-
nusoidal mean velocity oscillation of u(t,x =0) =
U(t) = Uy sin(wt) where u is the mean velocity along
x-direction, U is the amplitude of excitation, w is exci-
tation frequency, and ¢ is time. Then, it is introduced
into the gas medium of length L initially at rest with
T = 300 K. A solid wall with T,, = 300 K is located at
the right end of the domain so that the impinging mol-
ecules are diffusely reflected there.

The unsteady DSMC code used in this study is
modified from the Bird’s DSMCI1U [4] that adopts No
Time Counter (NTC) scheme and Variable Hard Sphere
(VHS) Model. The oscillating molecular influx at left
end is introduced to the domain through the Maxwellian
reservoir method. Its detailed procedure is described in
previous works [3,7] and it is skipped here.

Throughout the computations in this study, it is al-
ways ensured that there are more than 100 particles per
cell on average and each cell size is taken less than 0.14
in order to obtain the satisfactory accuracy. Here, A is
the mean free path of the molecules in medium. Ac-
cording to Hadjiconstantinou and Garcia [7], the com-
puting time step Az in unsteady DSMC simulation
should be taken to be significantly smaller than A/cy,;, in
which ¢y, is the most probable speed given by %
Moreover, when treating the fluctuating medium like in
the present situation, the time step used should also
satisfy At < 2n/w to guarantee the enough resolution
for unsteady signals. In this study, the computing time
step is set to be Ar = 0.1(A/cwp). For this case, even the
biggest At becomes the value of 2.1130x 1071° s which is
much less than 2n/w = 6.28 x 10~® s. The ensemble
average is obtained performing over 5000 realizations of
stochastic process within a given time interval.

3. Free molecular solutions

In this study, the free molecular solutions for small
oscillating signal propagation are considered for the
comparison with unsteady DSMC results. To this end,
the one-dimensional BGK model equation is linearized
first by decomposing the variables as follows [14,15]:

f=h1+e), (1)
p=po(l + ), (2)
T =Ty(1 +1), (3)
qw = qwo(1 +0y), (4)

where f is the velocity distribution function, p is density,
T is temperature, and ¢, is wall heat flux. The subscript
0 represents the initial rest state while ¢, , 7, and 0 is
the propagating fluctuation of the corresponding vari-
able. Apparently, the velocity u is directly represented by

the fluctuation itself because the medium is initially at
rest. Then, following Sone’s approaches [14,15], we can
easily obtain the following expressions for fluctuating
properties in free molecular regime:

oo

o= \% y Uéexp(—&)d¢, (5)
=50 [ U8 - gem-£)az ©)
0— 21% /OC T(E + &) exp(—&)de, ™
where

U= U<t - g) (8)

In the present study, the numerical integration adopts
the Simpson’s method to obtain values of above equa-
tions at each time step.

4. Temperature jump relation

In rarefied gas dynamics, one of the major problems
is to model the interaction of gas molecules with a solid
surface. The parameter accounting for this phenomenon
is the very accommodation coefficient that represents the
tendency of gas to accommodate the wall state. In terms
of energy, the accommodation coefficient can be defined
by [16]:

7Ei_Er
T E -E,’

aT (9)
where E; denotes the energy flux of the incident molec-
ular stream, E, denotes the energy carried away by the
reflected molecules, and E,, denotes the energy that is
carried away by the reflected molecules when the tem-
perature of reflected molecular stream is assumed to be
the same as the wall temperature 7. or in Eq. (9) is
usually called as “thermal accommodation coefficient”
distinguished from “tangential momentum accommo-
dation coefficient (TMAC)” ¢, based on momentum
accommodation at surface [17]. Physically, there exist
two extreme conditions for the molecular reflection at
wall. The first one is the perfectly specular reflection, in
which the molecules elastically collide with wall so that
the molecular velocity component normal to the surface
is reversed while that parallel to the surface remains
unchanged. As a result, the impinging molecular stream
exerts no shear stress on the surface except the normal
direction to the wall. In this case, it becomes E; = E; so
that or becomes zero. The other condition is the per-
fectly diffusive reflection, in which the incident mole-
cules have their mean energy completely adjusted or
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“accommodated” to the surface for which it becomes
E. = E,, so that or is equal to unity. Rearranging Eq.
(9), then we obtain

Er = O-TEW + (1 — O'T)Ei. (10)

According to Eq. (10), the thermal accommodation co-
efficient represents a fraction of molecules that experi-
ence diffusive reflection at the solid surface. As discussed
above, gt has the value ranging from 0 to 1.0.

The Smolochowski’s temperature jump relation can
be derived by considering the kinetic approach on con-
ductive energy balance between gas and solid surface.
When the impinging molecular stream is assumed in
equilibrium, the resultant formula is given by [17]:

2 —or Z(Vfl)} 1
T, —TW: n)3
g or { y+1 Ryp, /A—_—‘ZRng/n(q)
oT
=K — 11
0 =x(5) - (1
or
2—or| 2y |Kn/OT
T,— T, = — == 12
: oT L*’JP"(G”)W (2

where T, is the gas temperature at wall due to temper-
ature jump while 7, is the actual wall temperature. y, R,
and T, are the specific heat ratio, the gas constant,
and the mean temperature at a region sufficiently far
from the wall, while K and Pr are thermal conductivity
and the Prandtl number. Physically, this represents the
heat flux toward wall, ¢,, which can be actually calcu-
lated using the temperature difference at wall, 7, — T,,.
In other words, once the gas temperature profiles are
obtained using the DSMC or the free molecular ap-
proximation, the indirect heat flux can be calculated
using the above temperature jump relation.

However, since some fundamental inaccuracy resides
in the Smolochowski’s relation, improved models satis-
fying a detailed balance were proposed by Cercignani
and Lampis [18] and Lord [19]. Park et al. [3] also
pointed out that the Smolochowski’s relation may not
be very accurate in unsteady micro-scale heat transfer.

Nevertheless, due to its simplicity and reasonable
accuracy, many researchers have widely utilized the

conventional temperature jump relation as a boundary
condition for the rarefaction effects in the analysis of
rarefied flow [10-13]. Considering these points, much
part of present study focuses on the effect of thermal
accommodation on the temperature jump relation.

5. Results and discussion

Similar to the authors’ previous work [3], the present
study examines the six cases with different system size
and density for the fixed excitation condition where
Uy = 0.15¢y and o = 1.0 x 10® Hz. Here, ¢, is the speed

of sound as defined by ”‘%T The detailed computing

conditions are listed in Table 1. In Case A, B, and C, the
medium density p, is varied for a fixed system size L
while Case D, E, and F have different domain sizes for a
fixed medium density.

Two parameters of the acoustic Reynolds number
Re, and the Knudsen number Kn; are listed in the table
to represent the acoustic feature and the rarefaction
degree of the medium for each situation. The acoustic
Reynolds number is defined as

2
Re, = SPo 7 (13)
WHy

where the viscosity y, is given by

1 —
My = zpoﬂ.Crms (14)

with

6rms =V (62 +7]2 +C2) = \/ 3];37—' (15)

Since the excitation frequency remains constant
throughout the calculation, the acoustic Reynolds
number actually represents the medium density. Differ-
ent from the sound wave propagation problem through
rarefied infinite medium [20,21], the present domain is
finite. That is why two system parameters of Re, and Kn;
are simultaneously required in the identification of a
system. For the infinite case, since both acoustic Rey-
nolds number and Knudsen number have the same

Table 1

Computational conditions considered in the present study
Case Re,/y po [kg/m?] L [um] 2 [um] te x 10° [s] Kn,;
A 0.5 0.1149 0.8067(0.257 ) 0.7840 2.4296 0.9718
B 1 0.2285 0.8067(0.257) 0.3920 1.2148 0.4859
C 2 0.4460 0.8067(0.25/) 0.1960 0.6074 0.2430
D 0.5 0.1149 1.6134(0.50/) 0.7840 2.4296 0.4859
E 0.5 0.1149 3.2266(1.007) 0.7840 2.4296 0.2430
F 0.5 0.1149 6.4535(2.007) 0.7840 2.4296 0.1215

Argon gas, o = 1.0 x 108 Hz (/ = 3.2268 um), T;, = T,, = 300 K.
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characteristic length L = ¢q/w, there exists a following
relation between Kn, and Re,:

| 4 1
Rea: 'J)§><E7

where the subscript ‘@’ in Knudsen number denotes
‘acoustic’.

Before investigating the effect of thermal accommo-
dation, it is necessary to validate the present DSMC
program. To this end, the DSMC calculation is carried
out for six cases with full thermal accommodation
(o1 = 1.0) and the resultant wall heat fluxes are com-
pared with their free molecular solutions in Fig. 2 which
presents a temporal variation of normalized heat flux
fluctuation at wall. Since both the wall temperature T,
and medium mean temperature 7;,, have the same value
of 300 K, the fluctuation actually represents the net wall
heat flux itself. 7; and x* in the figure denote the period
2n/w and normalized coordinate x/L, respectively. In
each graph there are four types of heat fluxes depending
on the method used: (1) 0,(DSMC; direct) directly
computed using the DSMC only, (2) 0,,(DSMC; AT)
indirectly computed using the DSMC temperature pro-

(16)
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files by applying temperature jump relation of Eq. (12)
and (9) 0,,(FM; direct), directly computed using the free
molecular approximation, and (4) 0,(FM; AT) indirectly
computed using the free molecular temperature profiles.
The classification of four wall heat fluxes is summarized
in Table 2. Since the Park et al. [3] have already shown
that the wall heat fluxes calculated from the original
Smoluchowski’s relation are not much different from
their alternatives from its higher-order modifications
higher-order modifications, the classical relation is still
taken into account for computation of 0,(DSMC; AT)
and 0,(FM; AT).

In general, 6,(DSMC) and 6,(FM) agree well for
Case A, B, and C which are of relatively small physical
size. On the other hand, they differ significantly with
incresaing the domain length as shown in Fig. 2(d)—(f).
Especially, a perfect coincidence is found between two
indirect heat fluxes of 0, (DSMC; AT) and 0,,(FM; AT).
Such an agreement in Case A, B, and C proves that the
present DSMC analysis is accurate enough to investigate
the small signal propagation through micro-flow in
MEMS. However, Fig. 2(a)-(c) show that some devia-
tions between 0,,(DSMC; direct) and 0,, (FM; direct) are

s - —— - - - —— ; ; s : — ;
< 0.04| (a) CASE A withc,.=1.0 So0.04f (b) CASE B with 6.=1.0 4 © 0.04 (c) CASE C withc,=1.0 B
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Fig. 2. Temporal variations of the normalized wall heat flux fluctuation using four different type of computations for various cases
with ot = 1.0: (a) Case A; (b) Case B; (c) Case C; (d) Case D; (e) Case E; (f) Case F.

Table 2
Classification of wall heat fluxes

Method used for computation

How to obtain heat flux

Direct—~0,(direct)

Indirect—6,,(AT) (temperature jump relation)

DSMC—0,(DSMC)

Free molecular approximation—=6,,(FM)

0w (DSMC; direct)

0w(FM; direct)

0,(DSMC; AT)
0,(FM; AT)




1318 J.H. Park, S.W. Baek | International Journal of Heat and Mass Transfer 47 (2004) 1313-1323

observed because the propagation speed of heat in the
DSMC simulation is different from that in free molec-
ular computation which does not involve the molecular
collision. Contrary to heat flux, the propagation speed
of temperature seems not to be varied depending on the
degree of rarefaction, since 0,(DSMC; AT) becomes
exactly the same as 60,(FM; AT). Tzou [6] already
pointed out such temporal phase difference between heat
and temperature propagation [6].

According to Park et al. [3], a deviation between di-
rect Oy(direct) and indirect 0,,(AT) in either DSMC or
free molecular computation, are due to the fundamental
errors embedded in the Smoluchowski’s temperature
jump relation. As indicated in previous section, in the
derivation of jump relation, it is assumed that the inci-
dent molecular flux is in equilibrium. It might be true in
steady rarefied flow, however it may not be true in un-
steady situation.

It becomes clearer when investigating it in the gas-
kinetics viewpoint. Theoretically, the translational tem-
perature and the heat flux toward wall are given as
follows [3,4]:

1
=3 5 (E+m+0), (17)

cell

N, 1
QWZAth Zmi(uz-i—vz—sz)
SmMp | wall

EY s @ b+ )| E=n=0=0), (1)

wall

where the ‘cell’ indicates the summation over all the
molecules in the cell interested while the ‘wall’ denotes
the statistical collection for both the incident and re-
flected molecules. The over-bar stands for ‘ensemble
average’. N, is the number of molecules represented by
every single simulated particle, Az time step, and Ny, is
the number of samples. A careful examination of Eqgs.
(17) and (18) reveals that the wall heat flux involves one
more energy term of > . im(u?+ v* + w?) which is
attributed to mean velocities. The results in Fig. 2 as-
sume a full thermal accommodation and furthermore,
assume that the reflected molecular stream from right
wall is always in complete equilibrium. Therefore, a
degree of non-equilibrium at wall would result from a
difference between incident and reflected molecular
stream. As revealed in Fig. 3, more incident molecules
are found at positive peak of heat flux rather than at
negative peak of heat flux so that a more deviation arises
between 0, (direct) and 0,,(AT) at positive peak of heat
flux.

Now, we examine the effect of thermal accommoda-
tion on the flow properties such as density, temperature,
and velocity. Figs. 4 and 5 compare their histories at an
arbitrary selected position of x* = 0.75 depending on ot
for representative Case B and D, which have the same
Kn; of 0.4859. The results show that the effects of o1 on
the propagation speeds of density, velocity, and tem-
perature are negligible. Although the other four cases
investigated are not shown here, such a trend is still
found therein. This is due to the system size chosen here
with its mean free path. That is to say, the influence of
thermal accommodation at right wall cannot fully pre-
vail in the flow domain because the system size is so
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Fig. 3. Temporal variations of wall incident number flux depending on o for various cases: (a) Case A; (b) Case B; (c) Case C; (d)

Case D; (e) Case E; (f) Case F.
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Fig. 4. Temporal variations of various flow properties at x* = 0.75 for Case B with different or: (2) o1 = 1.0; (b) o1 = 0.9; (¢) o1 = 0.8;

(d) or = 0.7 (—: velocity, ----- : temperature, —-—-— : density).
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Fig. 5. Temporal variations of various flow properties at x* = 0.75 for Case D with different o: (a) o1 = 1.0; (b) o1 = 0.9; (¢) o1 = 0.8;

(d) o1 = 0.7 (—: velocity, ----- : temperature, —-—-— : density).

small that the molecular collisions are not enough to
fully transfer the external information at x =0. As a
result, the flow properties are mostly affected by the
enforced excitation at left end. However, the effect by
gas/surface interaction model would become remarkable
in a larger system [2,22]. Also, Karniadakis and Beskok
[17] shows that the temperature jump apparently ap-
pears in the Poiseuille flow through micro-channel, once
the wall is not insulated, and that its magnitude in-
creases as the flow Mach number increases.

Different from the flow properties, the wall properties
such as heat flux and reflected pressure are severely af-
fected by the variation of or as shown in Figs. 6 and 7.
Fig. 6 illustrates the temporal variations of wall heat flux
depending on thermal accommodation coefficient for
various cases. The averaged peak values in the figures
are listed in Table 3. The heat fluxes represented by solid

and dashed lines are obtained by applying the temper-
ature jump relation to DSMC calculations. During a
specular reflection process, the molecular velocity com-
ponent normal to the surface is reversed while parallel
one to the surface remain unchanged. A collection of
molecules with such a process macroscopically results in
the thermal insulation without net energy transfer onto
wall. Hence, as the thermal accommodation coefficient
decreases, the magnitude of net heat flux gradually de-
creases because the adiabatic portion of molecules in-
creases. The reduction of wall heat flux is purely due to
the change in molecular velocities. As presented in Fig.
3, the variation in ot does not incur a change in incident
molecular number flux because it is rather affected by
the enforced excitation than the wall condition. How-
ever, Fig. 7 shows that the reflected wall pressure is se-
verely influenced by the change in or, for the reflected
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Fig. 6. Temporal variations of heat fluxes at wall directly and indirectly computed depending on o for various cases: (a) Case A; (b)

Case B; (c) Case C; (d) Case D; (e) Case E; (f) Case F.

molecular velocities are apparently varied depending on
the degree of thermal accommodation. The wall pressure
actually represents the averaged momentum difference
between incoming and outgoing molecular streams.
Different from the reflected wall pressure, the incident
pressure remains almost unchanged, since the system
behavior is mostly influenced by the enforced excitation
at left end as discussed in Figs. 4 and 5. The inner me-
dium pressure p is determined by the relation of p = nkg
Tirans Where n is number density and T, is the trans-
lational temperature. In this study dealing with mon-
atomic argon gas, Ty, 1s equal to medium temperature
T itself. Thus, it is quite clear that the medium pressure
is not affected very much by the change in or, consid-
ering the dynamic responses of temperature and density
in Figs. 4 and 5.

Furthermore, in Fig. §, a temporal variation of dif-
ference between 0,,(DSMC; direct) and 0,(DSMC; AT)
is plotted for six cases depending on or. The figure
shows that 0,(DSMC; direct) — 0,,(DSMC; AT) is not so
influenced by the gas/surface interaction model that the
degree of error induced by the Smoluchowski’s jump
relation is neither reduced nor magnified depending on

the surface condition. Such features should be always
kept in mind when analyzing the problem with the
temperature jump boundary condition.

6. Concluding remarks

A numerical study has been carried out to investigate
the effect of thermal accommodation on the unsteady
semi-confined one-dimensional micro-flow responding to
the oscillating flow input. The unsteady DSMC tech-
nique was applied to the six cases with different system
size and medium density. The thermal accommodation
coefficient considered ranged from 0.7 to 1.0 with incre-
ment of 0.1. Since the temperature jump relation has
been widely accepted as the thermal boundary condition
in the analysis of MEMS flow, it was focused on in this
study. For the case of small system with full thermal
accommodation, a perfect overlap was observed between
two indirect wall heat fluxes calculated the DSMC and
free molecular approximation, whereas two direct results
without using temperature jump relation yielded an ob-
vious deviation, because the propagation speed of heat is
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or =0.8

or =0.7

Table 3
Averaged positive and negative peak values of heat flux for various cases
Case Peak value
or=1.0 or =09
A 0.03276 (—0.02572) 0.02946 (-0.02321)
B 0.03144 (-0.02523) 0.02846 (-0.02265)
C 0.03036 (—0.02580) 0.02734 (-0.02330)
D 0.02933 (-0.02456) 0.02705 (-0.02221)
E 0.01640 (-0.01420) 0.01470 (-0.01263)

0.02600 (=0.02064)
0.02506 (—0.02005)
0.02413 (=0.02090)
0.02382 (-0.01978)
0.01305 (=0.01126)

0.02726 (-0.01794)
0.02214 (-0.01739)
0.02138 (-0.01837)
0.02062 (-0.01694)
0.01113 (-0.00965)

different. Also, in either DSMC or free molecular com-
putation, the fundamental errors induced by temperature
jump relation also incurred severe discrepancies between
direct and indirect results. Rather than the flow proper-
ties such as the velocity, temperature and density, the
wall heat flux and wall pressure were strongly influenced

by the variation of thermal accommodation coefficient
because the degree of thermal insulation linearly in-
creased with decreasing thermal accommodation coeffi-
cient. However, the difference between indirect and direct
heat flux remained unchanged as the thermal accom-
modation coefficient was varied.
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