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Heat Transfer Characteristics of Spray Cooling up to Critical Heat Flux on a
Low-fin Enhanced Surface
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Abstract Spray cooling is a technology of increasing interest for electronic cooling and other high heat flux applications.
In this study, heat transfer coefficients (HTCs) and critical heat fluxes (CHFs) were measured on a smooth square flat copper
heater of 9.53x9.53 mm at 36°C in a pool, with a smooth flat surface, and 26 fpi. Low-fin surfaces were used to see the
change in HTCs and CHFs according to the surface characteristics, and FC-72 was used as the working fluid. FC-72 fluid
had a significant influence on the heat transfer characteristics of the spray over the cooling surface. HTCs were taken from
10 kW/m” to critical heat flux, for all surfaces. Test results with Low-fin showed that the CHFs of all the enhanced surface
were greatly improved. It can be said that the surface form affects the heat transfer coefficient and critical heat flux.
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Fig. 1 Schematic of spray cooling test facility.
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Fig. 2 Side and top views of low-fin surface.

Table 1 Specification of surfaces

Surface Plain 26 fpi Low-fin
Thickness(mm) 4 4
Fins/in - 26
Fin height(mm) - 1.21
Gap(or pore) size(mm) - 0.58
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Table 2 Comparison of CHF(kW/mz)of tested refrigerant on 26 fpi Low-fin surface against plain surface

Tsub = 3.0°C Tab = 10.0 °C
D Plain Low-fin Diff. Plain Low-fin Diff.
(m’/m’s) (KW/m’) (KW/m’) (%) (KW/m’) (KW/m’) (%)
0.0137 560 1200 114.3 600 1240 106.7
0.0167 600 1240 106.7 660 1400 112.1
0.0183 660 1400 112.1 720 1460 102.8
0.0212 720 1580 119.4 760 1620 113.2
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Fig. 8 Spray cooling data up to CHF for various flow
velocities on a low-fin surface.

GArel 7]128k) low-fin W] H¥} Hlwsle] &
A \AE oF 20% S7HIA D doE P
7171 9%t HH o2 ALEAT A dHE5S I
9 WA 7127} o]y ZtEtar A AEje] 2
T FAVE ddE gl dFs A FaEA 2 A
Q- =27k BASHA = low-fin FHLS dAdE
FHol A 7127t AEsHA olgE L AA AFEle] A
7} Qs FEE F JdE TERE ol glo] 9
ARES A T ZeE Alsdr.

3.3 26 fpi Low-fin &% ZHo|Me| A

H|

Fig. 9~Fig. 12= Hd%= B A FFd=o] st
w2 G2} 26 fpi low-fin EHAA FA e A A/

50000
| FC-72(Plain)
(Tsat=36°C, Toun=2.5°C)
—<— 0.0137 m¥/m’s
40000 - —B— 0.0167 m¥/m’s
—O— 0.0183 m¥/m’s
B —&— 0.0212 m*/im’s
X 30000 -
o
§ L

| | | |
0
0 400 800 1200 1600

Heat flux (KW/m?)
Spray cooling data up to HTCs for various

Fig. 9
flow velocities on a plain surface.

(© SAREK



Low—fin 3 ZHA A

50000

FC-72(Plain)
(Tsat=36°C, Tou =10°C)
—¥— 0.0137 m/m?s
40000 —&8— 0.0167 m¥m’s

—C— 0.0183 m¥m’s
—&— 0.0212 m¥m’s

30000

h (Wim? K)

20000 3

10000 —

o | | | |
0 400 800 1200 1600
Heat flux (kW/m?)

Fig. 10 Spray cooling data up to HTCs for various

flow velocities on a plain surface.

50000

40000

FC-72(Low-fin)
(Tsat=36°C, Tsun =2.5°C)
—%— 0.0137 mP/m?s
10000 —8— 0.0167 n¥/nvs
—O— 0.0183m'/nvs
—&— 0.0212m’/mls

0 | | | |
0 400 800 1200 1600
Heat flux (kwW/m?)

Spray cooling data up to HTCs for various

Fig. 11
flow velocities on a low-fin surface.

50000

40000

FC-72(Low-fin)
(Tsa=36°C, Tou =10°C)
—¥— 0.0137 m¥fm’s

10000 —8— 0.0167 m¥/m’s
—6— 0.0183 m/m’s
—<— 0.0212 m¥m’s

| | | |
0
0 400 800 1200 1600

Heat flux (KW/m?)
Fig. 12 Spray cooling data up to HTCs for various
flow velocities on a low-fin surface.

(© SAREK

¥ gz a4

ey
M

F71A o

&4 9] AAGATE Z42ZF YERdT
26 fpi low-fin FHA HAFFUALE] W] w}
2 EdgAGE Haoll Ao Ay} vzsh Al HA
w7} 27182 %4 VERTh Gorenflo and Fath™
= low-fin XWX dAGAGTY H5 FUHE A
Frol Aol Y& —Z”Hh]' H Alolo)] E2& o) A
o] tiF dxdgolgh= 7 7HA QAR Ay e
o] &+ 7k« aRle] &R lal dfgol gkl
wE} vl GHGATE S7HEHA HE Ao AR H
ot 2y ERgel AlE Srhete] A EaSel 7
A =W ddgAsTE askes s o ¢ Ak
ol A EFE FAHAA ) vlFo] AL Er] o
ot o] AEdAE =& Ease od Ede
Ho Aol 7|z o] Ayt Frketa FASHA olgEH =
71320 of&l] HA FEe] FA7F d&d] FEEA Kk
gttt whebx] 8 v)Ee od AAsoF & w2 A
&8 AASA E& dAGAGTTE AAhsE Aoz A}
SR

FL:I

B Ao = B} 26 fpi low-fin TAS AFE3)
o] FC-72 A ol&sl dA A H7HA A
Fdeo] wste] whg £F97 AdS Fste] v
- — )

(1) H#2} 26 fpi low-fin EHAA FHS AA A

TE2 AFZFRLET} ol w}a} <78kl
tool= AHFHLETE 25l 2 9T

MAE Qe ¢ 5 g

(2) BB} 26 fpi low-fin FHANA =AHI oA 4

42 =7t Aol wet Frksi ey 1t
w9 FHE IA e Ao AlgHh

(3) 26 fpi low-fin AL 49 IA IfF&o] H3

of vla Ao 120%74 F7+sk3iTh
(4) 26 fpi low-fin WS A FHANA 7|37}
AL olgHar A e viﬂﬂ Agst
THE 7 UAE TEE Hol glo] dA 4

= A S7HA VJ Ao2 *F»L‘?‘r.

B

UA o] &7]= N A3t T LdF-oln, A

CIR[EN

Sk

ot

1. Moon, S. H., Hwang, G., Kang, S. Y., and Cho, K.

527



o83, FET, BEF

10.

I, 2010, Development of Small Flat Plate Type Cooling
Device, Korean J. of Air-Conditioning and Refriger-
ation Engineering, Vol. 22, No. 9, pp. 614-619.

. Bhowmik, H., Tso, C. P., Tou, K. W,, and Tan, F. L.,

2005, Convection heat transfer from discrete heat
sources in a liquid cooled rectangular channel, J. of
Applied Thermal Engineering, Vol. 25, No. 16, pp.
2532-2542.

. Agwu Nnanna, A. G., 2006, Application of refrigeration

system in electronics cooling, J. of Applied Thermal
Engineering, Vol. 26, No. 1, pp. 18-27.

. Kim, Y. H., Kim, C., Lee, K. J. and Kim, Y. C., 2006,

An Experimental Study on Boiling Heat Transfer of
PF5060 on the Shape and Orientation of Micro-fin
Surfaces, Trans. Korean Soc. Mech. Eng. B, Vol. 30,
No. 1, pp. 74-81.

. Kim, T. G., Kim, Y. H., and Lee, K. J., 2006, Charac-

teristics of Cooling for the Adjacent Double Micro-Porous
Coated Surfaces in PF5060, Trans. Korean Soc. Mech.
Eng. B, Vol. 30, No. 7, pp. 646-655.

. Park, K. J. and Jung, D., 2008, Pool boiling heat transfer

coefficients up to critical heat flux, Korea Journal
Air-Conditioning and Refrigeration Engineering, Vol.
20, No. 9, pp. 571-580.

. Lee, Y. and Jung, D., 2011, Pool boiling heat transfer

coefficients up to critical heat flux on low-fin and
turbo-B surfaces, Korea Journal Air-Conditioning and
Refrigeration Engineering, Vol. 23, No. 3, pp. 179-187.

. Hsu, Y. Y. and Graham, R. W., 1976, Transport Processes

in Boiling and Two-Phase System, Hemisphere Publish-
ing Company, Washington, D. C.

. Van Stralen, S. J. D., 1968, The Growth Rate of Vapor

Bubbles in Superheated Pure Liquid and Binary
Mixtures, International Journal of Heat Mass Transfer,
Vol. 11, pp. 1467-1512.

Mudawar, I. and Valentine, W. S., 1989, Determination
of the local quench curve for spray-cooled metallic
surfaces, Journal of Heat Treating, Vol. 7, No. 2, pp.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

107-121.

Grissom, W. M. and Wierum, F. A., 1981, Liquid spray
cooling of a heated surface, International Journal of
Heat and Mass Transfer, Vol. 24, No. 2, pp. 261-271.
Fujimoto, H., Hatta, N. Asakawa, H., and Hashimoto,
T., 1997, Predictable modeling of heat transfer coefficient
between spraying water and a hot surface above the
Leidenfrost temperature, ISIJ International, Vol. 37, No.
5, pp. 492-497.

Estes, K. A. and Mudawar, 1., 1995, Correlation of
Sauter Mean Diameter and Critical Heat Flux for Spray
Cooling of Small Surfaces, International Journal of
Heat and Mass Transfer, Vol. 38, pp. 2985-2996.
Mudawar, 1. and Estes, K. A., 1996, Optimizing and
Predicting CHF in Spray Cooling of a Square Surface,
ASME J. of Heat Transfer, Vol. 118, pp. 672-679.
Visaria, M. and Mudawar, 1., 2008, Theoretical and
Experimental Study of Effects of Spray Inclination on
Two-Phase Spray Cooling and Critical Heat Flux,
International Journal of Heat and Mass Transfer, Vol.
51, pp. 2398-2410.

Lin, L. and Ponnappan, R., 2003, Heat transfer charac-
teristics of spray cooling in a closed loop, Int. J. of
Heat and Mass transfer, Vol. 46, pp. 3737-3746.
Silk, E. C., Kim, J., and Kiger, K., 2006, Spray Cooling
of Enhanced Surfaces (Impact of Structured Surface
Geometry and Spray Axis Inclination), International
Journal of Heat and Mass Transfer, Vol. 49, pp. 4910-4920.
Hsieh, C. C. and Yao, S. C., 2006, Evaporative Heat
Transfer Characteristics of a Water Spray on Micro-
Structured Silicon Surfaces, International Journal of
Heat and Mass Transfer, Vol. 49, pp. 962-974.
Kline, S. J. and McClintock, F. A., 1953, Describing
uncertainties in single-sample experiments, Mechanical
Engineer, Vol. 75, pp. 3-8.

Gorenflo, D. and Fath, W., 1987, Pool boiling heat
transfer on the outside of finned tubes at high saturation
pressures, Proc. 17th Int. Congr, Refrig., pp. 955-960.

(© SAREK




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


