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1. Introduction 

In literature there are reported many experimental results revealed 
significantly lower value of heat transfer coefficients for fully developed 
laminar flow. Some of the authors are trying to explain this phenomenon 
due to scale, aspect ratio of micro channels in micro heat exchanger, 
roughness of the wall or axial heat conduction. The importance of axial 
heat conduction increases with increasing ratio of channel thickness to 
channel length, and wall to fluid thermal conductivity ratio. The fluid 
temperature along the channel length in uniformly heated channel did not 
increase linearly, according to many researchers. This evidence is due to 
axial conduction. Davis and Gill [2] numerically investigated the effect 
of axial heat conduction. According to survey of literature clearly exhibit 
the effect of axial conduction on heat transfer. Herwig and Hausner [3] 
compared their numerical simulation with experimental data of Tso and 
Mahulikar [6] for water flow in an aluminium plate with 25 circular mi-
crochannels. Experimental evidence as well as extensive numerical stud-
ies confirm this effect. 

Many authors present their results both on theoretical and experi-
mental investigation concerning usage of mini- and microchannel heat 
exchangers used in environmentally friendly distributed energy installa-
tions based on ORC ([1]). However, proper design of microchannel heat 
exchangers have to take into account many additional effects, for exam-
ple axial heat conduction in microchannel heat exchanger walls. 
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In the present work a new analytical model is developed based on 
the axial conduction effects on the local fluid temperature and on the 
local wall temperature. This model is compared with available similar 
theoretical models and experimental data for single-phase liquid flow. 

2. Theoretical Model 

Consider laminar developed flow in micro channel subjected to 
constant heat flux. In this work, the analysis is oriented at evaluating the 
local fluid and wall temperatures at any section of the channel in the fully 
developed flow region. The model is intended to determine heat transfer 
coefficient in the fully developed region taking into account conduction 
in the wall. The sketch of the problem is shown in Fig. 1. Fluid is flowing 
in the channel and the wall is subjected to constant heat flux on the out-
side surface. Additionally, in the model the following assumptions were 
made: steady state, fluid properties are constant, fluid flow is thermally 
and hydro dynamically fully developed. 

Fluid in the channel is warmed or cooled by convective heat flux 
qk which has lower value then heat flux q on the outside surface of the 
wall. This is the reason that that convective heat transfer coefficient on 
the inner surface of the wall is lower than heat transfer coefficient calcu-
lated on the basis of heat flux on outer surface of the wall. 

 

 
Fig. 1. The sketch of the problem of axial conduction in the wall 
Rys. 1. Przedstawienie zagadnienia wzdłużnego przewodzenia ciepła w ściance 

 
Considering the energy balance for: 

1. the wall: 
 zzk AqUqqU +=  (1) 
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Rewriting in details (1) we have; 
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Assuming that for constant heat fluxes: 
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we can obtain differential equation for the wall by introducing (3) 
and (4) to (2): 
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Solving (5) with boundary conditions 0=
dz

dTw  for z=L we get: 
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where: 
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Adiabatic boundary condition assumed for z=L is not exactly sat-
isfied in the reality, but it simplifies mathematical calculation. 

Introducing Reynolds Number 
μ
Gdh=Re  and Prandtl Number 

λ
ργpc

=Pr  we obtain dimensionless form of number M+: 
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In the case when we neglect axial conduction in (2) we have heat 
transfer from wall to the fluid only through convection: 
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where: h – nominal heat transfer coefficient for laminar developed heat 
transfer. 

Assuming for constant heat flux that: 
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Introducing (10) to (9), we obtain constant gradient of tempera-
ture distribution in the wall. 
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Comparing (6) with (11) we can see that axial gradient tempera-
ture in the wall in case of taking into account axial conduction is less 
than in the case when we neglect axial conduction except of beginning 
conduction in the wall. Convective term in (2) is: 

 ( ) p f p w
con e w f

mc dT mc dT
q h T T

U dz U dz
= − = ≅

 
 (12) 

Introducing (6) into (12) we get: 

 ))1(exp(1 ++ −−−= xM
q
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In the same relation are heat transfer coefficients. The ratio of the 
two heat transfer coefficients may be written as: 
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or 

 ))1(exp(1 ++ −−−= xM
Nu

Nue  (15) 

Relation (14) for M+=1 is shown in Fig. 2. 
Average value of equivalent heat transfer coefficient is: 
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Dependence of 
h

he  against M+ is presented in Fig. 3 

 

Fig. 2. Local ratio 
h

he  against reduced heated part’s length x+ 

Rys. 2. Lokalna iloraz 
h

he  w zależności od zredukowanej długości x+ 

 

Fig. 3. Dependence of 
h

he  

against M+ 

Rys. 3. Zależność 
h

he  od M+ 

 



Influence of Axial Heat Conduction in the Wall on Convective Heat… 87
 

3. Validation of the Model 

Lin and Kandlikar [4] compared their model with numerical simu-
lation of Maranzana et al [5] for water flow in a 100 µm channel formed 
by two 10 mm long and 500 µm thick silicon blocks. The channel was 
heated by 30 kW/m2 uniform heat flux on one wall and the other wall 
was applied an adiabatic boundary condition. Fig. 4 shows the numerical 
simulation results by Maranzana et al [5] and Lin and Kandlikar [5]. The 
present model, Eq. (17) is also plotted in Fig.4 for comparison with simu-
lation results. 

 

 
Fig. 4. Results of numerical simulations by Lin and Kandlikar [4]  
and Maranzana et al [5] with comparison to the present analytical model 
Rys. 4. Wyniki porównania numerycznych symulacji wg Lin i Kandlikar [4] 
oraz Maranzana et al [5] z prezentowanym modelem analitycznym 

4. Conclusions 

The effect of axial conduction is important, while reducing the 
experimental data. A new model is developed to account for this effect. 
The effect of axial heat conduction in the fluid is shown to be negligible 
for air and water flow in microchannels for conditions generally encoun-
tered in cooling electronic equipment. The paper presents that the new 
model results are in agreement with numerical simulations and experi-
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mental evidences. The model shows that the axial conduction effect in 
the wall are important for gas flow in any wall material and is negligible 
for water flow in metal tubes.  

Nomenclature 

A – channel wall cross-sectional area for axial conduction, m2 
cp – heat capacity, J/kgK 
dh – hydraulic diameter of the channel, m 
h – heat transfer coefficient, W/m2K 
L – length of the heated part, m 
M – nondimensional parameter 
m – mass flow rate, kg/s 
Nu – Nusselt number 
Pr – Prandtl number 
q – heat flux, W/m2 
Re – Reynolds number 
U – perimeter, m 
T – temperature, K 
x – distance from the entrance of the heated part, m 
z – axial coordinate, m 

Greek letters 

λ – thermal conductivity, W/mK 

Subscripts 

conv – convection 
e – with conduction 
f – fluid 
w – wall 
z – conduction 
+ – dimensionless (reduced) 
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Wpływ podłużnego przewodzenia ciepła w ściance na 
konwekcyjną wymianę ciepła w mikrokanale 

Streszczenie 
Opracowany został nowy model umożliwiający obliczenie wpływu po-

dłużnego przewodzenia ciepła w ściance kanalika na wymianę ciepła pomiędzy 
ścianką a przepływającym czynnikiem w mikrokanale. Zbadany został przypa-
dek ustalonej wymiany ciepła. Znaleziono bezwymiarowe kryterium umożli-
wiające ocenę ważności wzdłużnego przewodzenia ciepła w ściance. W publi-
kacji przedstawiono porównanie wyników modelu z wynikami przy zaniedba-
niu podłużnego przewodzenia ciepła oraz z wynikami innego modelu opraco-
wanego przez Kandlikara. Dodatkowo wykonano porównanie nowego modelu 
z wynikami eksperymentalnymi innych autorów. Osiągnięto zadawalające re-
zultaty. 
 
Słowa kluczowe: 
podłużne przewodzenie w ściance, konwekcyjna wymiana ciepła, mikrokanał 

Keywords: 
axial conduction in the wall, convective heat transfer, microchannel 



<<
  /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


