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Abstract. In this work the gas flow in micro/nano-channels was investigated. We used the direct
simulation method based on the approaches of Molecular Dynamics. The distributions of density, velocity
and temperature in the channel were obtained and analyzed with different Knudsen numbers. With an
increase Knudsen number velocity distribution differs significantly from the classical Navier-Stokes
parabolic profile. Therefore for studying flows in micro- and nano- channels it is necessary to use
microscopic approach of the molecular dynamics.

1. The quantity of energy scattered by the cooling systems of electronic components
steadily increases'. Microelectronic components are decreasing in dimension and
devices power consumption is increasing, therefore question about their cooling
becomes very important.

It is assumed that the cooling systems will consist of the micro- or nano- channels
applied on (or penetrate) electronic component. Prototypes of such devices have already
appeared in the research institutes of the USA.

In the majority of cases gas and fluid flow is investigated on the basis of macroscopic
approach®. This description is correct when volume contains sufficient number of
molecules and gas can be considered as continuous. However, in such cases as flow in
the micro- or nano- channels, the simulation of physical chemistry processes in gas and
on surface it is necessary to use the microscopic approach based on the molecular
dynamics*™. In this approach the corpuscular structure of gas is considered. Positions
and velocities of molecules at each moment of time are determined. Macroscopic values
are computed through the distributions of the corresponding molecular values.

2. Flow in the micro- and nano- channels was investigated in this work. We used the
direct simulation method based on the approaches of molecular dynamics: real flow
simulation by large quantity of simulating particles’. The coordinates, velocities and
properties of the molecules are stored in the memory. Their changing is caused by



intermolecular interaction and interaction with the boundaries of physical space.
Channel was represented as two plates located at a distance L . Gas at the channel inlet

had a temperature T, = 0.97,, plates had a temperature 7, =T7j,.

Motion equations were

dv, -
T;ZE(xjan’t)a
L. X, . . R
where X,, U, =—— - coordinates and velocity of the molecule number 7, F is

dt
determined by the selected model of molecular interaction.

Physical space was divided into the cells — small volumes ¥, = (L,)’ with fixed
boundaries. There L, is linear cell dimension. Time changing was discrete with step
At .
Molecular motion calculation, checking conditions on boundaries of physical space and
redistribution of molecules into new cells was realizing every step.
Molecules were represented as hard elastic spheres (hard sphere model) with diameter
d =3.78-10"""m. Velocity of molecules after collision was calculating using energy
and impulse conservation law. Initially the particles were distributed evenly in the

physical space, their velocities were distributed according with the equilibrium
Maxwellian distribution function.

To reduce the computational burden we used probabilistic approach’. The simulation of
collisions was separately in each cell. The number of collisions N in the unit of volume
and time is

N = lnv = lnch,
2 2

where Z - average relative velocity of two particles, 6 = nd”, d — diameter of

molecule, n - concentration, v = noc, - collision rate of test particle.

Let’s note that in this approach disturbances can move with speed a = L—; Therefore
S

to prevent this negative effect we provided condition @ < a, where a - sonic speed in

current region.

For describing gas-surface interaction diffuse model was used: velocities of molecules

after reflection are distributed according to the equilibrium Maxwellian distribution

function corresponded with temperature of surface.

3. The plan of simulation region is demonstrated at Figure 1. Flow was supposed
symmetrical, therefore we simulated one half of the channel. At the plane of symmetry
we used the condition of mirror reflection.

The flow was organized in the region A: gas was cooled to the temperature 7, = 0.97]

and accelerated to the initial velocity v, . The plate had the temperature T, =T, = 0.97]

in this region. The region B was studied: plate had the temperature 7, =7, here. The

endless flow was simulated. After region B the gas came region A and was cooled and
accelerated to initial velocity.
Flow was considered as stationary, results were averaged on time to avoid fluctuations.
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Figure 1. The plan of simulation region

We investigated the nitrogen flow (m =28 g-mol™"). The free path length A and the
molecular diameter d had the same order of magnitude. The stagnation temperature
T, =71K.

The dimensionless velocity — distribution is presented at the Figure 2 (v, - section
L

a

average velocity). Different lines correspond with different Knudsen numbers
Kn = X/ L, . With small Knudsen numbers the parabolic velocity profile is obtained and

calculations coincided with the solution of Navier-Stokes equations. With an increase
Kn the velocity profile is equalized practically.
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Figure 2. The dimensionless velocity distribution
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Figure 3. The dimensionless temperature distribution

The dimensionless temperature — distribution in several sectors is presented at the

w

Figure 3. This distribution was obtained with 7, =T7,,7, =0.97,,Kn =0.006 and

Kn =0.03. The dimensionless temperature gradient is 0.222 and 0.133 for Kn =0.006
u Kn =0.03 respectively. But in dimensions coordinates the temperature gradient for
Kn =0.03 is three times as much than for Kn = 0.006.

The typical distribution of density, velocity and temperature for Kn =0.006 are
presented at the Figure 4.
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Figure 4. The typical distribution of density, velocity and temperature



With an increase the Kn the distribution of main parameters differs significantly from
the results of continuum mechanics, therefore for studying flows in micro- and nano-
channels it is necessary to use microscopic approach of the molecular dynamics.

Work was supported by Russian Foundation for Basic Research Grant No.05-01-00843

REFERENCES

[1]

R.R. Schmidt, B.D. Notohardjono. High and server low temperature cooling. IBM
Journal of Research and Development, 46: 739-751, 2002.

Sedov L.I. Continuum Mechanics. — Moscow: Nauka, 1976.

Kovalev V.L. Heterogenic catalytic processes in aerothermodynamics. — FML,
2002.

Slezkin N.A. Molecular hydrodynamics lectures. — Moscow University Press,
1981.

Bird G. A. Molecular gas dynamics. Clarendon Press, 1976.

Ivanov M. S. Computational hypersonic rarefied flows. Annu. Rev. Fluid Mech.
1998. 30:469-505.

Kovalev V.L., Sazonova V.Y ., Yakunchikov A.N. Dynamic simulation Monte-
Carlo method for surface recombination. Vestnik Moskovskogo Universiteta.
Seriya 1. Matematika. Mekhanika, 2007, Ne2, p. 67-72.

Nedea S.V., Markvoort A.J., Frijns A.J., Steenhoven A.A., Hilbers P.A. Hybrid
Molecular Dynamics - Monte Carlo method for heat and flow analysis in
micro/nano-chanels. Proceedings of 25-th International Symposium on Rarefied
Gas Dynamics, St-Petersburg, July, 21-28, 2006.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


