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Nonideal gas flow and heat transfer in micro- and nanochannels
using the direct simulation Monte Carlo method
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Subsonic nonideal gas flow and heat transfer in micro- and nanochannels for different Knudsen numbers are
investigated numerically using the direct simulation Monte Carlo method modified with a consistent Boltz-
mann algorithm. The van der Waals equation is used as the equation of state. The collision rate is also modified
based on the Enskog theory for dense gas. It is shown that the nonideal gas effect becomes significant when the
gas becomes so dense that the ideal gas assumption breaks down. The results also show that the nonideal gas
effect is dependent not only on the gas density, but also on the channel size. A higher gas density and a smaller
channel size lead to a more significant nonideal gas effect. The nonideal gas effect also causes lower skin
friction coefficients and different heat transfer flux distributions at the wall surface. The simulations presented
in this work are helpful for a better understanding of micro- and nanoscale gas flows.
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I. INTRODUCTION of the particle cross section while the EOS is not. This may
be the reason why the DSMC cannot simulate the dense ef-
For gas flow in micro- and nanoscale channels, the Knudtect of gas flow, where the van der Waals force is important.
sen number can be quite high due to the small characterist# consistent Boltzmann algorithm was proposed by Alex-
length, even though the gas density is very high inddeg].  anderet al. [15], in which the van der Waals equation was
The continuum assumption then breaks down and théntroduced as the EOS. The consistent Boltzmann algorithm
atomic-based methods should be used for predictions. ThH&BA) modifications of DSMC have been used for simula-
direct simulation Monte CarlDSMC) method is a particle- tion of nuclear flow{16] and surface properties of a van der
based numerical scheme for solving the nonlinear BoltzmanhVaals fluid[17]. In the present paper, the gas flow and heat
equation 3]. It has been successfully applied for rarefied gagransfer in micro- and nanoscale channels are investigated
flow simulations[4,5]. And more recently, DSMC has been using a DSMC code modified with the CBA. The character-
used for simulating gas flows in microchannfs-10. istics of fluid flow and heat transfer for different channel
In most of the previous works mentioned above, the vari-sizes and different Knudsen numbers are examined.
able hard spher@/HS) model was used, in which the attrac-
tive potential was ignored and the gas was treated as ideal
gas. However, it was found that there was no difference for
velocity and temperature fields between different scales in A. DSMC
the VHS model under the same boundary conditi].
Although the generalized hard sphé@&HS) model[12] and
the generalized soft sphef€SS9 model[13] considered the
attractive potential, a new investigation showed that whe

Il. NUMERICAL METHOD

DSMC is a molecule-based statistical simulation method
for rarefied gas flow introduced by Bird. It is a numerical
solution method to solve the dynamic equations for gas flow
gas flowed at the same Knudsen number and under the sa%g at least thousands of simulated molecules. Each simulated
boundary condition, little difference for simulated velocity frolecule represents a large number of real molecules_. Under
and temperature fi'elds between different scales could bthe assumption of molecular chaos and gas rarefaction, the
found using different model§14], including VHS, VSS Smary coll|§|ons are c_:nly (_:o_nS|dered. Thereforg, the mol-
(variable soft spheleGHS, and GéS models. Al th,e results eculgs’ motl'on and thelr collisions are uncouplmg if the com-
suggest that the micro- an,d nanoscale gas flows are similar outanonal time step is sr_nalle_r than _the ph_yswal CO"'S.'OH

: . ime. The molecules’ motion, interactions with boundaries,
rarefied gas flows. However, as is known, though the Knud-

sen number in micro- and nanoscale flow mav be the same and interactions with each other are calculated, while the
. Y . FHomentum and energy conservations are kept. The macro-
the rarefied flow, the gas can be so dense that the ideal-g

assumption may break down. Because the van der Waa%%oplc flow characteristics are obtained statistically by sam-

equation can approximately capture slight deviations fronPﬁlng molecular properties in each cell

nonideal behavior, it has been used in this exploratory study.
Theoretically, the DSMC method is restricted to dilute gas B. CEA

since it gives the equation of statEOS for a gas to the The consistent Boltzmann algorithg€BA), first intro-

lowest order in the density. However, it is also noticed thatduced in 1995 15] and developed in 199F18] and 2000

both DSMC and the Boltzmann equation are inconsistenf17], has extended the DSMC method to a van der Waals

since the collision rate and transport properties are functionfiuid. In the CBA, a weak and constant potential to the hard
core is considered due to the van der Waals EOS. The man-
ner in the advection process in the CBA is modified to give

*Email address: moralwang99@mails.tsinghua.edu.cn the van der Waals EOS described below.
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The pressure in a fluid of van der Waals partic{eard ‘ L |
spheres with a weak, long-ranged attractioh massm at .
temperaturel and number density is given by the virial P H
theorem as o

P=nkT+ %ml“@, 1) FIG. 1. Schematic of the physical problem.

where®=(Av;; -rj;) is the projection of the velocity change a
onto the line connecting centers of particieandj averaged d,qw=0— i —dys—d,. 7
over collisions(indicated by the angular brackg@mndI is 0 b, YKT @
the collision rate per unit time and volume. In DSMC the
second term on the right side of Ed) vanishes because the C. Determination of the Y factor

positions of colliding particles are uncorrelated with the
change in their velocities.

For a gas of hard spheres with diameterthe CBA in-
troduces a correlation id by displacing the particles in the

advection step byl,s=od, where the unit vectod is

Based on the Enskog equation for dense gg2@ls when

a gas is so dense that the covolume of the molecules is com-
parable with the total volume of the system, the molecules
can no longer be treated as point particles. Therefore, the
common position of two colliding molecules in the Boltz-

mann equation should be replaced by the actual positions of
— =— , (2)  the centers of two tangent spheres, and the collision fre-
[(wi —v))=(i—vp|  |of—v quency is influenced by correlational effects that depend on

h is th lati locity of th lidi ticl the density at the point of contact.
w gre.vf '3 % relative :j/g odq yto i Cocli Ing pﬁr icles, | Due to the reduced volume occupied by the molecules, a
and primed and unprimed indicate post- and precoliision valky, , jifie higher scattering probability is
ues, respectively. After the collision, the particles are ad-

vected as [ V
TV

(Ui,_vj’)_(vi_vj) _ v U,

a:

I'g, ®
ri(t+At):ri(t)+vi,(t)At+st, (3)

whereV’ =(1—n-%m7o°). However, the scattering probabil-

ity is lowered again by another effect, namely that the par-
ticles are screening each other. A particle might not be avail-
able for scattering with another particle because there might

— 202n2,[zkTIm, the consistent pressure is noW be a third particle in between. This effect leads to a reduction
— ﬂkT(1+ bzn), \’Nhereb2= %77_0_3 is the second virial coef- of the Scattering probability by a factor of 61“ % 770'3).

ficient. Introducing the EnskoyY factor, which corrects the ncluding this factor, the modified scattering probability is
low-density coIIis_ion rate to the correct hard-sphe_re collision Ts=Y(MTg, (9)
rate at any densityI",s=Y(n)I'g], into the CBA gives the

correct EOS at all densities and transport coefficients at higlyhere

densities corresponding to an uncorrelated collisibtar-

F(t+ A =r;() + o] (1) At—dys. 4)

Equation(2) leads to an average viriéd = o7k T/m, so
that using the Boltzmanrdilute gag collision rate, I'g

kov) approximation. 1-n. 1_1770_3

The CBA is generalized to yield the van der Waals EOS 12 1-11nb,/8 » 3
by changing the advection displacement to account for the Y(N)= 4 ~ T1-2nb, and by=370".
attractive force. The directiod cannot be modified without 1-n- 377 :

violating detailed balance, however the magnitude, which is

constant for the hard-sphere model, can be made a function This result can, however, be trusted only to the early or-
of density and temperature. Specifically, one obtains the vagers inn, since four-particle configurations have not been
der Waals EOS, considered. In the current study, the expression up to third
order has been usgao],

PvdW an
nkT ~ 1Y ©) Y(n)=1+0.6251b,+0.2869nb,)2+0.1103nb,)>,
(10
wherea is the strength of the attraction. A comparison be-
tween Eq.(5) and the classical thermodynamics gives IIl. RESULTS AND DISCUSSION
_ 2 RT? The standard DSMC code is modified based on the CBA,

2
64 p, " ©)

a with which the channel flows are simulated. The schematic

of the channel flow is shown in Fig. 1. The aspect ratiél
whereR denotes the gas constamt, the critical temperature, is set at 5.0 for all simulated cases and uniform rectangular
P. the critical pressure, anuh the gas molecular ma$&9]. cells (100<60) are used. The freestream velocity and
The magnitude of the displacement is temperatureTl,, are imposed as the boundary conditions at
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TABLE |. Studied cases.

Cases L (um) H (um) Kn U, (m/9 T, (K) N, Niotal Nsample
1 5 1 1.0 200 300 1.2910% 101509 4460050
2 5 1 0.05 200 300 25910 57042 500000
3 0.5 0.1 1.0 200 300 1.20107° 54229 500000
4 0.5 0.1 0.05 200 300 25010° 57117 301050
5 0.05 0.01 1.0 200 300 1.29107° 101355 326050
6 0.05 0.01 0.05 200 300 2.59.07 99687 257050

the inlet. The temperature at both walls is kept the same as 1

the freestream temperature. The working fluid is nitrogen U,:WE u. (11)
gas, whose properties are presented elsewf&dd]. Six !

cases, listed in Table I, have been simulated at fixed Knudsen For a diatomic gas, the Larsen-Borgnakke model with dis-

numbers by decreasing the characteristic length and increagrete rotational energy is used to model the energy exchange
ing the gas density at the same time. In the selected cases, thgtween the translational and internal modes. The vibrational

gaS transport coefficients are ||tt|e affected by the introdu(:.'energy is neg||g|b|e Therefore, the temperature can be ob-
tion of the van der Waals equation, and the values remaifgjned as

close to the actual values for hard sphdr2s]. The results

obtained using the ideal and the nonideal gas models are T=(3T;+ LT, o)/ (3+ ), (12
presented in Figs. 2—4.

whereT,, denotes the translational temperaturg, denotes
the rotational temperature, ardis the number of internal

degree of freedom. Bot,, andT,,; are defined as
Based on the DSMC theory, the macroscopic velocity can

be obtained by the statistic laws, SKT, =mvZ—m-V2, (13)

A. Velocity and temperature distributions
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FIG. 2. Velocity and temperature distributions at the inlet and the outlet for different channel sizes &tKn
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FIG. 3. Velocity and temperature distributions at the inlet and the outlet for different channel sizes 8td&n

2, the solid lines represent the distributions under ideal-gas
treatment. The results obtained using the nonideal-gas model
for the channels having a height of 1, 0.1, and Q.04 are
wherek is the Boltzmann constant, is the velocity of mol- ~ represented with dotted, dash-dot, and dashed lines, respec-
ecules, and,,, is the rotational energy of an individual mol- tively. It is interesting to see from Fig. 2 that the results
ecule. obtained by the ideal-gas and the nonideal-gas models for the
Figure 2 shows the velocity and temperature distributionshannels having a height of 1 and Quin (case 1 and caseg 3
at both the inlet and outlet for different channel sizes at Knare almost identical. It should be pointed out that the fluc-
=1.0. According to Refl11], when the gas is treated as ideal tuations come from the statistical error. It is noticed that in
gas, the distributions at different scales are consistent. In Fidghoth cases the density is so low that the rarefied gas assump-

2
Tror=p (erod ), (14

4
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The skin friction coefficient and the heat transfer flux at the wall surfaces for different channel sizes @DEn
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tion is satisfied. Therefore, the ideal-gas equation of state [(EMeq+ 32 e00)it (S 80+ 2" 18000 INg
holds. This can also be a verification of the CBA modifica- J= At(L. ,

. : : (1-Ax)

tion at a rarefied gas state. However, for the channel having (16)
a height of 0.0Jum, the distributions obtained from the two
models become rather different. Though the velocity and
temperature distributions near the wall are the same as tho§Nenere n is the total number of simulated molecules that
of an ideal gas, they are much larger far from the wall sur-_, . ) . .
faces. It is also noticed that the density in this case is so higﬁtrlke the wall during the Samplm,@NO Is the numper of
that the ideal-gas assumption breaks down and the nonidedfSeoUS mol_ecules_ assomgted with a cor_nputanonal mol-
effect must be considered. ecule, andAt is the time period of the sampling.

Figure 3 presents the velocity and temperature distribu- Figure 4 shows .the skin friction cpefficients and the heat
tions at both the inlet and outlet for different channel sizes aflux per mole for different channel sizes at K0.05 (cases
Kn=0.05. One interesting finding, similar to the Caames 2, 4, and 6 The heat flux is normalized by the mole number
1 and 3, is that the velocity and temperature distributions forof the approaching gas in each case so that different cases
the channel having a height of &m simulated by the can be compared in the same figure. The figure shows that
nonideal-gas model are almost identical to those simulatethe van der Waals effect affects the resistance and the heat
by the ideal-gas model. In the channels having heights of 0.lransfer rate at the surfaces when the ideal-gas assumption
and 0.01um, the density is higher than that at atmospherebreaks down. The nonideal-gas effect causes a lower skin
and the nonideal-gas effect becomes significant. The resulfsiction coefficient along the wall surfaces. The heat transfer
for Kn=0.05 are different from the cases for ¥i.0 pre- flux at the wall obtained by the nonideal-gas model is differ-
sented in Fig. 2. For example, the inlet temperature at thent from that by the ideal-gas model. Near the inlet the latter
positions away from the wall surfaces is lower than that obis bigger, while near the outlet the former is bigger.
tained by the ideal-gas model for the channel of Qr in
height. The nonideal-gas effect becomes quite large in the
channel of 0.01um in height, and even the velocity and
temperature distributions near the wall become quite differ-

ent. .
A comparison between Figs. 2 and 3 shows that for a In micro- and nanoscale gas flow, the gas may be dense
%ue to the very small system characteristic length even

given channel size, a low Knudsen number leads to a mor S .
significant nonideal-gas effect, such as case 5 and case $°0Ugh the Knudsen number is high. As a result, the ideal-

This may be attributed to the gas density difference. A smalP@S assumption breaks down and the nonideal-gas effect
Knudsen number will result in a higher gas density, whichMust be considered. The nonideal-gas ro_W anq heat trlansfer
affects the nonideal-gas effect directly. However, the density? mMicro- and nanoscale channels are investigated in the
is not the only factor that influences the nonideal-gas effectPresent paper using the modified DSMC method with the
A comparison between the channel Quin in height at Kn  consistent Boltzmann algorithm. The van der Waals equation
=0.05 (case 4 and the channel 0.0Lm in height at Kn is used as the equation of state by adding a displacement due
=1.0(case % shows that the density of case 4 is higher thanto the van der Waals force. The collision rate is also modified
that of case 5, however the flow-field distributions of case Fased on the Enskog theory for dense gases.
in the nonideal-gas model are more different from those in The results obtained show that the nonideal-gas effect can
the ideal-gas model than case 4. Therefore, the nonideal-ghe ignored when the gas density is so small that the gas can
effect is dependent not only on the density of gas but also obe treated as a rarefied gas, and that it must be considered
the system size. The smaller the characteristic length, thethen the gas density is high. The nonideal-gas effect leads to
more important the van der Waals effect. different flow-field distributions in the channels. A higher gas
density results in a larger difference. However, the gas den-
sity is not the only factor that influences the nonideal-gas
effect. The channel size also plays a very important role. For
The shear stressis the sum of the tangential momentum a given dense gas, a smaller channel size leads to a more
fluxes of both the incident and the reflected molecules atemarkable van der Waals effect. The nonideal-gas effect
each time step, so the skin friction coefficient is defined asalso causes a lower skin friction coefficient and a different
heat transfer flux at wall surfaces.

IV. CONCLUSIONS

B. Skin friction and heat transfer of surfaces

Com T _ Ti+ 7, (15
! 2 1 2 ,
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