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ABSTRACT

This paper describes a 9-stage Knudsen pump with
planar architecture that uses nanoporous ceramic for
thermal transpiration. While operating at 55 K above
room temperature, the pump provides a maximum pressure
head exceeding 12 kPa at a sealed outlet, or a gas flow rate
of =3.8 pL/min. against a pressure head of 160 Pa.
Experiments also demonstrate the capability of the pump
to steer water droplets at speeds exceeding 1200 um/s
through a 250 um fluorinated ethylene propylene capillary.
The packaged volume for the 9-stage pump discussed here
is 25x25x7.25 mm’. These characteristics indicate that the
pump is potentially useful in microfluidic systems
intended for both gas and liquid phase chemical sensing.
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INTRODUCTION

Gas micropumps are needed for a wide range of
portable microsystems ranging from gas-analyzers to
cooling systems. The past couple of decades have
witnessed the development of some of the most promising
micropumping techniques known to date [1, 2]. However,
micropumps that are suitable for applications such as the
operation of pneumatic microvalves, micro gas-
chromatographs, etc., are still required. Designs based on
peristaltic arrays of electrostatically driven diaphragms are
promising [3, 4]. While extremely energy-efficient, they
continue to evolve with respect to drive voltage
requirements, cost, reliability, structural complexity etc.
Piezoelectric and thermopneumatic pumps have also been
reported [5, 6]. A complementary gas pumping
mechanism, thermal transpiration driven Knudsen pump,
can be potentially useful in addressing some of these
challenges faced by conventional approaches. Knudsen
pumps are also useful for applications requiring non-
pulsatile flows. They have no moving parts; hence they
are potentially more reliable and structurally simple.

Knudsen pumps are based on the phenomenon of
thermal transpiration. Reynolds and Maxwell separately
analyzed the phenomenon and presented their work
contemporarily in the year 1879 [7, 8]. In 1910, Knudsen
demonstrated the possibility of using thermal transpiration
for the purpose of gas pumping [9]. Due to the
unavailability of sufficiently small capillaries the Knudsen
pump operation was traditionally limited to sub-
atmospheric pressures. However, recent developments in
microfabrication techniques have made sub-micrometer

scale channels possible, which are essential for Knudsen
pump operation at atmospheric pressure. Atmospheric
pressure operation of Knudsen pumps was first
demonstrated by Vargo et al. [10]. They used (bulk)
aerogel, a specialty material, for their mesoscale Knudsen
compressor. This device could generate a best case
pressure difference of 11.5 Torr (1.5 kPa) using helium.
This was followed by the first fully micromachined
Knudsen pump by McNamara ef al. [11]. They used a set
of lithographically patterned nanochannels for thermal
transpiration at atmospheric pressure. This pump could
evacuate a microcavity to a vacuum pressure of 46.6 kPa.

In this paper we present a multistage Knudsen pump, in
continuation of our previously reported effort on a zeolite
based single stage Knudsen pump [12, 13]. The earlier
pump continues to show promise, but it could generate
only a limited pressure head of 1 kPa. This is partly
because it used only one stage, and partly because of
leakage paths in the naturally occurring zeolite that was
used for thermal transpiration. Here, we report a 9-stage
Knudsen pumping architecture that uses a superior
material for transpiration and can provide a pumping
pressure head in excess of 12 kPa, which is better aligned
with the needs of various microfluidic systems [14, 15].
The phenomenon of thermal transpiration, device design
and fabrication, and experimental results are discussed in
the following sections.

THERMAL TRANSPIRATION

The phenomenon of thermal transpiration 1is
characterized by the ability of a narrow channel to sustain
an equilibrium pressure gradient when subjected to a
longitudinal temperature gradient [16, 17]. A narrow
channel, in this context, is defined as one in which the gas
flow is in the free molecular or transitional regimes. The
transitional and the free molecular gas flow regimes
correspond to 0.1<Kn<10, and Kn>10 respectively, where
Kn, the Knudsen number, is the ratio of the mean free path
of gas molecules to the hydraulic diameter of the channel
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Fig. 1: Schematic layout of a Knudsen pump. At
equilibrium, the ratio of pressures in the two chambers is
equal to the square root of the ratio of temperatures in the
respective chambers.



[18]: Kn=2/d.

Figure 1 illustrates the concept of the Knudsen pump.
Suppose there are two chambers at unequal temperatures
(Ty, Tc) that are connected by a narrow channel, there is
an effective movement of gas molecules from the cold
chamber to the hot chamber. At equilibrium, the ratio of
the pressure in the hot chamber (Py) to the pressure in the
cold chamber (P¢) is given by the ratio of square roots of
their absolute temperatures.

Sharipov’s model [19] is one of the most representative
models for thermal transpiration through nanochannels
[20]. Based on a set of temperature and pressure flow
coefficients that are numerically evaluated for a wide
range of Knudsen numbers, it is applicable to practically
all flow regimes. Sharipov’s model suggests that for a
nanochannel with hydraulic radius @ and length /, the
average gas flow rate through the nanochannel is:
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Fig. 2: A schematic layout of the ceramic based 9-stage
Knudsen pump. (a) The arrows mark the direction of gas
from one stage to next. (b) Exploded view of one of the
stages. Arrows show the direction of flow through different
elements.
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where T,, and P,, are the average temperature and
pressure in the nanochannel; m is the mass of a gas
molecule; kg is the Boltzmann constant; Q7 and Qp are the
temperature and pressure gas flow coefficients, which

depend on a rarefaction parameter:
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where D is the collision diameter of the gas molecules
flowing across the nanochannel. In general, if 7 and P are
the temperature and pressure along the length of narrow
channel and d7/dx and dP/dx are the respective gradients:
dP _Q, PdT
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DEVICE DESIGN AND FABRICATION

The 9-stage Knudsen pump discussed in this paper has
a 3x3 planar array of monolithically integrated single stage
pumps connected in series. Figure 2a shows a schematic
layout, with arrows along the gas flow. A thermally
insulating material, in this case polyetherimide (PEI), is
chosen for the substrate to minimize the parasitic heat loss.
Nine cavities (dia. =5.2 mm) and 8 transfer ports (dia. =1
mm) are machined into it. A ceramic disc, 2.85 mm thick
and 5 mm in diameter, is inserted into each cavity and
bonded peripherally. The ceramic used in this study, is a
15 bar porous ceramic (Soil Moisture Equipment Corp.,
USA). Brass caps with embedded microgroove channels
are used to seal each ceramic disc from above and below,
and direct the gas flow laterally, into/out of each stage
through the transfer ports (Fig. 2b). Thermally conducting
caps minimize the possibility of parasitic heating of the
transpiration elements. Figures 3 show the components
and the final assembled device. The packaged volume is
25X25X7.25 mm’.

A planar architecture is chosen for the pump because it
allows a common heater at the top and a common heat sink
at the bottom of the device, making the structure simple
and thermally efficient. The heater is a thin, etched foil
resistive element of 29.5 Q, laminated between insulating
layers of Kapton (Minco, MN).

EXPERIMENTAL RESULTS
Test Set-Up

The fabricated micropumps are tested in two modes: 1)
Pressure mode: a pressure sensor attached to the sealed
outlet of the Knudsen pump. This mode of testing is used
to characterize the maximum pressure head that the device
can generate. 2) Flow mode: a clear Tygon tube (0.79 mm
o) with water plugs is connected at the outlet. This mode
is used to quantify the gas flow rate as a function of both
pressure head and input power.
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Fig. 3: Ceramic based 9-stage Knudsen pump: (a) patterned
polyetherimide; (b) Brass cap and nanoporous ceramic, (c)
Final assembled 9-stage Knudsen pump with an inlet/outlet,
heater and thermocouples.
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Fig. 4: The left Y-axis plots the maximum pressure achieved by

the 9-stage Knudsen pump with outlet sealed and the right Y-

axis plots (its) achievable flow rates. The flow rate and the

pressure head generated depend linearly on the temperature

gradient across the ceramic discs.
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Measurement Results

Experiments indicate that the gas flow rate and the
maximum pressure at the sealed outlet of the pump vary
linearly with the steady state temperature gradient applied
across its 9 stages. Figure 4 shows the pressure and flow
rate plots as the temperature gradient across the
transpiration elements rises from 0 to 16 K/mm. The
device requires 200 mW of input power for each K/mm
rise in temperature gradient. While operating in pressure
mode, a steady state temperature gradient of 16 K/mm
across the device results in a maximum pressure head in
excess of 12 kPa. Under similar operating conditions, in
the flow mode tests, the device generates a maximum gas
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Fig. 5: Steady state gas flow rate for different pressure
heads at 1.9 W input power, which results in a temperature
gradient of 9.5 K/mm.
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Fig. 6: Liquid manipulation capabilities of the 9-stage pump
through a fluorinated ethylene propylene capillary with
ID 250 um.

flow rate of =3.68 ul/min at 160 Pa. Figure 5 shows the
gas flow rate generated by the device against different
pressure heads, while operating with a temperature
gradient of about 9.5 K/mm and a power of 1.9 W. As
expected, the flow rate reduces linearly with the increasing
pressure head at the outlet. The reduction is ~0.3 nL/min.
per Pa increase in the pressure head.

Further tests demonstrate the capability of the pump to
steer water droplets at speeds >1200 pm/s through a
fluorinated ethylene propylene capillary with ID 250 pm
(Fig. 6). These flow rates are measured for pressure head
of =925 Pa.

CONCLUSION

A planar 9-stage Knudsen pumping architecture is
described that is intended to provide both performance and
simplicity. Nanoporous ceramic elements are used for
thermal transpiration at atmospheric pressure. The pump
achieves a maximum pressure difference of 12 kPa or a
gas flow rate of ~3.68 uL/min at 160 Pa. These
performance metrics demonstrate the feasibility of using
ceramic based Knudsen pumps for various microfluidic
applications. In particular, the pump could drive a water
droplet at velocity in excess of 1200 um/s through a 250
pm ID capillary.

Having proven the feasibility of this architecture to
achieve desirable flow rates at required pressure heads,



lithography based techniques may be used to further
optimize the thermal efficiency, size and performance
metrics of the device.

ACKNOWLEDGEMENT

NG acknowledges partial support by a fellowship from
the Mechanical engineering department. YG
acknowledges support through the IR/D program while
working at the National Science Foundation. The findings
do not necessarily reflect the views of NSF.

REFERENCES

[1] D.J. Laser, J.G. Santiago, “A Review of Micropumps,”
Journal of Micomechanics and Microengineering, vol.
14(6), 2004, pp. R35-R64.

[2] N.T. Nguyen , X. Huang, T.K. Chuan, “MEMS-
Micropumps: A review,” ASME Journal of Fluid
Engineering, vol. 124(22), 2002, pp. 384-392.

[3] C. Cabuz, W.R. Herb, E.I. Cabuz, T.L. Son, “ The Dual
Diaphragm Pump,” [EEE International Conference on
Micro Electro Mechanical Systems (MEMS), 2001, pp.
519-522.

[4] H. Kim, A.A. Astle, K.Najafi, L.P. Bernal, P.D.
Washabaugh, “A Fully Integrated High-Efficiency
Peristaltic 18-Stage Gas Micropump with Active
Microvalves,” IEEE International Conference on Micro
Electro Mechanical Systems (MEMS), 2007, pp. 127-30.
[5] C.G.J. Schabmuller, M. Koch, M.E. Mokhtari, A.G.R.
Evans, A. Brunnschweiler, H. Sehr, “Self-Aligning
Gas/Liquid Micropump,” Journal of Micromechanics and
Microengineering, vol. 12(4), 2002, pp. 420-424.

[6] W.K. Schomburg, J. Vollmer, B. Bustgens, J.
Fahrenberg, H. Hein, W. Menz, ‘“Microfluidic
Components in LIGA  technique,” Journal of

Micromechanics and Microengineering, vol. 4(4), 1994,
pp- 186-191.

[7] O. Reynolds, “On Certain Dimensional Properties of
Matter in the Gaseous State,” Philosophical Transactions
of Royal Society London, vol. 170, 1879, pp. 727-845.

[8] J.C. Maxwell, “On Stresses in Rarefied Gases Arising
from Inequalities of Temperature,” Philosophical
Transactions of Royal Society London, vol. 170, 1879, pp.
231-256.

[9] M. Knudsen, "Eine
Gleichgewichtsbedingung  der

Revision der
Gase. Thermische

Molekularstromung," Annalen der Physik, Leipzig, vol.
336(1), 1909, pp. 205-229.

[10] S.E. Vargo, E.P. Muntz, “Initial Results from the First
MEMS Fabricated Thermal Transpiration-Driven Vacuum
Pump,” AIP Conference Proceedings, n 585, 2001, pp.
502-509.

[11] S. McNamara, Y.B. Gianchandani, “On-Chip
Vacuum Generated by a Micromachined Knudsen Pump,”
Journal of Microelectromechanical Systems, vol. 14(4),
2005, pp. 741-746.

[12] N.K. Gupta, Y.B. Gianchandani, “A Knudsen Pump
Using Nanoporous Zeolite for Atmospheric Pressure
Operation,” [EEE International Conference on Micro
Electro Mechanical Systems (MEMS), 2008, pp. 38-41.
[13] N.K. Gupta, Y.B. Gianchandani, “Thermal
Transpiration in Zeolites: A Mechanism for Motionless
Gas Pumps,” Applied Physics Letters, vol. 93(19), 2008, p.
193511.

[14] M.A. Unger, H.-P. Chou, T. Thorsen, A. Scherer, S.R.
Quake, “Monolithic Microfabricated Valves and Pumps
for Multilayer Soft Lithography,” Science, vol. 288, 2000,
pp. 113-116.

[15] S.K. Sia, and G.M. Whitesides, “Microfluidic Devices
Fabricated in Poly(dimethylsiloxane) for biological
studies,” Electrophoresis, vol. 24, 2003, 3563-76.

[16] L. Loeb, The Kinetic Theory of Gases, McGraw Hill,
1934, pp. 355-359.

[17] E. Kennard, Kinetic Theory of Gases, McGraw Hill,
1938, pp. 327-332.

[18] G.E. Karniadakis, A. Beskok, N. Aluru, Microflows
and Nanoflows: Fundamentals and Simulation, Springer,
New York, 2005, Chap. 1.

[19] F. Sharipov, “Rarefied Gas Flow Through a Long
Tube at Arbitrary Pressure and Temperature Drop,”
Journal of Vacuum Science and Technology A, vol. 15(4),
1997, pp. 2434-2436.

[20] N.K. Gupta, Y.B. Gianchandani, “Gas Flow in Nano-
Channels: Thermal Transpiration Models with Application
to a Si-Micromachined Knudsen Pump,” Transducers,
2007, pp. 2329-2332.

CONTACT
Naveen K. Gupta, gnaveen@umich.edu
Yogesh B. Gianchandani, yogesh@umich.edu





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments 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
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


