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Simulation of hard-disk flow in microchannels
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The dynamic flow behavior of a hard-disk fluid under external force field in two-dimensional microchannels
is investigated using an event-driven molecular dynamics simulation method. Simulations have been carried
out under laminar and subsonic conditions in both slip regime and transition regime, and the effects of three
main factors, Knudsen number (Kn), force field intensity, and packing fraction, on flow and heat transfer
behavior have been studied. It is shown that all the factors play important roles in the velocity distribution of
the flow, and the temperature profile of the gas flow may exhibit a bimodal shape with a local minimum instead
of a maximum in the center. These findings verify the predictions of nonequilibrium kinetic theories on the
so-called “temperature dip.” At high Kn, the two maxima of temperature shift to two walls and the temperature
profile changes to a “parabola” opening upward with a minimum in the center. A slight setback of the
temperature is also found before the fluid flow eventually arrives at a steady state when the shear rate is high
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I. INTRODUCTION

Microflow system has recently received great attention for
its immense potential applications [1]. However, the fluid
behavior at microscale is greatly different from that at mac-
roscale. For gas flow the difference is, in general, related to
the Knudsen number (Kn), which is defined as the ratio of
the mean-free path of the gas molecules to the characteristic
dimension of the flow field. Under high Kn, due to the com-
pressibility and rarefaction effects, velocity slip and tempera-
ture jump appear at walls and fluid might show different
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point quantities. In this paper, we carry out event-driven
hard-disk simulation for the gas flow in microchannels which
is driven by a constant external force in the direction parallel
to the channel.

II. MODEL AND SIMULATION METHOD

Let us consider the gas flow in a microchannel with a
large number of hard disks. As shown in Fig. 1, the width of
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FIG. 1. Schematic of gravity-driven flow composed of hard
disks.
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FIG. 2. Schematic of original arrangement of hard-disk
system.

the channel is 2W, while the height is H. The periodic
boundary condition is applied in y direction parallel to the
channel, so the system is effectively infinite in the flow di-
rection and there are no inlet or outlet effects. Both walls of
the channel are maintained at a constant temperature 7, and
any gas particle in the domain bears a uniform external force.

For the simulation of the hard disks, the event-driven al-
gorithm is introduced [17-20]. The simulation region is di-
vided into a lattice of small rectangular cells by orthogonal
straight lines, and then the disks are assigned to cells on the
basis of their positions. These cells are only for searching
and indexing purpose, and have no physical effect on the
disks. The cell size had better exceed the interaction range of
hard disks, i.e., the diameter of the disk. It is not essential for
this link-cell structure, but if this condition is not satisfied,
disks in further cells also have to be considered for process-
ing the collisions of a disk (schematic drawing of the cells
can be seen from the dot lines in Fig. 1). A disk can either
collide with another disk or the wall of the channel, or cross
the boundaries between the cells. The collisions among disks
are assumed to be binary and crossing cell boundary has no
physical effect on the motion of the disk. When the collision
between two disks happens, linear momentum is conserved
and their postcollisional velocities are given as follows:

T I(1+e)m2,1(v1—v2)-(P1—P2)
b Py - P,

(P, -P,),

(1)

my+my

where subscripts 1 and 2 refer to disks 1 and 2, respectively,
m is the mass of the disk, P is the position vector, v is the
precollisional velocity, v’ is the postcollisional velocity and
e is the coefficient of restitution which is taken to be 1.

To reduce the number of influential factors, for particle-
wall collisions, the tangential momentum accommodation
coefficient is set to 1, i.e., fully diffuse reflection is induced
to the wall. If a disk collides with the wall with a given
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FIG. 3. Schematic of measurements and temporal evolution of
the total kinetic energy with N=240,000 in hard-disk system at
£=6.0x107°, 7=0.0873 and Kn=0.154.

temperature 7,,, its velocity is sampled from the Biased-
Maxwell distribution [21],

2
muv
" v, exp(— x ) 2)
kT, 2kpT,

2

m muy
=1/ - , 3
fH(v'v) 2mkgT,, exp( 2kBTW) ®)

where kg is the Boltzmann constant and the subscripts L and
Il denote the normal and tangential components, respectively.
According to Box-Muller method, the velocity of the disk is
therefore [22],

fJ_(vx) =

0.8
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FIG. 4. (Color online) Velocity profiles and temperature profiles
with different member of subchannels at g=6.0 X 107°, #=0.0873,
and Kn=0.154: continuous line (black with solid square), results
with 41 subchannels; dashed line (red with hollow circle), results
with 21 subchannels.
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TABLE 1. Specifications of the simulations for comparison of different subchannels.

Case w H N C, C; M, M,
18 240000 240000 24000000 200 40000 40
2 18 240000 240000 24000000 200 40000 40
2kgT,, assigned velocities of equal modules (v,) in random direc-
vy= E\- - In(z,), (4)  tions originally (Fig. 2). Each MD run will last for a long
time after the flow has reached a steady state and been in
T equilibrium with the wall temperature (that means the veloc-
_ Blw ity and temperature profiles of the flow will not change any
=1/- In cos(2 s 5 o )
Oy m () cos(2mz3) ®) more and the total kinetic energy (E,,,;) of all hard disks

where z;, z,, and z3 are random numbers uniformly distrib-
uted between 0 and 1, the positive and negative symbols
express that the disk’s velocity normal to the wall should be
reversed after its colliding with the wall.

To characterize the properties of the gas, we recall the
compressibility factor of hard-disk system as given by Hel-
fand er al. [23] and Verlet and Levesque [24]

Z=1+2xn=(-17)7> (6)

where 7 is packing fraction. The Enskog factor y is then
derived as

_1-72
(1-n*

In the simulations, lengths and masses are scaled by the ra-
dius (r) and the mass (m) of the disk, respectively. The tem-
perature is scaled by the wall temperature 7,, and the Boltz-
mann constant is kg=2X 1074, so the thermal velocity v,
=+\2kgm/T,,=0.02. The initial temperature of the system 7
equals T,. The number of hard disks (N) is 160 000
~?2 000 000 and Kn equals to N\/2W.

__m
8v"27;X’

X (7)

A (8)

where \ is the mean free path of the gas molecules and d is
the diameter of the disk. According to the definition of Vin-
centi and Kruger [25]

[P
Cs= \/T) 07[) T’ (9)

the sound speed is then calculated as

Cs=vo\/%/[27i(l—7})‘3+(1—71)‘2]. (10)

where p is the pressure, vy is the specific heat ratio. In our
simulations, the c, is calculated based on the wall tempera-
ture 7,,. The Mach number Ma=v/c,, where v is the velocity
of the steady fluid in the center, is less than 1 and the Rey-
nolds number (Re) is less than 200, far below the two-
dimensional critical Re for transition [26], i.e., the gas flow
is, in general, subsonic and laminar.

In our simulations, the hard disks are arranged in arrays of
form pitches (/) according to the packing fraction (7) and

reaches a steady value except for weak thermal fluctuations;

N

m
Elotal = 52 (0)2”- + vii) > (1 1)
i=1

where v,; and v,; are the x velocity and y velocity of disk ,
respectively). The measurements of temperature and velocity
start after C,, collisions (including both particle-particle and
particle-wall collisions) large enough to ensure that the flow
has reached a steady state. The samples are taken at an in-
terval of C; collisions for M. times in succession. A new
measurement is followed immediately and so on for M,
rounds (Fig. 3). The velocity and temperature profiles of
transient states are obtained by taking snapshots of the fluid
flow directly at every C,-th collision from the beginning for
M, times, long after the flow reaches the steady state. On the
other hand, to sample large number of disks, large aspect
ratio of the channel (H/W) is used.

The flow channel is divided into M, subchannels (dash-
dot lines in Fig. 1) and the local velocity and temperature are
obtained by averaging on the velocities and kinetic energies
of hard disks which are within the respective subchannels at
the times of sampling. The local velocity and temperature of
the kth subchannel for the rth measurement are

2R

FIG. 5. (Color online) Schematic of the velocity profiles used in
different statistical methods (a), and the corresponding simulation
results (b): continuous line (black with solid square), results from
the method using Egs. (12)—(16); dashed line (red with hollow
circle), results from the method using Egs. (12) and (15)—(17).
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TABLE II. Parameters of the simulation for comparing with the descriptions from Navier-Stokes equa-

tions and kinetic theory.

w H N C, G M. M,
63 240000 840000 280000000 700 40000 35

Ni lation, having 21 subchannels is accurate enough for the sta-

u),,|k= > Uyl Ni, (12) tistic since the statistical error is only about 0.06% for the

Jj=1 velocity and temperature profiles compared with the results

from finer profiles with 41 subchannels. The comparison is

. shown %n Fig. 4 and the specifications of the simulations are

Tl = 2kBNkE [(y; = tyeli)* + 03], (13)  shown in Table L o

We also obtain the temperature from another statistical

method and compare the simulation results with the method

M. mentioned above. The local velocity of the kth subchannel

Ny= 2N ki (14) for the rth measurement is computed as Eq. (12) too, but we

i=1

where v,; and v,; are the velocities of disk j in the kth sub-
channel, Ny, is the number of disks in the kth subchannel at
the ith sampling and N, is the total number of disks in the kth
subchannel for M, times samplings (it should be noted that a
disk may present in the same subchannel more than once
because the sampling is for M, times in succession for a
measurement). The differences between the results from dif-
ferent rounds of measurements are found to be negligible,
demonstrating that the system has indeed reached a steady
state. However, to make full use of the measured data and
reduce statistical error further, the local velocity and tem-
perature of the kth subchannel are calculated as

M,

uy|k=2 uyt|k/Mt’ (15)
t=1
MT

T|k=2 Tz|k/Mz~ (16)

t=1

The value of M| has an effect on the statistical errors and the
velocity and temperature profiles, insufficient subchannels
may even cause unwarranted statistical errors. In our simu-
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FIG. 6. (Color online) Velocity profile at g=8.0x 1077, 7
=0.0873, and Kn=0.044.

linearly interpolate the velocity between adjacent subchan-
nels on the average velocity of each subchannel to get a
continuous velocity profile [uy,(x)] of the rth measurement.
The local temperature of the kth subchannel for the rth mea-
surement is then calculated as

2
tk 2kBNk/§‘; {[U }t(x + Uy (17)

different from Eq. (13). Other aspects of this statistical
method are the same as the method above. Though this
method is more accurate and much more complicated, it is
found that the statistical error of the temperature between
two statistical methods is only about 0.35%, which validates
the adoption of the more simplified method above. The com-
parison is shown in Fig. 5 and the specifications of the simu-
lation are the same as the case 1 in Table I.

III. RESULTS AND DISCUSSION

The flow under constant external force will reach a steady
state after a certain transient stage. If the flow is laminar, the
steady velocity and temperature profiles can be derived from
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FIG. 7. (Color online) Temperature profile at g=8.0X 1077,
=0.0873, and Kn=0.044.
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xIW

FIG. 8. (Color online) Velocity profiles for different Kn at Fr
=0.45 and ©=0.0873.

the Navier-Stokes equations with velocity slip and tempera-
ture jump as follows:

2 2
My(_x) = pir‘: |:] - (%) :| + M‘Ylip’ (]8)
2.2 4
T(x): pliK‘Z‘l|:1 _(%) :| +Tw+Tjump’ (19)

where p is the mass density, g is the intensity of the external
force field, u and « are dynamic viscosity and thermal con-
ductivity respectively, u;, and T},,,, are the velocity slip and
temperature jump at the walls, which can be derived from the
classical Maxwell-Smoluchowski conditions [1,27]. If ther-

mal creep is not considered, we have

2-0, du
Uglip = o . 5 > (20)
v w
Hme g Pr(y+ 1) ay |,

where o, and o7 are tangential momentum and energy ac-
commodation coefficients respectively, and Pr is the Prandtl
number. In the diffuse reflection case of our simulations, o,
and o7 can be both taken as 1. According to Enskog’s theory
[28], y=2 and Pr=1/2 for hard-disk system.
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FIG. 9. (Color online) Relative velocity profiles for different Kn
at Fr=0.45 and 7=0.0873.

This description from the Navier-Stokes equations is com-
pared with our simulation results at 7=0.0873 and g=8.0
X 1077 and the simulation parameters are listed in Table II.
As shown in Fig. 6, the simulation data are in good agree-
ment with the prediction of Eq. (18). However, Fig. 7 shows
that the temperature profile contradicts the prediction of Eqs.
(19) and (21) but agrees well with the description from San-
tos and Tij [11] in the center using C;=0.992, which is based
on the analyses of the kinetic theory and gives the tempera-
ture profile as

2 2W4 4 w 2 2
AR P Ll e
IZMMKMTM w kBTM

(22)

where the subscripts M denote the midplane, and both the
mass density and transport coefficients are assumed to be
constant on the cross section. The transport coefficients are
all derived from Gass [29]. The dynamic viscosity for a hard-
disk gas is

1 kaT
pw=1.022—
2d T

1
{—+27;+ 0.872927)°x |, (23)
X

and thermal conductivity is

TABLE III. Simulation parameters for different Kn at Fr=0.45 and 7=0.0873.

Kn w H N Cp C; M, M,
0.185 15 240000 200000 40000000 200 40000 30
0.154 18 240000 240000 40000000 200 40000 30
0.132 21 240000 280000 40000000 200 40000 30
0.116 24 240000 320000 40000000 200 40000 30
0.103 27 240000 360000 40000000 200 40000 30
0.092 30 240000 400000 40000000 200 40000 30
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FIG. 10. (Color online) Velocity profiles for different Fr at Kn
=0.154 and 7=0.0873.

2k [keT| 1
k=1029"2 L[—+3n+0.8718(277)2)(}, (24)
d am| x

respectively. The discrepancy at the boundaries is considered
to be caused by the boundary conditions describing the in-
teraction of the disks with the wall and the fact that Eq. (22)
is only applicable to the bulk region of the system suffi-
ciently far from the boundaries [11]. The results of our simu-
lations clearly indicate the shortage of the Navier-Stokes de-
scription of the temperature distribution when the gas flow
shifts from the slip regime into the transition regime [3]. It
should be pointed out that in the two fitting curves the tem-
perature in the mid was taken from the simulation results.
However, it can be concluded that our simulations can de-
scribe these phenomena at a semiquantitative level and can
be used to analyze these phenomena qualitatively. In the fol-
lowing subsections, we will discuss different aspects of the
results in detail. To characterize the external force field, the
dimensionless number Fr is introduced, which is defined as

_mgW
 kpTy

Fr (25)

A. Velocity distributions

Figures 8 and 9 are the velocity profiles and relative ve-
locity profiles at the dimensionless external force intensity of
Fr=0.45 and %=0.0873 for different Kn (see Table III for
simulation parameters). The relative velocity is defined as

FIG. 11. (Color online) Relative velocity profiles for different Fr
at Kn=0.154 and 7=0.0873.

the ratio of the velocity to the average velocity of the cross
section

1 (v
uavg = F/VJ_WM},(X)CZ)C. (26)
In our simulations, it is approximated as
| Movm,
u PIPITN (27)

“EMNMT S

where v,; is the y velocity of disk i (It should be noted that a
disk may present in the same subchannel more than once
because the sampling is for M. times in succession for a
measurement).

Figure 8 shows that lower Kn yields larger velocity at the
same Fr and 7 but the difference of the velocity slip is not
obvious. The velocity has a maximum in the center for all Kn
and larger relative velocity slip can be easily observed at
higher Kn as shown in Fig. 9. In general, the velocity distri-
bution gets much more uniform at higher Kn under the same
Fr and #.

Figures 10 and 11 show the velocity profiles and relative
velocity profiles for different Fr at Kn=0.154 and 7
=0.0873 (see Table IV for simulation parameters). With the
increase of Fr, the velocity and velocity slip become larger
and larger, but the relative velocity distribution does not
change basically and always maintains the parabolic form.

Figures 12 and 13 show the effect of packing fraction
Kn=0.154 on the velocity profiles and relative velocity pro-

TABLE 1V. Simulation parameters for different Fr at Kn=0.154 and #=0.0873.

Fr w H N C, C M, M,
0.09 18 240000 240000 40000000 200 40000 50
0.18 18 240000 240000 40000000 200 40000 50
0.27 18 240000 240000 40000000 200 40000 50
0.36 18 240000 240000 40000000 200 40000 50
0.45 18 240000 240000 40000000 200 40000 50
0.54 18 240000 240000 40000000 200 40000 50
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FIG. 12. (Color online) Velocity profiles for different 7 at Kn
=0.154 and Fr=0.45.

files at Kn=0.154 and Fr=0.45 (see Table V for simulation
parameters). It is obvious that with the decrease of 7, the
velocity and velocity slip both get larger but the relative
velocity and relative velocity slip are not subject to change
and still keep the shape of parabola. All the simulation re-
sults above can be fitted by the following correlation:

uy(x) 3[1 - (x/W)*] + 12Kn
Uppy 2 + 10Kn '

avg

(28)

It describes the fully developed velocity profile taking into
account the effect of Kn.

B. Temperature distributions

Figures 14 and 15 are the temperature profiles and relative
temperature profiles for different Kn at Fr=0.45 and 7@
=0.0873 (see Table III for simulation parameters). The rela-
tive temperature is defined as the ratio of the temperature to
the average temperature of the cross section

1 W
Tavg = ﬁj W T(x)dx, (29)

which is approximated in our simulations as

1.4

-1.0 -0.5 0.0 0.5 1.0
xIW

FIG. 13. (Color online) Relative velocity profiles for different 7
at Kn=0.154 and Fr=0.45.
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FIG. 14. (Color online) Temperature profiles for different Kn at
Fr=0.45 and 7=0.0873.

M, NM,

m
Taug = —2 E [(vyi - uv|(k))2 + U)zn' s

(30)
2hMNM. < 5

where v,; and v,; are the x velocity and y velocity of disk i,
respectively, u, |(k) is the average velocity of the kth subchan-
nel in which disk i exists (it should be noted that a disk may
present in the same subchannel more than once because the
sampling is for M, times in succession for a measurement). It
can be observed that the temperature jump becomes larger as
Kn decreases at the same Fr and 7 while relative temperature
jump becomes smaller. In Figs. 14 and 15, it shows clearly
that the temperature has a local minimum instead of a flat
maximum in the middle layer. This behavior agrees with the
solution of Eq. (22) as discussed before. The two figures
reveal that as Kn decreases under the same Fr and 7, the
difference between the temperature maxima and minimum in
the center becomes larger and the positions of the tempera-
ture maxima are moving closer to the center from both sides.

Observed in Fig. 16(a), it is rather surprising that when
Kn is large enough, the bimodal shape disappears and the
positions of temperature maxima are almost at the walls,
overlapping with the temperature jump. In fact, the tempera-

1.02
1.01-
1.00
0.99-
=" 0.98
=
= 0974
0.96 é ——Kn=0.103 I
3 —— Kn=0.092 ¥
0.95 | \
0.94 T T T T T
1.0 05 0.0 0.5 1.0
xIW

FIG. 15. (Color online) Relative temperature profiles for differ-
ent Kn at Fr=0.45 and 7=0.0873.
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TABLE V. Simulation parameters for different 7 at Kn=0.154 and Fr=0.45.

7 w H N C, C M. M,
0.0873 18.00 240000.00 240000 40000000 200 40000 45
0.0683 23.74 271363.76 280000 48000000 200 40000 44
0.0546 30.34 303368.00 320000 56000000 200 40000 43
0.0446 37.79 335871.60 360000 64000000 200 40000 42
0.0370 46.09 368755.65 400000 72000000 200 40000 41
0.0311 55.27 401940.80 440000 80000000 200 40000 40
1.26

1.27 1
Kn=0.462 Kn=0.308
1.24
1.26 1
= 1.224 = /
= =
1.25- \
1.20+ /Kn=0.923
(a) (b)
1.18 T T T T T 1.24 T T T T T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
xIW xIW
1.35
Kn=0.231 134 Kn=0.185
1.304
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= =
= 1.29- / F 1324
\ 1.311
1284 (g G
T T T T T 1.30 T T T T T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
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FIG. 16. (Color online) The development of temperature profile with the decrease of Kn at Fr=0.60 and 7=0.0873.

TABLE VI. Simulation parameters for decreasing Kn at Fr=0.60 and 7=0.0873.

Kn w H N Cp C; M, M,
0.923 3 12000000 2000000 180000000 900 40000 35
0.462 6 1200000 400000 20000000 100 40000 55
0.308 9 900000 450000 20000000 100 40000 55
0.231 12 240000 160000 40000000 200 40000 55
0.185 15 240000 200000 40000000 200 40000 35
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17. (Color online) T,(x) with the decrease of Kn at Fr=0.60 and 7=0.0873.
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FIG. 18. (Color online) T,(x) with the decrease of Kn at Fr=0.60 and 7=0.0873.
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FIG. 19. (Color online) Temperature profiles for different Fr at
Kn=0.154 and %=0.0873.

ture curve becomes a ‘“parabola” opening upward. Further
study in Fig. 16 shows that, with the reduction of Kn under
the same Fr and #, the temperature curve reshapes gradually.
At first, the curve has two inflexion points near the walls but
the maxima are still at two walls and the minimum is in the
center [Fig. 16(b)]. Then, as expected, the two inflexion
points become two stationary points with temperature
maxima, but the minimum is still in the center [Fig. 16(c)].
As Kn decreases further, the temperature in the center be-
comes higher than those at the walls finally [Fig. 16(d)], as
discussed previously. The simulation parameters are listed in
Table VI

If we define the radial (x) and axial (y) components of the
temperature of the kth subchannel for the /th measurement as

Nk
m 2
T = . 31
Xt|k 2kBNk‘§ v)(] ( )
Ni
m
wat|k = 2 (ij - uy|k)27 (32)

2kBNkj:l

respectively, we have the temperature of the kth subchannel
for the tth measurement

1.016
/ K\ /%/*\\
1.008 RN ;/\ii
v /
S
1.000 -
'\é S
% 09927 ——Fr=0.09 Ma=0.15
= 1 o Fr=0.18 Ma=0.29
0.984 / ——Fr=0.27 Ma=0.43 \
v —— Fr=0.36 Ma=0.56 ¥
| —— Fr=0.45 Ma=0.68 ‘
09764 | —«— Fr=0.54 Ma=0.80 |
T T T T T
-1.0 0.5 0.0 05 1.0
xIW

FIG. 20. (Color online) Relative temperature profiles for differ-
ent Fr at Kn=0.154 and #=0.0873.
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FIG. 21. (Color online) Relative temperature profiles for high Fr
values at Kn=0.154 and 7=0.0873.

Tz|k = Txt|k + Tyt

k> (33)

and their averages

Tle=Tli+ T)ls- (34)
Figures 17 and 18 present the anisotropy of the two compo-
nents clearly. T,(x) has a maximum in the center and gets
flatter and flatter with the decrease of Kn, which is in accor-
dance with the Navier-Stokes prediction. But 7, (x) shows a
totally different phenomenon. The maximum of 7,(x) first
appears at two walls and then moves closer to the center. It
clearly reveals that the positions of the minima and the de-
viation of the temperature profiles from the Navier-Stokes
description are mainly caused by the axial temperature com-
ponent.

Figures 19 and 20 show the temperature profiles and rela-
tive temperature profiles for different Fr values at Kn
=0.1531 and %=0.0873 (see Table IV for simulation param-
eters). With the increase of Fr, the temperature in the center
increases. In addition, the bimodal shape of temperature pro-
file gets more and more visible and the difference between
the two maxima and the slight minimum in the center be-

134
1321
130
128
126
& 1244
1221
120 —+1=0.0873  — 1=0.0446
18] ——1=0.0683 - 7=0.0370
181 —+=0.0546  — 7=0.0311
116 4— . ; : ;
40 05 00 0.5 1.0
xIW

FIG. 22. (Color online) Temperature profiles for different 7 at
Kn=0.154 and Fr=0.45.
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TABLE VII. Simulation parameters for high Fr values at Kn=0.154 and %=0.0873.

Fr w H N Cp C; M, M,
0.63 18 240000 240000 64000000 200 40000 32
0.72 18 240000 240000 64000000 200 40000 32
0.76 18 240000 240000 64000000 200 40000 32
0.99 18 240000 240000 64000000 200 40000 32
1.26 18 240000 240000 64000000 200 40000 32
1.53 18 240000 240000 64000000 200 40000 32
1.80 18 240000 240000 64000000 200 40000 32

comes larger and larger. Moreover, the temperature jump be-
comes larger but the relative temperature jump becomes
smaller. It is interesting that as Ma in the center increases
across about 1 (see Figs. 20 and 21, where Re maximum is
about 23 and the flow is of course laminar), the relative
temperature in the center decreases at first and then increases
(The specifications of Fig. 21 are listed in Table VII).

The effects of packing fraction 7 on temperature and rela-
tive temperature, for fixed values of Kn and Fr, are illustrated
in Figs. 22 and 23 (see Table V for simulation parameters).
The main finding is that, with the decrease of 7, both the
temperature and the temperature jump increase gradually.
But all the temperature profiles maintain a minimum in the
center surrounded by two maxima. There are only small dif-
ferences between the relative temperature profiles except for
a slight decrease of the relative temperature jump with the
decrease of 7.

Finally, the development of temperature profile is shown
in Fig. 24 (where the Ma is 3.24 and the Re is about 94, so
the flow is still laminar. It should be noted that 3.24 is scaled
by the wall temperature 7,,. If it is scaled by the temperature
in the center of the steady fluid, Ma is about 1.55. The pa-
rameters of simulations are listed in Table VIII). The tem-
perature near both walls increases more quickly, as compared
with the center. It can also be observed that when Ma>1,
there is slight setback of the temperature before it arrives at
the steady state, which narrows the difference between the
maxima and the central minimum. The reason for this set-
back is still under investigation.

1.014
1.00 4
l:%
= 0.99
=
0.98 1
0.97 1
T T T T T
-1.0 -0.5 0.0 0.5 1.0
xIW

FIG. 23. (Color online) Relative temperature profiles for differ-
ent 7 at Kn=0.154 and Fr=0.45.

IV. CONCLUSIONS

In this paper, event-driven hard-disk simulation of the gas
flow in microchannels is carried out. It is found that our
simulation can describe the “temperature dip” phenomenon
which verifies the analyses of the kinetic theory and can
provide valuable information for experiments in the future.
The results show that velocity and velocity slip of the gas
flow both increase as the external force intensity increases
under the same Kn and 7. The fluid velocity becomes larger
with the decrease of Kn at the same Fr and 7, and 7 does not
affect the distribution of the relative velocity basically. Kn
plays a significant role in fluid temperature distribution.
When Kn is large enough, the temperature profile is a “pa-
rabola” opening upward, and the temperature maxima are at
the walls, while the minimum is in the center. With the de-
crease of Kn, the temperature curve displays two inflection
points which then evolves into two stationary points. There-
after, the temperature in the center increases gradually and
becomes higher than those at the walls, but the temperature
dip remains. The temperature distribution returns to the nor-
mal form when Kn is sufficiently small. These findings are in
good agreement with the prediction of nonequilibrium ki-
netic theory. A slight setback of the temperature profile in the
evolution before it approaches the steady state is also ob-
served. To elucidate the mechanism behind these highly non-
equilibrium phenomena, more accurate simulations on three-
dimensional system of equivalent size is needed and is now
underway.

5.0
. t=14,870 0o ™
40 PRI e A
. 213,140+ &
3.5+ o A
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< 3.0+ TPt |
= L
2.5
E t=8,980 v .
2.0+ T
151 6,230 {4,800
e L 121,200
1.0 ~ T : T -
-1.0 0.5 0.0 0.5 1.0
xIW

FIG. 24. (Color online) Temporal evolution of the temperature
profile at Kn=0.0616, Fr=2.025 and #=0.0873.
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TABLE VIII. Parameters of the simulation for temporal evolu-
tion of the temperature profile at Kn=0.0616, Fr=2.025, and 7
=0.0873. The abbreviations are mentioned in second section.

w H N Cp M,

45 600000 1500000 200000 1000
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