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Heat Transfer and Pressure Drop Characteristics of a Horizontal
Channel Filled with Porous Media

Young-Seok Sont - Jee-Young Shin* and Young-II Cho#*

Abstract : Porous media have especially large surface area per volume, which contain
complex fluid passage. If porous media can be applied to cool a CPU or an electronic
device with large heat dissipation, it could result in heat transfer enhancement due to
the enlargement of the heat transfer area and the flow disturbance. This study is aimed
to identify the heat transfer and pressure drop characteristics of high-porosity metal
foams in a horizontal channel. Experiment is performed with the various heat flux,
velocity and pore density conditions. Permeabilities, which is deduced from Non-Darcy
flow model, become lower with increasing pore density. Nusselt number also decreases
with higher pore density. High pore density with same porosity case shows higher
pressure loss due to the increase of surface area per unit volume. The fiction factor
decreases rapidly with increase of Reynolds number in Darcy flow region. However, it
converges to a constant value of the Ergun coefficient in Non-Darcy flow region.

Key words : Metal foam(#¥3<), Cooling performance(®74%). Porosity(F#%), Permeability
(538), Pore density(71Z% =), Friction factor(mh&<ela}h)
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Fig. 1 Schematic diagram of the experimental apparatus
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Table 1 Parameters for metal foams
Specimen 1 2 3 4 5
Material Cu Ni Ni Ni Ni
Porosity, € 09776 0.9777 0.9706 0.9739 0.9773
PPI (pore density) 5 10 20 30 40
1/Permeability, 1/ K> 10" m ™2 0.840 1.266 2.087 2755 3.428
Permeability, Ax107 m? 1.19 0.79 0.48 0.36 0.29
Ergun coefficient, Cp 0.0195 0.0193 0.0139 0.0129 0.0107

Gt A o] Y8t #] #3337 A28, 2009. 3/ 247



A o AduE We] fEolA #Agee g3
S 7383% Non-Darcy FZdA ¢dAeeE o
Noz mdA?

dP CE
& kTR v

1, aP, 1 Cp pu )

e dv’ K

9l Aol M (- dP/da:)/uuQP pU/u% AgAQ B
Ag ngz A Ad? w49 A
% Qe 5

[e]

I

A #AE Hele /i:% 218

(least-square method)=

rgun AlFo & FaTh &, A

D He g /Kol A 7

ol &3t FIg K9

Ergun A& Cp2 AASIGoH, Ao AL&3E 5
4

7HA EE g e ALtE #e Table Lol

[
2
ol
= oE

3.1.2 vpEela

dE7dets FArdsket mRERIA (fiction factor)

£ Reynolds 9 3= FAlst=t, Beavers

st Sparrow' Ve thg o] BRES VFoR
zAsHA T

fy=at Gy (3)
Fe

i<l
i

do HN b

2](3)oll wEt Fig. 4ol A¥ e 5714 Tx
o W3 EFE 71 upFaxE E348 7
Reynolds ¢ &2 Yepfidch. g I+
A7} H W e (
Kim et al.'”’¢} Noh et al.""¢] 2%2 34 =
Z1stder. 2812 AL fZoA FE J1sg
Darcy & (Cg=0)l g rt&AAE Fr = FF
A x718tAth, wHERIAE Reynolds 77F ofF
zZ+e Darcy f%5°14E Reynolds 7} 71l
wel FA4sA ZA&sA Y, Non-Darcy 5 9%
o= Reynolds F7F Z713to] wat g3

w

A3 A BeaversQ‘rSparrow

FH

248 / F=viddA o) (3 #] A33A A2z, 2009. 3

FAE B APA v vhRAA B G
S opzre] Folg Holw Ak, ol & Ad

o

9] Kim et al.3} Noh et al.®] tz=7} 77|
0.929} 0.9091d) vl 2 AP A AFESE HEHF
9] gFLE 09724 =

FAF FEE F e I
b GHA Yo E oz wd

e 4¥ES MHEE
o Zrkstel vl
o}

i

Cu 5PPI
Ni 10PPI
Ni 20PPI
Ni 30PPI
Ni 40PPI
Al'10PPI Kim et al.
Al 20PPI
Al 40PPI
- Beavers and Sparrow
---Nohet al.
Darcy flow

ibpoDedrem

0.01

1 10 100 1000

Fig. 4 Relation between friction factor and Reynolds
number based on permeability

h=——= (4)
w1

— I, +1T

Nu 7}11;_1‘[ (6)



o 2 3 a
SR AS AAT 5
50
—m—Cu 5PPI Q=50W
40 —e—Ni10PPI
Ni 20PPI
—v—Ni 30PPI .
30k Ni 40PPI _/
—
- =
z 2] v
20f -fé/v/
>
L}
//
10 | .
0 L L L L L
0 1 2 3 4 5 6
velocity (m/s)
(a) @ = 50W
50
—n—Cu 5PPI Q=100W
401 —e—Ni10PPI
Ni 20PPI
—v—Ni 30PPI
30 Ni 40PPI /
2 S
ol I'.///:/
/V/
10 |- - /
0 L L L L L
0 1 2 3 4 5 6
velocity (m/s)
50
—=—Cu 5PPI Q=150W
w0l —°—Ni10PPI
Ni 20PPI
—v—Ni 30PPI
Ni 40PPI
30 |-
=
z
20 |-
10
0 L L L L L
0 1 2 3 4 5 6

velocity (m/s)
(c) @ = 150W

Fig. 5 Variation of Nusselt number of metal foams

Fig. 5= 719 AA/4ES 1 ~ 5 m/s& 3
I, 7t VFUESE HIANES W oF 9
g 5A4S YeEl = Nusselt 8 2oF0h. o3
Tt YT AS AW fF&o] SUksiA Ui/ 44
o] Frbetth, mEdk 7| LT Fold s s Ui
dHdo] FTrtsle Ae B & Ut F, dEg=st
Z 49(e=097) M= 7FLUET}F FolAAH F
Fgo] AAIL o= <l A e Fate] st
o] gdsiAE AR AdHT

o 9dg % FEPs 54 57
0.5
—m—Cu 5PPI Q=50W
—e—Ni 10PPI
04 Ni 20PPI °
—v—Ni 30PPI /
Ni 40PPI /°
03
— v
@ . v
02 //v/
y
./
01 /./_/-
I
00 , , \
0 1000 2000 3000 4000
Re
(a) @ = 50W
0.5
—m—Cu 5PPI . Laztoow
—e—Ni 10PPI
o4 Ni 20PPI ./
—v—Ni 30PPI
Ni 40PPI
03 o4
- ./ v
& / v/
02} /
.
01| ]
/'/./
L ]
I/
0.0 L L L
0 1000 2000 3000 4000
Re
05
—m—Cu 5PPI Q=150W
—e—Ni 10PPI "
04 . P
Ni 20PPI -
—v—Ni 30PPI .

Ni 40PPI

03 ./

02

01 =
/.’/.
L}
0.0 L L L
0 1000 2000 3000 4000
Re
(¢) @ = 150W

Fig. 6 Variation of Biot number of metal foams

3.2.2 Biot &

Biot & 3A 9
R EEo] 1
FE e

ol Aol

o) =]

Bi= th
s.eff

(7

ANA k=1 oItk

s3] %] A33¢d A2, 2009. 3/ 249



o
N
5o
<
X

o
4

!
~

o|J

~
Nlo

Bjh)

£ YeEl ™, Nusselt
Agg 7T 28y el A4S 1

weh bR W A MY QATke] 2k

o|J
~~

Al dejA]

77 H 271 9

Ao EdEer S

o]
T

el
S

)
i
o

~
Nlo

)

ol

o] AA| WEoltt, 7 A

o Biot &+

g A7) w

A}

__o_l

!
~

SESIRE

2

ool
o

X
B

ks

Aol A 2]

oF
o

o

3:2008AA155).

T A= (A

3

15

2l
B

Tl

1o
o

!

x
B
o

NI

4r
P
il
=
ay
)

gol AMAYS & 5 Ut

10d
7
o

il

and A. Bar-Cohen,

[1] A. D. Kraus

of

and Control

Analysis

Thermal

E ATNAE ¥ HFES /1 79 YA

McGraw Hill,

Electronic Equipment,

New York, 1983.
[21 Y. S. Son, J. Y. Shin and S. R. Lee,

bl 018 A

S

Rt EERRE:

“Heat

transfer characteristics depending on

EEEE

e gy

=

T4

23]
~

1=l
=

o,

AAA 2E Y ztel 9]

o)

the length of a channel with pin-fin

»

Transactions of the Society of

array,

o

o|J
7E

olp

Refrigerating

and

Air-Conditioning

o,

Q
Yol

o
Z
o
—

c
=

<

(O]

—

o
<
=

n N

H .

g
5

=)
SIS

T A
- o
wd_m el
2
NJo zﬂu
=
T 2
w
o

T
o oo
B =

3
o+ o
oF ®
™o

N
o
Me X4
N
-

o)
mr o

[31 G. S. Beavers and E. M. Sparrow,

Reynolds <7}

R
.

A=k

Z

Age A w}

1

25,

ATt

flow  through fibrous

Non-darcy

«

Sl
0 =
WS
AA
()
<
R
D
o
wn
]
S §
) ¥
< 3
N 172}
=
8 =
T B
g 4
2
w §
2 <
(&)
Me
& =
No &
= &
7
< 2
°
=
5 B
X
o
Py
X n
3
Yo =
o_u%o|
> T
2 Mz
a
A G
otml
N
k3
NF om
—~
o N

Vol. 36, pp. 711-714, 1969.

[4] M. L. Hunt and C. L. Tien,

of wet o

3}
=

7}

Reynolds 7} &

L
1_

FEolA

“Effects of

thermal dispersion on forced convection

!

in fibrous media,” Int. J. Heat Mass

Transfer, Vol. 31, pp. 301-309, 1988.
(6] J. W. Paek, B. H. Kang, S. Y. Kim

=
-

7} HotAm

Aol sts]A] A|33d A2s, 2000. 3

Al

250 / &=vt



[6]

[7]

(8]

(9]

[10]

SEAMAS AT FEA

and J. M. Hyun, “Measurement of

effective thermal conductivity and
permeability on aluminum foam metal,
of the SAREK ’98

Conference, pp.

” Proceedings
Summer  Annual
1464-1469, 1998.
S. Y. Kim, B. H. Kang and J. H. Kim,
“Forced convection from aluminum
foam materials in an asymmetrically
heated channel,” Int. J. of Heat and
Mass Transfer, Vol. 44, pp. 1451-1454,
2001.

J. S. Noh, Y. H. Han, K. B. Lee, C. G.
Lee, “Heat
characteristics in an annulus filled
with aluminum foam,” J. Energy
Engineering, Vol. 15, No. 1, pp. 60-66,
2006.

K. Vafai and S. J. Kim, “Forced
convection in a channel filled with a

transfer and flow

porous medium: An exact solution,”
ASME J. of Heat Transfer, Vol. 111,
pp. 1103-1106, 1989.

E. Takegoshi, Y. Hirasawa, J. Matsuo
and K. OkKkui,
thermal conductivity of porous metals,”

“A study on effective

Transactions of the Japan Society of
Mechanical Engineers, Vol. 58, No.
547, pp. 879-884, 1992.
Principles of
Media,

Springer-Verlag, New York,

Heat
Second

M. Kaviany,
Transfer in Porous
edition,

1995.

=AM (ki)

1060 524, 1983 FACHEN WM T|A|
Stn EA(S A, 1986 AM|CHEE
o et J|ASE T ERH(SEAMAD.
19944 0|= The University of Texas at
Austin CHEHY 7| AZ st Sef(Zstet
AD. SiX SeltiEtn 7| AHSEtnt ma

XS (FRER)

19674 724, 19904 METhEtm 7|A
um = 2A(ZEHAN. 19024 Schste
Zol(ZEHAAN. 19960 Schatel Z¢
(ZoturAh, s Seldistm 7|HZ et

e (Fik—)
1980w 1284, 2007 Selhstm 7|
AZetn ZUSSHAN. 2000 SciEt

Gt A o] g 8ts] A A333 A28, 2009. 3/ 251




<<
  /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
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


