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1. Introduction

Fluids containing suspensions of nanometer-sized
particles have been attracted as innovative coolants for
nuclear systems owing to their enhanced heat transfer
performance [1]. Additionally, recent studies show that
suspended nanoparticles in a sodium coolant suppress
sodium-water reaction [2], which is one candidate
technology to improve the safety of a prototype Gen. IV
sodium-cooled fast reactor. In this work, the effects of
KrF excimer laser irradiation on an aqueous coolant
with suspended MWCNTs (Multiwalled carbon
nanotubes) were experimentally examined. The thermal
conductivity and viscosity of the coolant were
measured after the laser treatment. Also, the TEM
imaging technique and Raman spectral measurement
were conducted to inspect the irradiated MWCNTSs.

2. Methods and Results

De-ionized (DI) water and MWCNTs were used to
prepare aqueous suspensions. The MWCNTs were
purchased from Hanwha Nanotech Corporation. The
nanotubes (CM-95) had outer diameters of 10 nm to 15
nm, lengths of 10 um to 20 pm. SDS was purchased
from Sigma-Aldrich as a surfactant. MWCNTs (0.5
mass%) and SDS (0.5 mass%) were added to DI water.
The suspension was ultrasonicated for 30 min at 380 W
and 20 kHz to 25 kHz using an ultrasonic homogenizer
(Scientz-1ID, Ningbo Scientz Bio-tech Co., Ltd.). The
prepared suspensions were stable with no visual
sedimentation over several weeks.
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Fig. 1 Experimental setup for laser treatment of MWCNT
suspensions.

A simple experimental setup (Fig. 1) was established
for introducing laser irradiation to the suspensions.
Twenty milliliters of the MWCNT suspension were
placed in a 100 mL beaker. The beaker was covered
with a quartz wafer of thickness 500 pm to reduce the
evaporation. The MWCNT suspensions were irradiated
using a KrF excimer laser (Compex 201, Lambda
Physik, 248 nm wavelength). The laser fluences varied
from 15 mJ-cm” to 144 mJ-cm?, and the pulse width
was 24 ns. The irradiation time and repetition rate (10
Hz) were controlled by a pulse delay generator. The
laser beam cross section was 10 x 20 mm®.

High-resolution transmission electron microscopy
(HR STEM, JEM-2200FS, JEOL) was used with a
beam acceleration voltage of 200 keV to examine the
size, entanglement, aggregation, and crystal structure of
the MWCNTSs. The samples were prepared by diluting
the suspension with DI water, introducing the dilute
suspension to the TEM grid, and drying the grid at
room temperature. The thermal conductivity of the
suspensions was measured using the 3w method. The
sensor was immersed in the suspension vertically and
the thermal responses during periodic heating were
acquired at heating frequencies of 1 Hz to 10 Hz. The
viscosities of the suspensions were measured using a
parallel-plate rheometer (MCR 101, Anton Paar). Test
samples for Raman spectral measurements were
collected by evaporating the aqueous MWCNT
suspensions in an oven at 60 °C. The Raman spectra of
the dried samples were measured in backscattering
geometry using a Raman microscope (LabRam HR,
Horiba Jobin Yvon) fitted with a liquid-nitrogen-cooled
CCD detector.

The laser fluence was fixed at 144 mJ-cm 2, and the
effects of laser irradiation time on the thermal
conductivity and viscosity of suspensions were
measured as a function of irradiation time, (0, 5, 10, 30
and 60 min) (Fig. 2 and 3). As the irradiation time
increased, the thermal conductivity and viscosity
decreased and reached saturation. The thermal-
conductivity enhancement decreased gradually over 30
min and saturated at 5 % after 30 min (Fig. 2). The
results of Nan’s effective medium theory (EMT) [3,4],
considering the aspect ratio p of the particles, were
displayed along with the experimental results. The
MWCNTSs were assumed to be randomly dispersed in a
homogeneous medium (water) and the interfacial
thermal resistance between the MWCNTs and water
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was neglected. Before the laser irradiation, p was higher
than 100 and Nan’s EMT overestimated the thermal
conductivity enhancement by more than 100 %. This
large deviation from the experimental result (~ 16 %
enhancement) is estimated to be due to the assumption
of ellipsoidal particles in the EMT. When p was high,
the MWCNTs were curved and twisted unlike the
ellipsoidal shape. The saturated thermal conductivity
after 30 min treatment lied between the lines of p = 10
and 20 (Fig. 2), which agreed well with the TEM
observation that p of the short MWCNTs ranged from
10 to 20. These results are consistent with Nan’s EMT
as the MWCNTs with low p were close to the
ellipsoidal shape.
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Fig. 2 Variation of the thermal conductivity of the MWCNTSs
suspensions with laser irradiation time.

The viscosity also decreased gradually over 10 min,
then saturated at longer irradiation times (Fig. 3). At a
shear rate of 0.05 s, the viscosities of the irradiated
samples reached values as low as 1/200 the viscosity of
the nonirradiated sample (Fig. 3). However, at a higher
shear rate of 500 s, the viscosity was not significantly
affected by irradiation.

Fig. 4 shows the Raman spectra of the MWCNTs as
a function of the laser irradiation time, 0 — 60 min at a
laser fluence of 144 mJ-cm”. All spectra clearly
showed peaks at 1350 cm™ (D band) and 1583 cm™ (G
band), which were characteristic of amorphous and
graphite carbons, respectively. The intensity ratio
between the G and D bands, Ig/lp was analyzed to
evaluate the quality of the nanotubes. As the irradiation
time increased, Ig/Ip decreased gradually, indicating
that amorphization of the MWCNTs occurred upon
laser irradiation.

3. Conclusions

This work investigated for the first time the excimer
laser interaction with suspended MWCNTSs in water.
Excimer laser irradiation of a suspension of MWCNTs
provided an effective way to adjust the thermal and
rheological characteristics of the suspension. As the
irradiation time increased, the influence of the low
aspect ratio, disrupted network, and amorphization
decreased both the thermal conductivity and viscosity

of the MWCNT suspensions. Considering the trade-off
between heat transfer properties and the pressure drop,
an optimal laser fluence and irradiation time should be
selected depending on the desired final characteristics.
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Fig. 3 Variation of the viscosity of the MWCNTSs suspensions

with laser irradiation time.
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Fig. 4 Raman spectral measurements of the MWCNTs.

ACKNOWLEDGMENTS

This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea
government (MEST). (No. 53121-13)

REFERENCES

[1]I. C. Bang and J. H. Jeong, Nanotechnology for Advanced
Nuclear Thermal-Hydraulics and Safety: Boiling and
Condensation, Nuclear Engineering and Technology, Vol. 43,
p.217,2011.

[2] J. Saito and K. Ara, A Study of Atomic Interaction
between Suspended Nanoparticles and Sodium Atoms in
Liquid Sodium, Nuclear Engineering and Design, Vol. 240, p.
2664, 2010.

[3] C. W. Nan, R. Birringer, D. R. Clarke, and H. Gleiter,
Effective Thermal Conductivity of Particulate Composites
with Interfacial Thermal Resistance, Journal of Applied
Physics, Vol. 81, p. 6692, 1997.

[4] C. W. Nan, Z. Shi, and Y. Lin, A Simple Model for
Thermal Conductivity of Carbon Nanotube-based composites,
Chemical Physics Letter, Vol. 375, p. 666, 2003.




<<
  /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


