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Results of experimental investigations of the conditions of formation of carbon nanostructures in a plasma-
chemical reactor of rectangular cross-section from the products of decomposition of hydrocarbons in a
low-temperature plasma are presented. The influence of the additional flow region on the process was de-
termined. Data on the content of structurized carbon in the material obtained and on the yield of the
process are presented.
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Introduction. The increasing demand for carbon nanomaterials has stimulated the development of new meth-
ods and plants for obtaining these materials in industrial quantities. In this connection, investigators should find ways
of increasing the production of the indicated materials on the existing equipment, e.g., by direct scale-up of the reactor
as  aresult of its multiprogramming or through modernization of the reactor design.

Formulation of the Problem. The present investigation has been carried out within the framework of works
carried out at the Laboratory of Nonequilibrium Processes and the Laboratory of Physics and Chemistry of Combus-
tion of the A. V. Luikov Heat and Mass Transfer Institute of the National Academy of Sciences of Belarus and de-
voted to development of high-production plants based on a plasma generator for production of carbon nanomaterials.
Experience in setting up the work described in [1] has shown that the design problem of increasing the yield of carb-
on nanomaterials can be solved by increasing their growth surface. In this case, the power of the heaters should be
increased, which can be realized with the use of a higher-power plasma generator or several plasma generators of
moderate power.

A plant with several heaters should include a collector serving to combine the gas flows from the plasma gen-
erators that are then directed to the working zone of the reactor.

The aim of the present work is to determine the influence of the additional flow region (the collector zone)
on the process of formation of structurized carbon in the working zone of a reactor with a rectangular cross section.

Experimental Setup. An experimental setup has been developed on the basis of a low-temperature plasma
generator with a power of up to 40 kW. Its main units are as follows: a system of power supply for the discharge, a
cathode-anode system and a unit for water cooling of this system, a collector for distribution of the plasma flow, and
a plasma-chemical reactor with a rectangular cross section of plane-parallel geometry (Figs. 1 and 2). The outside of
the plasma-chemical reactor was covered with a heat-insulating layer for maintenance of high temperatures sufficient
for formation of carbon nanomaterials on its inner surface (650–800oC). In the working regime of the setup, a mixture
of air with hydrocarbon was fed to the plasma flow, as shown in Fig. 1, where it was decomposed. Then the reaction
products passed through the holes in the collector and entered the plasma-chemical reactor where they were deposited
on the metal walls and formed carbon nanostructures (nanotubes and nanofibres). The following parameters were con-
trolled during the experiments (Fig. 2): 1–5) the temperature at the outer wall of the plasma-chemical reactor, 6) the
temperature at the face of the collector, 7) the temperature at the inner wall of the plasma-chemical reactor, and 8) the
temperature of the gas at the output. The rates of the gas flows were varied within the following ranges depending on
the experimental conditions: 10–15 m3 for air (including the plasma-forming air) and 5–8 m3 for methane. In our ex-
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periments the ratio between the amounts of the reagent and the oxidizer was controlled by the equivalence factor com-
prised γ � 4.2–4.3 in the working regime.

Results and Discussion. At the previous stages of the experiments we selected thermal regimes to provide the
most optimum conditions for heating of the inner surface of the plasma-chemical reactor to the temperatures at which
carbon nanostructures are formed (650–800oC). However, the subsequent experiments have shown that the heating of

Fig. 2. Diagram of disposition of thermocouples in the plasma-chemical reactor
and the collector for distribution of a plasma flow (the numbers of thermocou-
ples correspond to the numbers presented in the figure).

Fig. 3. Typical temperature distributions of the process (the numbers of curves
correspond to the numbers of the thermocouples in Fig. 2). T, oC; t, min.

Fig. 1. Diagram of a plasma generator and a collector for distribution of a
plasma flow: 1) plasma generator; 2) collector; 3) supply of the plasma-form-
ing gas (air); 4) supply of the working mixture (air + hydrocarbon); 5) holes
in the collector leading to the reactor.
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this surface to the indicated temperatures is not a sufficient condition for the growth of nanofibers and nanotubes. Fig-
ure 3 presents the typical temperature dependences for experiments with a working regime of duration 40 min. In this
case, the electric power of the plasma generator was 33.6 kW. It is seen that the larger part of the reactor had a tem-
perature higher than 600oC; however, the carbon nanomaterial was formed only in certain zones of its walls, near the
burners of the collector (i.e., the "torches" of the plasma flow), while the thickness of the deposit layer formed on the
inner surface of the collector reached 1.5–2.5 mm. An analysis of the microphotographs made with the use of a scan-
ning electron microscope has shown that the deposit formed in the collector (Fig. 4a) and in the zones positioned near
the plasma flow (Fig. 4b) contains carbon nanofibres and nanotubes that have a diameter of 20–100 nm and are dif-
ferent in length and shape; they are intertwined closely together and form cover on the surface of the carbon-black mi-
croparticles.

The carbon nanomaterial was not formed on the surface of the reactor, probably because of the small tem-
perature gradient between this surface and the gas flow. Actually, as noted above, the deposit with a high content of
carbon nanostructures, accumulated in the collector, was gathered from the wall of the reactor positioned near the
plasma generator (near the first burner of the collector). Therefore, the design of the collector was changed such as
to provide an increase in the velocity of the gas flowing through the collector–reactor-channel path and, conse-
quently, an increase in the heat exchange between the gas and the wall downstream, i.e., in the reactor channel. The
essence of the change in the design of the collector is that, instead of the hollows, two slots were made in it, as
shown in Fig. 5.

Further experiments with the reconstructed collector have shown that the carbon nanomaterial was formed not
only in the high-temperature zones of the collector near the plasma generator, but also in the plasma-chemical reactor.
In this case, the plant produced �270 g ⁄ h of the carbon nanomaterial with a content of carbon nanofibres and nano-
tubes of �40%.

Conclusions. In the process of our investigations we have developed a plant for production of carbon
nanomaterials with an output of up to 270 g ⁄ h; the content of structurized carbon (in the form of nanotubes and nan-
ofibres) was �40%. These investigations allowed us to broaden the range of change in the experimental parameters de-
termining the conditions of growth of carbon nanomaterials. It has been established that the time of movement of the
reaction products from the plasma reactor to the working zone where the carbon nanomaterial is formed negatively in-
fluences the processe of formation. This means that, to increase the production of carbon nanomaterials in the design-
ing of plants for obtaining them one must do away with the collector to decrease; the time of passage of the "hot"
reaction products from the plasma reactor to the working zone where carbon nanomaterials are formed to a minimum.

Fig. 4. Microphotographs of the carbon nanomaterials taken from the collector
(a) and from the zones positioned near the plasma flow (b).

Fig. 5. Diagram of the reconstructed collector (top view to the reactor, width
of the slots equal to �16 mm).
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NOTATION

t, experimental time, min; T, temperature, oC; γ, equivalence factor (stoichiometric ratio).

REFERENCE

1. S. A. Zhdanok, I. F. Buyakov, A. V. Krauklis, and K. O. Borisevich, On the formation of carbon nanostruc-
tures on the steel surface of a reactor as a result of the decomposition of hydrocarbons in the low-temperature
plasma. 1. Experimental setup. Determination of basic mechanisms, estimation of the production rate, Inzh.-Fiz.
Zh., 82, No. 3, 413–419 (2009).

9



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [594.000 792.000]
>> setpagedevice


