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In this study, the effects of mechanical dispersion on the transport phenomena in porous media were
investigated in details both experimentally and theoretically, for porous media applications in both
engineering and bio-transfer. A general three-dimensional bioheat equation for local tissue heat transfer
has been derived with less assumptions, exploiting a volume averaging theory commonly used in
fluid-saturated porous media. The volume averaged energy equations obtained for the arterial blood,
venous blood and tissue were combined together to form a single energy equation in terms of the tissue
temperature alone. As for an application of the present bioheat equation, the freezing process within a
tumor during cryoablation therapy was investigated both analytically and numerically. An excellent
agreement between the analytical and numerical results has been achieved for the time required to freeze
the tumor using the cryo-probe of one single needle.

AR TERR
(BT - 1)
E R GifERES & gt
2007 “F 6,400,000 1,920,000 8,320,000
2008 “F 5,300,000 1,590,000 6,890,000
2009 4 2,400,000 720,000 3,120,000
FEE
FIE
wooEf 14,100,000 4,230,000 18,330,000

WFZES R« T2

BT E DR - ME - BT - BT
F—U— N R, ZIUE, BVt




1. WFFEBIAR S RO 5
ZIENORIUCE W TIE, Fikr ik
Y HRITHERIC, BEEST XL E DK
WHIEA (Mechanical dispersion) A3EEAZ
IThid. Z ORI E DRI EARR)E
JE D )AL= FL A T O BVRE 0 KNE 72 80
Lo THND. BT, BAEIEDEHS L
LT,AHET %< OMERRENTE T

, RIZICHKRIEA DOES D320, K- e ti)E
Zh, ZAEITRRA e TS CIGH S
TWDHHR, U FNLVERRERED AT T —
EOWIEIZIBNT, A BOMREZIEL
HEET 2 Z &1F, EEOSEMFRL - Kk
ZII0D LT CHEEREEZED. (b,
AR SE TIEE G B & B oy o Wi 2
T 50, BBEh & WEBEI OB WE
DFERITIZIEEL AR EGT 5.

Z O 5y R G O fEI X AR TR
BWTCHEHERT —~D—2L72>TWN5.
2 FLUE N OBRA 3 BELRIE, B O LI
A TN S A7 W8 A E Wi N O3 EE D A
BI—PEIZ LD EDO X DI TSR Y % A
HEENEWIHIRE, T2DOLTA 7 —D0H
M & BHEICBIE LT D, 207w, B
RS, A7 & OBMMENTO
WUNA o — VB E), ARG RS O fif
HEDEETER LFOSENG RS
NTEBY, ZOMBIE, MRI 7t & OEREHER
BT O2HMEEMOBBRIZHEENRD D L
HrEEns (K25H). £z, Z OB
SEDNRIRL LT, HRFERED T TO, &
D ZEKWE TR TE 9, By B oo
BRI, PERERO T A AR ORI 3T
MO THBEHINTND

—J, BERAF—NinbK D5
B D R O BEMERRHR I LTV D

)I/\TIE))

I Z1E, HTFAKRDIHELD TRIZ EIcfFEEH
D, REESES I 2L —2 3 2BV ThH
DO FEBEONCEBT D ENRRD 5

NTEY, BREGRE X O OXR % i
5 ETHOWBEROERIHHNF- T
W5, ZOX DI, HEMIOBERSRIE, BUh

A=)V ERA T =IO Foxr D
EDVICRHPAICR OGN BEDTHY, Zh
EHCFHNCHIREICRER L, BIRETHIL S 5
EZAETITELS Z &IF, MO THEEIRD
KR&EL, AERTHDLIZEFE I ETHRL.

2. WFROHB

B R R IOV TR, LS ARD
WEBET VDN REMNT H R AL
TETe. bkx 72 —ADFERT — X2 % T2
B L e 7 S 38 1T D BV AR B o ik R =X
DA RESNTEZ, LnLedb, A4
7 Yagi & D 3B & Fried-Combarnous ¢ 325
F—=Z MU EDOENRSH S Loz
HAICARILEE T LV ORAGERH ST
72 ARBFETIE, ZOXIICREICESIC
STV D EIEFE A2, ZHEERAND
B BRI B Lz, M s £
FLUBE RN OBk BT FAT T BE e zh R
SOWNWTERNE L ORI ELR 2T, 2
NOEDERIHESESHWEINT-HFET IV
ZIEMT 2 2 LT, ZHUEERDIGHORTEEME
T S BITIRT B &SR, AR o fiE i
AL THZ LA HE LT

3. WFEDHE

Tk~ 3 flT Navier-Stokes 35 L OV R /L F D
R E VBN BB R~ bL, T2
L, HE LT XL EDENTNDZEMEY



ﬁ#%@fh@%@%%ﬁw@p%@ﬂ,@

ik TR IC S E AL EN A HBLL O
ETMEBZ . s R O 22 g
PRI 2 R < AT (JEHOHE, AR, BorBlE,
BRIE) 12oWT, EFAEEITO L, 7
WA LA Lo 7 N T AR E VTR
DU EAT o7, IR & K AR A
THZET, RELGEZHLNI L., Eie
T, ZABEHERET VAR O
Bl FERAE I L, T — ¥ LT 5 &
& BT, HIE 2R e AH B B A BB R T —
Z I L7z, 2O X 512 U THENL L7285y
BEGRAR A~ b gt FRERE, T4 7 —[H
B, BMAERE, ZLUEMEEREE, FTEBOWR
IR O N DA HELRICET L, £
D—feMEd X OB 2 MGk L 7z

LI ko, EBRAE L OSEMHT R 2 4%
T, AR O | 35 1T 2D MR 43 ik
NROERIZITo T2, FRIZ, AR E
VF 2% ML D B Y 43 1sh B 2 sk 1) 9 % AR
EEAROFEFN R L O TR L, TT L
kT 5 Z LizpkEh LT,

4. WFFERR

AWFZEC T 5 —HEORRO—EE, BEIZ
NEINTND., REEXDOLDIZHONTY,
L%, RERTDHTETHD.

2 FLE IR O T3E R G R0 A= (A i 256 B A 2
Bz D ECHEEL DA RIS
WC, KRB X OHRmOBREEITY, 20
ERIITETI LT, 2 OFT V% R AR
B UAG BT ALY SO SRR 7 R =T R 2
AT, BT O U U SEHRE O B IR & & e,
Bz 2 Z VB RN E B R ORF 21T > 7.

F9, TAF LAy T BT AKIEK
W RES O P ER AT > 72, B
HIET M ED S EEFHRR R & T 2

LT, HREE R ET S IR REL,
ZOFMEZ R LT, AR B D Z RO
DL AEREREER L, ZUERE R
DFRE L T LA LEA L« F R T LK
R A AN S W7o, B B D RRR 2 87
REACCHE SRR L, a8 X0 RES

izt Lz, Joiienfiz, BEHE
TS BB I 2 b —va ViR E
42 2 LT, B HURE Z KD 7.
IO ORRITESEEER A LV E L
fEe BiF7—Eamd &b, BELHA
FbI KOV BARE DR EHIENRZ Y Th
LT ENGND.

@ Inverter @ Pump @ Overflow tank

@ Inlet reservoir ® Rectifying zone
© Testsection (D Exit reservoir
Camera @ Light panel

1 BERREY > B oD T L SE R

2 AL S NI IRES



1 E+06

1 E+)5

1 E+02 = =Simulation((b} £ =075}
== Correlation equationi{a) £ =0.64

=== Correlation equation({a) £ =0.75

1E+01
1. E+04 | E+05 | E+06
Pe;,

3 AR BER L

SFET, Bax R TREIN TEARM
EROBEEDORIZHONT, SHERPEGRIC
SERE L. RPTREEERR 2 H VD 2
ET, BADOIED TIZ, ZWon— MRS
BEIOXNE)NDZ EER L. SRD
TxIm 2 ER & FEAROFET O FRITI .,
Ay B D B 2 k32 2 LT L

Ry
;

X 4 Ry AR B R (2 B U D AL A

IR, FRES L ORERRICET 2 =¥ D
% Jay AT R S 24 B G | D & IR Mk
L, ZEo0EMfM= R LR ZE =, T
PULDBRICHER T D, F—FaA4v T 1, &
WAL, MLIRETR F & ORI AR E D4 I]

IZoW\WTC, EfRMET Y 72 L 3 ==
NERETVERE L. S5, Bk &
MR & OSEARIZ 31 2 0B B 1T IE
AL ETHIShDZEICHEL, Zhbo3
TINFXEENLSEHZEICLY, ARE
R OWEE D I % & e =Rt — M AR B
OXEH N, ZoLHIcLTEMNA L
v, MIRHESE DD T OBYRE RO HY
MmeELCTEHRTEDZ L, FMmOMKKY
SYRON RPN LSRN &R oT.

ST AR RIBBIO -
ary
a
=a[(2sakf ﬂl—?sa)kz)éjkw T a-2ss

(2‘9an G +(]__2£;\) pscs)

& Tah, &

Inner region (Wamming by blood from central artery}
Quter region (Neither blood warming nor metabolic heating)

]

{

{No such enhancement)

Intermediate layer

to central vein
from central artery

countercurrent heat exchange

Deep tissue layer
(Enhancement due to
mechanism)

2
5 AR ZEE T

ZO=wot i AEEREB E O X a2 v
T, s O REEFERRIEIZ 51T £ BURS AR o
Yialb—YarxFEmlLlc. —o07r—
T CHAE LG DMK E SIZRANH
HZEEBLMIL, ZORAFEE (Limiting
radius) Z FETICHRE L T 2 L3, 1R
O haLEEXL ETEETHDLI L AR
L.



Lung tissue

Tumor

Cryoprobe

6 MmO REE T L

Rlim[mm]
60
m L
40 Cr=15.4
m L
20 -
10}
0 L L
0 001 0.02 0.03 004 005
@4 [isec ]
X7 [FRAARE L MIRRETE R O RBEfR

BT, ARBFIE TR DAV B 7 18sh 3
BT 2R E RS, FhCEBT D 0 A LD
AR ZABIIZDONTELE LTz, linzd2e 3
A3 LTV D DN HONWT, WEBEHRETO
BlEns, TOBAEES TR, YRoZ
EIRPG, SIENET L, AR
WX 20, EIBREPMHET. 2o OMKT
LR A —UERENE T VICHLIA S, A
KOWERBEIRGUH Fe/N & T D 578 A SR
HHZET, M2 30 L THhDDN
AT LTSI L. Tbb, Mo
SIE, WEBERGIS RN E 72D K D ITER
EINTWD I &%, RYEBEIET VICA

BN T =2 2 AT L THLNITL

m/2"

COX
. d /2
alr
eﬁme/ t,
Coxbl
X8 SIEREDREFET L
S Tisste Blood
/—/ ¢odsac & ¢?11u
¢oxtrac \‘ %(ki
x‘ ¢oxsap_
Convection Diffusion

9 o~k EREET Vv

M

X110 WEBBHILE DI



LIk, BFERCROBIE & LT RIZREL X
T, AL TS LB oo €7 1
BLOZRITERAERBBEIOAD, THH
SR R R A 2 B 2 D BT T
BT Lol

5. ERIEARICE
(BFFEfaes . Mo L OSHE T IEH (2

(=S I)

Udessamsr) B 140)

1)

2)

3)

4)

5)

6)

The limiting radius for freezing a tumor
during percutaneous cryoablation, A.
Nakayama and F. Kuwahara, K. lwata et
al, JOURNAL OF HEAT, #iif,
Volume: 130 Issue: 11,  pp.
111101.1-111101.6, 2008.

Why do we have a bronchial tree with
23 levels of bifurcation? A. Nakayama,
F. Kuwahara and Y. Sano, HEAT AND
MASS TRANSFER, #7¢f, Volume:
45 Issue: 3 Pages: 351-354, 2009.

A general macroscopic turbulence
model for flows in packed beds,
channels, pipes, and rod bundles, A.
Nakayama and F. Kuwahara, J. FLUIDS

ENGINEERING, ##i47, Vol. 130, pp.

101205-1-6, 2008.
A general bioheat transfer model based
on the theory of porous media, A.

Nakayama and F. Kuwahara, Int. J. Heat

Mass Transfer, , #& %t 47, Volume: 51, pp.

3190-3199, 2008.

A porous media approach for bifurcating
flow and mass transfer in a human lung,
F. Kuwahara, Y. Sano, J. J. Liu and A.
Nakayama, J. Heat Transfer, , #Fif,
VOL. 131, pp. 101013-1-5, 2009

A Macroscopic Model for

Countercurrent Bioheat Transfer in a

Circulatory System, A. Nakayama, F.
Kuwahara and W. Liu, J. POROUS
MEDIA, #&FEf, Wolume: 12, pp.
289-300, 2009.

7) Numerical modeling of a composting
process with aeration, F. Kuwahara, Y.
Sano, A. Nakayama, K. Nakasaki and T.
Fukazawa, J. Porous Media, ##if,
Vol. 12 (10), pp. 927-938, 2009.

8) A study on interstitial heat transfer in
consolidated and unconsolidated porous
media, A. Nakayama, K. Ando, C. Yang,
Y. Sano, E. Kuwahara and J. Liu, Heat
Mass Transfer, &&cf, 45 (11), pp.
1365-1372, 2009.

(&) (FH104)

L %) e, AT, il B %
FLUBEAR OB /Y B O BIGALER, 5547
B A ARG Y KR Y T A, Vol
[,2010. 5, kLI

2. Hely HE MR, RE ATM, AL
BB, H il §H, Crossflow-Tubular ZA%S
BEROBY L, 47 B A AR BB VR

v A, Vol. 1,2010.5, #LigT

6. HFIEHRK

(1) WFgefRE

il BH (NAKAYAMA  AKIRA)
FRl RS - T2 - #o%
W95 %5 - 60155877

(2) WFge sz
Z=EAR T BH (KUWAHARA FUJT0)
FRI R SE « TR - HEHR
Wr7e 25 1 70215119

(3) HHETIEA



