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ABSTRACT

Simulation of fluid flow in porous media

Yong-You Kim

Advisor : Prof. Hee-Soo Kim, DPhill.
Dept. of Advanced Materials Engineering,
Graduate School of Chosun University

When the metal alloy solidifies, the segregation can occur due to the fluid flow between
the dendrites in the mushy zone. The fluid flow in the mushy zone is regarded as the
flow in the porous material by the Darcy's law which is applied to the Navier-Stokes
equation since there are very few passages that can allow the fluid flow to occur. To
verify the Darcy's law, which is used to calculate the permeability of fluid in the mushy
zone, the permeability was calculated by simulating the phenomenon of the fluid flow
passing through the artificially-constructed porous media without any assumption for the
porous material. The solidification process of metal alloy was expressed by the change of
solid fraction, and the solid fraction was controlled by varying size and interdistance of
two-dimensional solid particles of various shapes forming the artificially-constructed porous
media. The fluid flow in the porous media was assumed to be incompressible and laminar
flow, and calculated by the continuity equation and the Navier-Stokes equation. As a result,
the permeability calculated by the artificially-constructed porous media varied depending on
the shape of solid particles assumed dendrites and control method of the solid fraction. To
evaluate the reliability for the permeability calculated by the artificially-constructed porous
media, it was compared with the theoretical permeability calculated by the Kozeny-Carman
model. Summarizing the constants in the Kozeny-Carman model and expressing them as
constant C, the constant C is usually defined as 150 or 180. However, in this study, the
values of constant C for each solid fraction were different and determined by the dendritic

shapes and configurations through the simulation of various conditions. After obtaining the
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constant C and the average constant C for each solid fraction, respectively, the permeability
of the artificially-constructed porous media was compared with the theoretical permeability
obtained by applying the average constant C to the Kozeny-Carman model. In the case of
using the average constant C, the theoretical permeability of Kozeny-Carman model was
calculated incorrectly. However, in the case of using the constant C according to the

shapes, configurations, and each solid fraction, almost accurate results can be obtained.
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Micro-scale Macro-scale
Solid Fluid

REV

Fig. 2.7 Transition from micro-scale to macro-scale using REV method.
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Fig. 2.8 Surface tension at solid-liquid interfacial face in porous media[14,17].
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gdol== +([Re, Reynolds number) 2 "5+ ALY #Holasx & vad

s
S
o
lo
o
o

Re = 9
o

oI71M o FAS WE(kg/mh)olH, Vs A9 £X(m/s), L& Axt 999 5

Adol(m), pv FA9 A A4 (kg/m - s & Pa-s)olth #Holsx v A

Fd o fFA 55 HES oASst=t 2ol HE Fos Fadgolth fA9 A

Aol digt #AEY HES ‘JrEMhi’ EAA 07 Re<10000]™  ZFoli,

Re>1000019 Wiz Felgeh B AFe] A8 AW Jole 4= 1A 9=
A4 Sl Feloln] AEl FHHAOE Aol 2 i ol Pl
_']5_

Collection @ chosun



(10

or

pr VD

Re =

0

£ (Porosity) ©] t}.

A
o

T
s

9 QA Al A7 m)olH, o

T
s

°17]14 D

]_

184y Eq.

fi%e)

(3
H

_T

%

N A 2l

Fek(18].

S

Sk.©
Fe

kel
-1 A

o8 s s ddr717]el

(10) 9
A o,

A Dol EAAA elo]

A
A

A A

ol

A
ofpy

F71 sl

S

AL G AYES vl

w2 o] TR webq 14 A

1

NJ
Hn

= o]

Al O
= =

HC]-

Eq. (9) 9

O F AMEHE

S|
A

s

14 74

9]

gelshelnt.

ﬁo

=0

H

2.2.3 A}

A 2]

o
T

o, whepA

o]

(Navier—Stocks¥42) & A&

[e)
R

]

A
a

o nEe] daA 747

39

bk

3|

2.2.3.1 A5 AF BE)

o] olo}

o =
FE=%F

10 el el Ak Ao 3/

A3

= dujolt.

o] BEHtt

)

o

B

(1D

+V e (pfu)ZO

ot

_']6_

Collection @ chosun



1714 oz FAY WE(kg/m’)oli, t= AREES), ue FAC £E(m/s)olth &

A7o mE> A Adeela, vigtEAY fAe o)y wgel Alzke] we
Azt glemze w3 A Fol FalHe] vt o] tastd JHE AT &
Stk

Voeu=0

(13)

L] o] =~ 52 (Navier —Stokes) g 2ol gt 4|9 %o BEdvs= 21e 3
g g aelty 2 drelM e fAlE wE fACl7] T, wEe 29As fA &
ol Agste] thEat ol eddHt VM e®E FE¥ Navier—Stokes®g2& o
=t

2 2
X%W?}:pf( z?;-l-ugz—FU(ZZ):—% ,u( Z;;‘F 0 12L>+pr (14)
2
Y%L‘%k:pf( Z:-i-ugz-kvgv)——a—p ,u( 0 Z-i— 0 g)—l-pr
Yy oy ox oy
A71A F.ob Fo= 22 x0@&3 el tigh 9, dntdor F=olth Eq. (14)
= HIEEA ol Aol AR Aol A 5 Sl TdoIH HWe FATMEE
G 7SR For FAEl A, S AddR oy (EuE), ddeE (2
), A9y 59 oz PRI B A7 Bl FA AdHoln FH 3%
& A8kl Aolx Fa7kEE &3 S 9 Y IS FAls
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s p(u—t o) =— + 15
pf(u ox oY ox or oy’ (15
2 2
0 0 0 0 0
vrarp (um o) =— L (S T
ox oY Yy ox Y

2.2.4 golAl 9] HZ (Darcy’s law)

DAFEGANY £AGY Aol g B2

4 HANA Y fE B

& Abgatol At Aol QA

dete FAY BEE denls 334
3

< A o], mAd FRE Fdske
13 ‘?ﬂ 1 & M2 o= 3L oA
ojth[2]. Holr g WHE v WAE &
1™, +ﬂ1§ TE AT T =9
ol @3t A9 A¥%E Edl® Henry Darcyel oJsiA &43tE 3tk thopal o] H
#< Morris Muskatell o8] $8& gshx b2 Gz /HF=EgleH, a4 o
AL F3etes =3 75V, A A4 (), 2240 AF7F 7hed wiA A
FoIzl Agel st hHAdsk(ap) Abeld] @Ed HEgdAE FrE&®E 2 T
[19]. T8 FAE el S84 34 viAe] 3, vobr g WA tadt &

O

o] EA|ET}
_ K
K Ap Vf (16)
Km?) & n9gEgddolr uadEs u4 A g seta & = Qi o) 5 ¥
2 e 2 ndshd o3y o] wAE
1 K
Da = — ( 2=Da) (17)
ReAp L

1714 Dax Fad e T8 %3 tholr] 4= (Darcy number) @]t}
ol@A FE¥ tholre WAL A wE:= Azlo] thdt oEE I} FAE o)
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t}. webA Re < 19)A4 9k &3y, Das th3Al Fxovr &8t A ¢
Aal= Zasing 1% DH of st Fkol Al okstr] wistoltk[20].

Fob ol Re = 19] A%, thobale] ol #4 ol xZdoln go| F7}5

Aol o3k ek sk Pt
2.2.5 XZ3d o929 HA (Forchheimer Law)

Re = 1 o)<l /&9 A5l Hdad7t 555 Avistz] Alzsto]
3)

2 rk
e

re

© w59 5
3 4 Al ¥t} Philipp Forchheimeri= ©]2] %t
% fF59 #AEHE Astr] faiA thopr e WA el fFA18] sy AE v
=, WA @A 2Edoln e EFsiivH21]. wEbd E2EdolH s te 3 2ol

_ K 2

Ap= =V T 0o, V; (18)
A7IA B EEEolH Aloltt. 183 & T 2ol AlbE AT 22].

Cp
= (19)

V K[
1714 Cgt Ergun AF2A #AFaxs dysty, Ko #4 F5% (Inertial
permeability) o]t} &4 FHE&2, WIS SHek= FA ol dslA shall-3zot=
o] (Hagen—Poiseuille) 212 7|¥to & t}&3 o] EH st}

A Ao wjd 3 37101“ ojEFTaL 7P 201,

Eq. (19%& Eq. (18)° A&stx Fatd dej= Helohd HFH o= t=3

He 9g & gk
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" ReDa Da,

Cot TR A5gtel ohlel w &l A PojAE Waoly] WEe] ZHo)

oYt ER f5 SA0] A JESE Gk FF 47 =A 45D @ oS 4

b4, Cob EFE S F WA G FAE S vk b e 58 B dyi

St A o AL e wdolh webd wPES Wt TR, 1A
3

FAY Aol BEE fAY FEES BdtE olEAA WA mAY-he

2E (]38 KC wad) & theah gk,

Kpe = IR (22)
o] o] Kgc(m?) = KC &S o]g3to] Aabst F480]1, Eq. (16)S ©] &34
AR Kol dlg AFHE B S8l gt T9n ke 2AY A, S o
& mAY &9 AR uAY] xHE, (& dECIL o] AL A v i
Aol AgEw, shwe] mel oda Adel g kS thEHo= seha A
[24]. FH3t AAo] dm)Ql A8 FAGAo] A v wA 725 s
7Hgstobd, S 8 gk 6/d7F "k o714 de 98 FASAE L #HAol7] ditel, 9

go] ofyd Hzteh el Al AW AAFay] Ad FeA 47 (Hydraulic
diameter) & A 4319100, EAXs wdAe wE&w tehdi[25]. KC mae) 4
GRS Aoishel A4 Cobn washd than 2ol ol & 4 Aok
) . 3

(1=£,)

d
Ko = FT’

FH

C= 36k (23)
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o7 A Ce 150[22,26-29] T+ 180[6,30,311°]t}. 18y H Ao
Al KC BEe] 4 Cv AR 943 gepivts As g AtH[3-8]. Khajeh2}
2 EZ3e geeo 3D 2dS FaA A4 C7F 180K

o o vues d3E BSYH(3,4]. 3 Brown 5 930] ol FXAH HEo
AS FalA A C7F 180K w9 W RS HEYH[5]. Natsume 52 A7-olA
= 538 dH9 3;<}°J AR Gooll A AapA 37 A 3 ol AFF A4S Eq. (22)
F WEkel mebA kel Afol7t

2u] o]aF WAEA 6], Gebarti A CE JAFQ wide] webd delx = 47
7Hgsklal, KC Edls wjdol StHA Fataom Wgsto] dgom 7S #44

ge] widel w2 FrE (Keevard) = U dt 2o AQFSEIATHT].

‘

f 2
smax 1 R2 (24)

fS

1714 Cot wldel whebd gebAs A0l fo ps Hol wAHE, RS 48 14
JAFe] WHAF (m)olth. Gebarti 93 1A 312+ 44 (Hexagonal) M3} gApz:
3 (Quadratic) MR Co9} fo mas 27 T2 Ao om thea) 2o,

KGebart = CG

3

16
Co=—"7= fsmax Hexagonal (24-1)
G 971'\/6 f ma \/g( g )

16
Co= 7= fsmax adratic

4
Khabbazi 52 Az} E=49 ¥ (Lattice Boltzmann Method) &2 8 XS A4

2
m

A FxE udete] AdFH vy wiAlE FESt AAakEAL d Ay} A Co
e gl T wEl A% fdadttl 54 adES VIeo®E 343 Shet
Cha sk (8]. AEAo R HAIRAF o Bdo] Fgo fElA KC Rdg o]
g38ko] 7t A, Hrre AFAGE =ol7] AdA A5 CE gsHA ol Ak
a7}t ok

_2']_

Collection @ chosun



Al 3 Ax B

A7k @A) e fAw

okl ol thad v Aol

>

178 A2 Fd/FETol

AArsFd 3, Fig. 3.1 e}

=]
ol = % g
Witk welgEgelel wAEe WMa 1Al QAo 279k 1A Aolstel Ba

S
1

\AARA A

[}
1

L

Fig. 3.1 Simulation domain used in this study.
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Fig. 3.2 Schematic drawing of artificially-constructed porous media made by
(a) circular(hexagonal), (b) petal-shaped(tilted-quadratic), (c¢) circular(quadratic),
and (d) circular(tilted-quadratic) particles.
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%, Pressure—Based Solver?] <% 7] (Convergence Criterion)S 7]E2&o =%
10707 M7gst7] mie] AU 2, Navier—Stokes®7d 2] o] @2te] 9 7]
T+ 107°27 AAsAT(32]. Aol FHEA AnE A sta, TAtEE Az A
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Results

Fig. 3.3 Flow chart of simulation process in this study.

_25_

Collection @ chosun



Al 47 A3 9 uF

Fig. 4.1 Plot of stream function of (a) circular(hexagonal) and (b)
petal-shaped(tilted-quadratic) particles at the condition of solid fraction 60 %
and Re = 1.
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Fig. 4.2 Stream function passed through the porous media with (a)
circular(hexagonal), (b) petal-shaped(tilted-quadratic), (c¢) circular(quadratic), and
(d) circular(tilted-quadratic) particles at the condition of solid fraction 60 % and

Re =1
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Fig. 4.3 Pressure distribution for porous media with (a) circular(hexagonal) and
(b)  petal-shaped(tilted-quadraticy and (c) circular(quadraticy and (d)
circular(tilted-quadratic) particles with conditions of solid fraction 60 % and Re
= 1.
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Fig. 4.4 Solid fraction(%) of (a) 20, (b) 40, (c) 60, (d) 80, and (e) 85 were
represented by the change of pressure gradient according to the mesh size,
respectively. Finally, (f) the saturation graph of mesh length according to solid
fraction was obtained.

Fig. 44904 A @wa Az 27) WAs w267 984 A9 a71s w7
shwl AE (%) 20, 40, 60, 80, 8591 whg e AAtEtalTh Fig. 2.6(a) el
gk upel o] A47he] = (Node) ol A Alrto]l s o] Rel Ao thdt s
B =, Ao A717F vS AW AR AR FA sA AaE A FE

|

O

R

al
2~
qAs
PN
o]

Q2 X

Ha, 2717k R Aom A Ashe AHEE BobAAR AR Akl LR Ao
A 5 Q) Wl B4s 279 A4E Agsks Aol FL Fig 449 Lo

A 7252 wx=2 748 ACel) 9 S e, AAHow Ao A4
of W grel el Wyl 9, e uAES 80-85 %elAE 1 W 9S4
gttt whebA Ade A719) AxE AAsk] flE d® Ao Ji 15070 o]

Collection @ chosun



dY T E Ee|Eo R HAskal(Fig. 4.4 W3F FA), ke Fule] Aol 7b g
1 Ng 23t 99 %= 2483t (Fig. 4.4 vhsk A9, 12a 4

R
0,
i3
[e]
N

= AAkete] Fig. 4.4(D el Z4zte]l uAkEo mE A4dst Axe] 77] HE
2 g9, RE dAARANS 23} 99 golatel Azl A7) ZAA AAkE 9t

1H 4AFe] HeE e wjdo] wE FHEX W
Fig. 4.5 938 JA(a7)¥H3}), Fig. 4.6 93 JA AW, Fig. 4.7 29

g YA (=71sh EEolth Fig. 4.5-4.7¢14 1FAl vt wiAle 1A A=
el Fig. 4.3904 A= wpel go] vy vide] she2xs Adgo=r 7Hgsto] 4

o

[‘

Moz e 2Hz e Yo = AAE g e Re = 109 7oA 98 otg
By Sudoig SuAe ¢Ho] ko HLeAl ctglo] vromw Mol ¢tgl o) 2}
o|7} E4= M o)yt HHsick. uAE (%) ZHzE 10, 15, 20, 30, 40, 45,
50, 60°. z

2 aA YARHE Aofsklal, Rex= 72 10, 25, 50, 100, 250, 5008.% A
ofstirh. Yo wigde] 2 AY WA maloleke =gt welst 14w w

o] Atelell srelguie] ztol7k Qlar, FeEjel wide] tE 93 JAH(Ar|HE) R
293 JA(A7Hgh) BEE 2 A7|Ast B0 R INES AT 1dE]
Zold = o ule] xfol7l At Fig. 4.5-4.79 RE Rdo thaja mArE]
S7hetel whet g TvE Sk AS = 4 Alvh B3 Revb S7REel w4

sk R
THi7} StolA= AL B S Qith. 3AEY Red wE oEujo] W= A e sto]
Z}7} Fig. 4.8%} Fig. 4.9 &3}t

_32_

Collection @ chosun



| 0
| -100
@ X s
St \ ~ 4 200
n \ \'___,
0 \ ]
¢ v
I Circular particles “ | - 300
Solid fraction 10% \ |
D=0.024404 A |
F—— Re=500 \ 1 -400
—— Re=250 v
—— Re=100 v
F—— Re=50 A 1 -500
—— Re=25 \
—— Re=10 }
n | L 1 1 L I 1 _BDO
04 08 12 16 20 24
C -
¢ i |
F | |
o I===7"7° Ul
e | |
- — T T
__§ F— | d10
el
T S ety
L S—
- W e - -200
\ = S
\ ~ |
o ¥ ¥
s L \ W 4 -400
o \ Ny L
w \ !
£ v
| Circular particles 3 | /72
Solid fraction 20% % |
D=0.042269 % |
F—— Re=500 3 4 -800
—— Re=250 v
—— Re=100 AT
F—— Re=50 LA < -1000
—— Re=25 by
—— Re=10 —
L 1 1 1 _1200
0.4 0.8 12 18 20 24
X

Pressure

Pressure

ok I I
| |
. F 1
S I |
T T —T T F T
— T 40
ey ==dt——
O N
L R R S 0
\ ~ N |
\ ~ —
r \ R 4 200
\ ® I
- ¥ ¥l - -300
A I
8 \ ‘ 4 400
\
L Circ_ular pa_rticles N I | =00
Solid fraction 15% A |
\
T SR P
F—— Re=250 Y
[—— Re=100 v 4 -700
[ —— Re=50 v
F—— Re=25 800
F—— Re=10 :
1 L 1 | I J _900

Fig. 4.5.1 Pressure distribution according to the change

I
r \ ~ 4 750
N\ ~ L
- i ‘ 1 1000
¥ I
AY
[~ Circular particles \ I - -1250
Solid fraction 30% A |
F  D=0.042269 \ | 4 1500
—— Re=500 ‘\
F—— Re=250 < 4 1750
F—— Re=100 W
= Re=50 N - 2000
I —— Re=25 \
r— Re=10 ‘ — 2250
" 1 1 Il 1
04 038 12 16 20 24
X
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fraction(%) of (a) 10, (b) 15, (¢) 20, and (d) 30. The solid fraction were

controlled by size of circular particles.
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controlled by size of circular particles.
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Fig. 4.6.2 Pressure distribution according to the change of Re for the artificial
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controlled by interdistance between circular particles.
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controlled by size of petal-shaped particles.
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Fig. 4.11 Change of C for (a) circular(hexagonal) and

petal-shaped(tilted-quadratic) particles and (b) configuration of circular particles

according to solid fraction in Kozeny-Carman model.
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Fig. 412 Change of (a) C and (b) Da for tilted-quadratic configuration
according to solid fraction controlled by size of circular and petal-shaped
particles. To determine C of petal-shaped particles, the diameter in

Kozeny-Carman model was applied in hydraulic diameter.

Fig. 4.12014 1249 Feivk 4% Coll A= 932 e 949 278
Ao WAES WA 45" J1gold A e 98 Qae 2AF A%
9e wnge w, o] wde] BAF Fol kel Felel oA Co Dagh

ubolsh watstaih. whebd Aol Feje Cghel Eutolel JFS vATA B9
"ok Fig. 4.120) 1A %9 Aol Dazt 99 d#ke] Daith 7] HH% °ll,
(23l oA Fig. 4.12(a) 9] =99 A C7F 98 dA9 CEY =2 A0 1—1
AstAuk 98o] old HEY2 Ao g sAs= sty DA Lo <lg] ul
At Aolx BRHM, ()9 AH7}t Khajehdt Maijers] AFAT JWAEsH
Z[4], 9]= zpol= o} Fyeta AAS ALst= Aol Adsicty AT

- 44 -

Collection @ chosun



T T T T T T T T T
o Presentstudy ® Present study ® Present study

Ny
°
N ——KC model(C=Average, 166) —— KC model(C=Average, 165) —— KC model(C=Average, 142)
1E-4 - = KC model(C=150) 1E4f @ - = KC model(C=150) 4 1E4f — = KC model(C=150) E
N — KC model(C=180) —-— KC model(C=180) —-— KC model(C=180)
s
= = =
[ Q Q
Qo el e}
E E g
c 1E5 C1ES5 | 4 £ 1E5 g
> > >
< e (2l
© O ©
o () o
. N
1E-6 | < 1E-6 | 4 1Est Petal-shaped particles ~\» |
Circular particles Circular particles (Equal interdistance) °
(Equal interdistance) (Equal radius) (Hydraulic Diameter)
h h I f | . L h n | 1 h h 1 f
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
Solid fraction (%) Solid fraction (%) Solid fraction (%)

Fig. 4.13 Comparison of present study in Fig. 4.10 with Kozeny-Carman
model according to solid fraction. C in Kozeny-Carman model was determined

as C = 150 and 180 and Average in Fig. 4.11(a).
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Fig. 4.14 Comparison of dimensionless permeability in present study (a) about
configuration of circular particles and (b) Eq. (24)[7] and (c) various reported
results[8,36].
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