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We propose a simple method for determining the convective heat transfer coefficient from a vacuum arc re-
molten ingot into a helium atmosphere upon cooling after removing power from the furnace. To this end, the
consumable electrode end temperature was measured experimentally upon furnace depressurization. The heat
transfer coefficient was determined with the aid of a mathematical model of the process under consideration
by the trial-and-error method.

Keywords: vacuum arc melting, cooling, helium, heat transfer, modeling.

Introduction. Earlier [1] we proposed a simple mathematical model of thermal processes in vacuum arc melt-
ing and compared the results of numerical calculations with the data of radiographic experiments on molten pool depth
for the Russian titanium alloy VT3-1. It was shown that the proposed model describes experimental data quite ade-
quately. However, in [1] we did not perform calculations for the regime of bringing up the pipe and for the sub-
sequent cooling of the ingot upon removing power from the furnace. Under industrial conditions, in melting ingots by
the method of vacuum arc remelting cooling is often carried out in a helium atmosphere. Moreover, for example, in
melting steels and nickel alloys helium is also supplied into the shrinkage gap directly in the process of melting [2].
In this connection, we propose a combined ("experimental-theoretical") method for determining the convective heat
transfer coefficient in a helium atmosphere.

The proposed method is as follows. The consumable electrode is charged into a vacuum arc furnace and its
small part is allowed to melt. Then the furnace is de-energized and helium is supplied into it. The electrode and the
ingot obtained (templet) are allowed to cool for some time, after which the furnace is depressurized and the tempera-
ture of the consumable electrode end is measured. From the results of the experiment, selection of the convective heat
transfer coefficient is carried out with the aid of a certain mathematical model of the process under consideration.

In the general form, the process under consideration can be divided arbitrarily into three stages: heating, melt-
ing, and cooling.

For each stage, one has to formulate its own heat problem. The solution of the first problem is the initial con-
dition for the second one, and the solution of the second problem is the initial condition for the third problem. We
shall consider the problem in one dimension (in the axial direction), which presupposes a uniform radial temperature
distribution over the cross-section of the consumable electrode. A similar problem for circonium and nickel alloys was
considered in [3]. In the present work, the initial differential equations were discretized by the finite volume method
[4]. For the calculations, we employ the thermophysical parameters used by us earlier to analyze the molten pool depth
in vacuum arc remelting of titanium alloy VT3-1 [1].

Experimental. The experiment was performed on a vacuum arc furnace of the type of DTV8, 7-G10. A cast
electrode of diameter 770 mm from titanium alloy Ti-6Al-4V was charged into a crystallizer of diameter 840 mm and
2400 mm in length. Upon heating the electrode at a current strength of 8 kA (voltage of 28 V) for 20 min the current
strength was increased to 25 kA and 50 mm of an ingot were molten. Then the current was switched off and helium
was supplied into the furnace up to a pressure of 8 torr. Moreover, to reduce the thermal influence of the obtained
ingot, the consumable electrode was raised through 250 mm. Upon cooling in the helium atmosphere for 60 min the
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furnace was depressurized and the consumable electrode end temperature was measured by means of a contact thermo-
couple. The maximum temperature of the electrode was 170oC.

General Model of Cooling the Consumable Electrode End. Below we consider the above-described three-
stage mathematical model.

Heating stage. The corresponding heat problem is formulated as follows. Initially we have an infinitely long
consumable electrode at a certain temperature T0. A heat flow from electric arc q is applied to the electrode end
(z = 0). From the lateral surface of the electrode the heat is removed by radiation into a space with temperature T0.
Thus, the heat problem for the heating stage can be given by the following equations:
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The problem on the electrode end heating is solved until the electrode end reaches the liquidus temperature of the
alloy. Denote the solution of the problem at the heating stage as Th(z).

Melting Stage. In the process of melting, on the consumable electrode end the temperature corresponding to
the liquidus temperature of the alloy Tliq remains constant. Thus, we neglect the possible heating of the liquid film on
the end to a temperature above the liquidus temperature. In all probability, under real conditions the overheating is
very small and the given assumption will not have a substantial effect on the final result. As the electrode melts, its
end moves with a linear velocity v, which is determined by the system geometry and the arc current. At this stage of
the process it is necessary to take into account in the heat conduction equation the convective term connected with the
motion of the consumable electrode end. The problem for the melting stage can be finally formulated as follows:
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Denote the solution of the problem at the melting stage as Tm(z).
Cooling Stage. At the final stage of the process the arc current is switched off and helium is supplied into

the furnace. We shall describe the heat removal due to the helium by the Newton equation, i.e., the heat flow will be
defined as α(T − T0). The quantity α is key in the present work and, as mentioned above, the aim of the work is its
determination by the trial-and-error method from comparison of experimental data with calculation results. The bound-
ary condition on the electrode end (as well as on its lateral surface) at the cooling stage corresponds to the simultane-
ous heat removal by the radiation and the heat transfer through the helium atmosphere. Therefore, the problem for the
cooling stage can be given in the form

Fig. 1. Consumable electrode temperature versus the coordinate upon comple-
tion of different stages of the process: 1) Th; 2) Tm; 3) Tc. T, oC; z, mm.
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Denote the solution of the problem at the melting stage as Tc(z). The figure presents the results of calcula-
tions for conditions corresponding to the experimental conditions (T0 = 20oC). To obtain a calculated temperature of
the electrode end coinciding with the experimentally measured one, one has to assume α = 94.0 W ⁄ (m2⋅m). Note one
specific feature of Tc(z). This function is not monotonous and has a maximum. Such behavior is due to the intensive
cooling of the electrode end and the rather low heat conductivity of titanium-based alloys. The simultaneous action of
both factors leads to a shift of the thermal center (temperature maximum) into the depth of the consumable electrode.
A similar situation also takes place in the molten ingot when the thermal center from the sub-intake zone goes down
to the lower-lying horizons.

Conclusions. A method for determining the convective heat transfer coefficient upon cooling of the consum-
able electrode after vacuum arc remelting in a helium atmosphere has been considered. A thermal model of the con-
sumable electrode that permits determining the temperature distribution along its length in the considered experiment
has been constructed. From a comparison of the experimental data on the electrode end temperature with the calcula-
tion results, the heat transfer coefficient for titanium alloys has been determined.

NOTATION

Cp, constant-pressure heat capacity, J ⁄ (kg⋅K); k, heat conductivity coefficient, W ⁄ (m⋅K); q, heat flow, W ⁄ m2;
R, ingot radius, m; T, temperature, K; v, melting rate of the electrode, m ⁄ sec; z, axial coordinate, m; α, convective
heat transfer coefficient, W ⁄ (m2⋅K); α~, overall heat transfer coefficient, W ⁄ (m2⋅K); ε, reduced emissivity factor of the
electrode surface and the ingot mould wall; ρ, density, kg ⁄ m3; σ0, Stefan–Boltzmann constant, W ⁄ (m2⋅K4). Subscripts:
0, initial; h, heating; liq, liquidus; m, melting; c, cooling.

REFERENCES

1. E. N. Kondrashov, M. I. Musatov, A. Yu. Maksimov, A. E. Goncharov, and L. V. Konovalov, Calculation of
the molten pool depth in vacuum arc remelting of alloy Vt3-1, J. Eng. Thermophys., 16, No. 1, 19–25 (2007).

2. V. I. Potapov, Mathematical Models of Thermophysical Processes in Multilayer-Structure Objects [in Russian],
Izd. YuUrGU, Chelyabinsk (2004).

3. A. Jardy, L. Falk, and D. Ablitzer, The energy exchange during vacuum arc remelting, Ironmaking Steelmaking,
19, No. 3, 226–232 (1992).

4. S. Patankar, Numerical Heat Transfer and Fluid Flow, Hemisphere, New York (1980).

716



<<
  /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


