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13. 2 Flow and heat transfer in porous media

2 fLI R BB R

Focus: In this example, first the background of porous
media Is Introduced, and then governing equations for
fluid flow and heat transfer in porous media are
discussed In detalil.
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13. 2 Flow and heat transfer in porous media

Known: Steady state fluid flow and heat transfer of
air in a channel filled with porous medium made of
Aluminum (#8). The porosity (FLFRZ) of the porous
medium is 0.8. The permeability (Zi&E %) of the
porous medium is 7.E-8 m?. The computational domain
IS shown in Fig. 2. The boundary condition is as follows.

m Inlet: u---5m/s ; T---300K
m Pressure outlet: Gauge pressure (FH) : 0 Pa.

s Top and bottom boundary: 2" boundary condition

Heat flux: g=10000 W/m? 3/76
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Porous media

Inlet: Outlet:
u=5m/s Pressure

T=300K outlet

b q=10000 W/m?

Fig. 2 Computational domain
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Find: Temperature and velocity distribution in the domain
Solution:

Continuity, momentum and energy equation for

pPorous media??

The governing equations for porous media are
different from the original NS equation. Thus, we will
study together background information of porous
media and then derive the governing equations.
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Introduction to Porous media

A porous medium is a material that contains plenty of
pores (E‘L) between solid skeleton (‘HZ2) .

Black: solid
o® e White: pores

' A al
Two necessary elements In a porous medium:

Skeleton : maintaining the shape of a porous medium
Pores: providing pathway for fluid transport.
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Metal foam (&)@ ¥EK)
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Carbon fiber (BRE4)
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Catalyst
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Stone
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Structure Characterization (&5HIFB4E)

Porosity (FLFR %K)
The volume ratio between pore volume and total volume
V
e — pore
Vtotal
In the range of 0~1. i
Pore size (FLB4-16)

The size of pores. Use pore
size distribution (PSD) to
character (FR4iE) size of
pores in a porous medium.

Frequency (%)

L L L I L L L L I
0 20 40 60 80
Diameter (nm) 11}(’76
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Two velocity definition in a porous medium:

‘.
Vsuperficial = gvphysical m
Vphysical .
Porosity . & .‘

Vonysicar (BLEHBEE) :  the actual flow velocity in the
pores.

Vauperficiar  (GREMLEBE): the averaged velocity in the
entire domain.

V <V

superficial physical

Fluent uses superficial velocity as the default velocity. 12176
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Original continuity and momentum equation

op
—+V-(pu)=0
p- (pu)

6(§u) +(U-V)(pU) = —Vp+7V2u

Mass conservation equation for porous media:

As the total mass of fluid Is pV; = p&V, ., = peAXAyAz

d(ep)
ot

+V- (EIOU physical) =0

Fluent uses superficial velocity as the default velocity.

d(ep)
ot

+V- (pusuperficial) — O 13/76
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Momentum conservation equation for porous media:
d(pu)

+(u-V)(pu)=-Vp+nVau

ot
PUpVs = PUREV o = pUEAXAYAZ
a(gpu physical) n (U
—

physical V)(gpu physical ) — —EV( p) + ngvzuphysical +F

N

Force due to porous media

o(pu,, . . U, e u. ..
(p superf|0|al) n ( superficial ) V)(pusuperﬁCial) _ —6‘V( p) 4 877V2( superficial ) 4 F

ot P g

For incompressible steady state problem:
V-u =0

superficial

usuperficial 1 2
( ) V)(usuperficial ) - EV( p) + 77V (usuperficial) +F
E o, 14/76
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The fluid-solid interaction Is strong In porous media.

Porous media are modeled by adding a momentum
source term:

F_ &Y, ek,

K superficial \/E
The first term is the viscous loss term (F4}EI) or the
Darcy term.

The second term is inertial loss term (#§1k¥i) or the
Forchheimer term.

lu

superficial | u superficial

k is the permeability (}2#&2X) of a porous media, one

of the most important parameter of a porous medium.
15/76


/
/

s ) ¥ CFD-NHT-EHT
& TLILA ? CENTER

ability (BiEX)

In 1856, Darcy (E T #EJH) noted that for laminar
flow through porous media, the flow rate <u> is linearly
proportional to the applied pressure gradient Ap, thus

he introduced permeability to describe the conductivity
of the porous media. The Darcy’ law Is as follows

Perme

A

K Ap
< U >=
L] e
K is permeability with unit of _ .
m? Ap
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Schematic of Darcy’s experiment

Working fluid

communicating
vessels

G
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In Fluent, this force source term is expressed as

1
F='§U'C2§P|U|U

K: permeability; C,: inertial resistance factor (i&M 1)
Here, viscous resistance(F B F1) is 1/k!

Rl

Viscous Resistance

Direction-1 (1/m2) [4 | constank n

Direction-2 (1/m2) [4 | constank

Permeability I1s a transport property of a porous
medium, and there are database of k for different

porous materials. 18/76
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The second term can be canceled if the fluid flow Is slow

u 1s small, <<1, thus u*u is smaller.

Otherwise, this term should be considered.

There have been lots of experiments in the literature to

determine the relationship between pressure drop and

velocity of different kinds of porous media, and thus to

determine permeability. 19/76
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Ergun equation is one of the most adopted empirical

equations (/AR for packed bed porous media.

AP 1504 (1-&)  1.75p (1-¢)
| D & o D g
P

p

Diameter of solid particle

1
F='§U'C2§P|U|U
Comparing the two equations, you can obtain k and C..
b & _35(1-¢)

K

CZ

_150 (1—3)2 Dp 83

20/76
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Energy equation

rar
0P, )+(u -V)(pC,T)=AV°T+S '

ot
. '.‘

Heat transfer in fluid phase as well as in solid phase.

'.{

For porous media:

There are two models for heat transfer:

Equilibrium thermal model (- EAGHELEY)
Non-Equilibrium thermal model (JEHEATEER) 2176
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Equilibrium thermal model (FEEHEII)

Assume solid phase and fluid phase are in thermal
equilibrium. In other words, the temperature of fluid
and solid in a mesh Is the same.

o(pC.T)
ot
For the first term :

Original

+(U-V)(pC,T)=V(AVT)+S

PC. TV =(1— &)V (0C, )siia Teoia + €Y (OC ) uia Truic
- [(1_ €)(PC,)sotia T €(PC )i ]VT

pCpT = [(1— 5)(PCp)so|id v g(pcp)ﬂuid ]T 22[76
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For the second convection term:

(U-V)(goC . T)

As convective term is only for fluid phase!

For the diffusion term:
VIAVTN =V(AVTV(A-&)+ V(A VT, Ve
=V(A (1-&)VTIV +V(1,eVT IV
=VV(A,(1-&)VT +4,6VT)
=VV (1, VT)

AVIT =|(1-&)A, +&A, |VT

For the source term

SV =(1—¢) VS, +&Vs, e
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(| (1 £)(PC,)eais + €(PC ) |T)

= +(u-V)(gpC,T)

=| (1-£)A, +&A, |V?T +| (1-£)S, +£S, |

(PCp)er = [(1_ €)(PC, )sotia + g(pCp)quidiI
Ao =A—&)A +ed, Sy =1-¢)S, +&S;

The final energy equation for porous media

o((PC,)er T)
ap - +( superficial
t

V)(PC T)= 2 V2T +S,

24176
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No equilibrium thermal model (FJEEGHELE)

Solid phase and fluid phase are not in thermal
equilibrium. The energy equation are solved for fluid
and solid region respectively. At the fluid-solid phase,
they are coupled by convective boundary condition.

Fluid region

a([g(PCp )suid :|Tf )
ot
=| &, |V?T, +| S, |+hA(T, -T,)

+(u-V)(gpC,T;)

25/76
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Solid region

o (1-£)(PC, )i |T)
ot

=[(1-&)A VT +[(1-&)S,]+hA(T, -T,)

Two equations are solved separately, and 3" boundary

condition is adopted to couple the two equations.

26/76
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- | pod

Fluent Launcher

1. Choose 2-Dimension

O ptions

[] Double Precision

e 2. Choose display options

O Parlel 3. Choose Serial

processing option
Defal Cancel Help :

27176
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Step 1: Read and check the mesh

Read the mesh and check the quality and topological
Information of the mesh.

Done.

Preparing mesh for display...
Done.

Domain Extents:
x—coordinate: min (m)
y-coordinate: min (m)

) i i 1 Uolume statistics:

1.080088088e+82
1.808080e+@1

B.000080e+08, max (m)
A.000000e+0808, max (m)

minimum volume (m3): 2.08241640-082

maximum volume (m3): 2.024260e-082

total volume {m3): 1.88000808e+83

Face area statistics:

minimum face area {(m2): 1.810094e-81

maximum face area (m2): 2.884813e-81

Checking mesh... ... e meimimannnnnns
Done.
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Domain Extents

Scaling

¥min {m)

Ymin {m)

0

0

Xmax (m)

Ymax {m)

100

@ Convert Units
) 9pedify Scaling Factors

Megh Was Created In

-

View Length Unit In

mi

Slaling Fackars

&

i

0.001

0,001

Scale H Lnscale

The mesh is generated in ICEM using unit of mm. Fluent

Import it as unit of m. Thus, “Convert units” Is used.
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Step 3: Choose the physicochemical model

Activate fluid flow and energy model in Fluent.

Meshing Models

Mesh Generation Maodels
Solution Setup

General

I Radiation - Off

Materials Heat Exchanger - Off
Phases Spedies - Off

Cell Zone Conditions Discrete Phase - Off
Boundary Conditions Solidification & Melting - Off
Mesh Interfaces Acoustics - Off

Dynamic Mesh
Reference Values

Solution

Solution Methods
Solution Controls
Monitors

Solution Initialization [ DI{ ] [EEHCE'] [ HElI:I ]
Calculation Activities

Run Calculation Edit...

Results 30/76
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Step 4: Define the material

Define the materials and their properties required for
modeling!

In Fluent, the default fluid is air and the default solid Is
Al. They are the materials we will use in Example A2.

Properties

Materials Density (ka/m3) [ onstant
|z:-'19
Materials
: |a?1
all
Sl:llllj Thermal Conductivity (w/m-k) |mn513nt
aluminum 24

31/76
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Step 5: Define zone condition

There are two options in Type ]
Fluent for zone condition: fiuid -
Fluid Solid 5 soli

Porous media is treated as Fluid in Fluent.

Fluid T .

—

Here you can click “Porous zone”

Zone MName

||:u:|rn:|us

Material Mame [air vl | Edit...

[|Frame Motion [ Source Terms
[ Mesh Motion [ Fixed Values

===z= Porouszone  Then you can define related

Reference Frame ] Mesh Motion | Porous Zone | Embeddec

to define the porous media.

S —— porosity and transport

X(mj (g ’mnsiﬁnt v]

‘@ o 5 properties. 32/76
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| Relative Velodty Resistance Formulation

T Viscous resistance
Direction-1 {1/m2) [5 constant =
Direction-2 (1/m2) [ constant =
1 y7i 1
— @F=-=u-C,=pluju = C
k k ‘2 2

Inertial Resistance

Alternative Formulation lnerti
Direction-1 (1/m) [4

_mnsEnt =

Direction-2 (1/m) [ constant N

33/76
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KC equation is adopted, another equation obtained

from experiments
AP _180u (1-¢)

Dpzlmm €=0.8

k=7.11E-8, 1/k=1.4E7 C,=0 24176
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Porosity

Fluid Porosity

Porosity ‘U.E constant B

k=7.11E-8, 1/k=1.4E7

o | Relative Velodty Resistance Formulation

Viscous Resistance

Direction-1 (1/m2) [{ 4o 107 — =

Direction-2 (1/m2) [{ a-1n7 — =

35/76
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Step 6: Define the boundary condition

I n IEt Zone Name
in
Momentum |Therma|| Radiatinnl Spe::iesl DPM | Multiphasel UDSs |
Velacity Specification Method | Magnitude, Normal to Boundary M |
VeIOCity Reference Frame | apeolute 1....|
Velodty Magnitude (m/s) [ |mn513nt 1r|
Supersonic/Initial Gauge Pressure (pascal) [ |mn513n1: --|
| ok | [cancel| | Help | |
Zone Mame -
= Temperature

Momentum Thermal | Radiation | Species| DPM | Multiphase | UDs |

Temperature (k) | 293,15 | constant i | 36/76
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Outlet: pressure outlet

Preszure Outlet =

Zone Mame

||::|ut

Mormnentum |Therma|| F'.adiatinnl Spe::iesl DPM I Multiphasel UDS |

Gauge Pressure (pascal) |D |::|::n513r1t A |

Backflow Direction Spedification Method |r'-.lnrmal to Boundary

|:| Average Pressure Specification
|| Target Mass Flow Rate

Gauge Pressure (FH)

37176
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For pressure outlet boundary condition, Fluent asks you
to input the Backflow Total Temperature. However, it
will play a role only if there Is backflow. There Is no

Information provided by Fluent Help File about what is

the actual boundary condition for heat transfer.
FE Pressure Dutlet‘_ —— léql

Zone MName

|wall

Momentum Thermal | Radiation | Species| DPM | Multiphase | uDs |

Backflow Total Temperature (k) | 300 | constant -

Backflow Total Temperature

| oK | |Cance|| |HE||:I |

38/76
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Wall: heat flux

fone Mame

wall

Adjacent Cell Zone

pOrous

Momentum  Thermal | Radiation | Species| DPM | Multiphase | UDs | wall Fim

Thermal Conditions

@ Heat Fux h éat fl uX Heat Flux (w/m2) | 10000 | constant - |

) Temperature

Convection Wall Thickness (m) |I:I
() Radiation ®
)

) Mixed Heat Generation Rate (w/m3) |D |::nn513nt
via System Coupling

Material Mame

alurmirum - | | Edit... |

39/76
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/st step: Define the solution

For algorithm and schemes, keep it as default. For more
details of this step, one can refer to Example Al of

Chapter 13.

Solution Methods

Pressure-Velocty Coupling

Scheme

|SIMPLE

Spatial Discretization

Gradient

ILeast Squares Cell Based

Momentum

ISemnd Crder Upwind

Energy

ISEmnd COrder Upwind

Mon-Iterative Time Advancement
Frozen Flux Formulation

Algorithm: simple

Gradient: Least Square Cell Based
Pressure: second order
Momentum: second order upwind

Energy: second order Upwind
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/st step: Define the solution

For under-relaxation factor, keep it default. For more
details, refer to Example Al.

8st step: Initialization

Use the standard initialization, for more details of
Hybrid initialization, refer to Example Al.

Step 9: Run the simulation

Step 10: Post-processing results
41/76
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1/k=1.4E7
C,=0
Porosity=0.8

u=>5

2 41e+00
2142400
1 87e+00
1.61e+00
1.2de+00
1.07e+00
20301
5 3fie-01

7 BRa Il

5.50e+01
4.81e+01
4.12e+01
3.44e+01
2.75e+01
2.06e+01
1.37e+01
6.87e+00
0.00e+00

3.16e+02
2 MNean?
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Maxpa=137Pa

MaxT=628K
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2: Operating the Fluent software to simulate the
example and post-process the results. ( IZTTEREF )

43/76
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