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Abstract

This thesis deals with the interface conditions of a coupled porous and fluid media in

the context of PEM fuel cell. We first review the Volume of Fluid Method and then do the

extended review of Darcy’s Law for single phase flows and two-phase flows using Whitaker’s

volume averaging technique. We derive the interface condition for the continuity equation

for two phase flows for the coupled porous fluid problem. We study T-channel as a theoretical

idealizedmodel of PEM fuel cell cathode region porousmedium. We use here Volume of Fluid

(VOF) to study the two phase flows using the commercial CFD software FLUENT. The CFD

software has been validated and the appropriate parameters for the VOF have been identified

for the two phase flows for the T-channel. We put forward the idea of computation of macro

parameters like relative permeability, saturation-capillary pressure curve for the T-channel in

series. We present the results of the simulation of two phase flows for T-channel in series and

for random circular obstacles as a model of porous medium.
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Chapter 1

Introduction to the problem

1.1 Introduction

The problem considered in this thesis relates to the fluids and the porousmedium. The porous

medium consists of a solid matrix with an interconnected void through which the fluids can

pass through the material. Common examples of natural porous media are soil and sand and

industrial porous media include textile,filtering materials and the Gas diffusion layer in a PEM

fuel cell. In many situations, the porous medium is surrounded completely or partially by a

region, occupied purely by a fluid. Let � be a connected bounded domain in R2 or R3 and let

� is subdivided into three subdomains: pure fluid part � f , porous media �p and the pure

solid part �s .

Let us start our considerations with slow single phase flow.The mathematical model in the

fluid region is based on laminar, incompressible, isothermal stationary Navier Stokes equa-

tions given by [14]:

−µ4v + (ρv.∇)v + ∇ p = f, (1.1)

∇.v = 0 (1.2)
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For the porous medium �p, the flow of a fluid can be described by Darcy law given by [14]:

−∇ p =
µ

K
uD (1.3)

where uD is the filtration velocity and K is the permeability of the porous medium. uD mea-

sures the macroscopic behavior of the fluid motion and K measures the flow conductance of

the porous medium. Darcy’s law is valid when the inertial effects are neglected and the poros-

ity is not very high. In order to take into account of the high porosity effects , heuristic models

have been developed, an example of which is so called Brinkman relationship,using no slip

boundary condition, given by [14]:

∇ p = −
µ

K
uD + µe f f ∇

2uD, (1.4)

where µe f f is a function of µ and geometry of the solid matrix e.g. porosity. Microscopically

Navier-Stokes equation can describe the flow of the fluid at the pore level inside the porous

medium. In the case of two phase flows, proper extensions to Navier Stokes and Darcy equa-

tion are used. This will be discussed in Chapter 3.

1.2 Interface Condition

One of the important problems is to deal with the coupled problem of � f and �p. In this

situation, the transmission conditions on the interface between the two domains become im-

portant. On the interface from the porous medium side, the microscopic viscous shear resis-

tance is large while on the plain medium side, the macroscopic viscous shear stress is large.

Through this interface layer the velocity and the pressure change continuously. The effective

flow in the porous medium is described by the Darcy’s law and in the free fluid medium,

we have the Navier Stokes equation. Since, these two differential equations are of different
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order, and hence, the solution from one system may not match with the solution obtained at

the interface. So, it is not trivial to specify what conditions can be assigned for the interface.

To provide an example, the classical conditions for the viscous flow may be the continuity of

pressure, continuity of the normal velocities and the vanishing of the tangential velocities at

the interface. A variant for interface condition for the coupled problem was proposed in the

case of flow parallel to the porous medium, by Beavers-Joseph as given by [4]:

∂u1(x, 0)
∂y

=
α

√
K
(u1(x, 0)− u D(x, 0)) , (1.5)

where, uD(x, 0) is the filtration velocity at the interface and u1(x, 0) is the tangential compo-

nent of the velocity of the free fluid at the interface ((x, 0)). So, this condition suggests that the

solution at the interface from the two set of equations need not match and there can be con-

siderable difference in these two velocities u1(x, 0) and uD(x, 0) and there is a very thin region(
of the order of

√
(K )

)
where this change takes place. Another interface condition proposed

by Ochio-Tapia and S. Whitaker using volume avergaed technique is given by:

up = u f ,

np[(µ∇u − pI)| f − (µe f f ∇u − pI)p] = Mu.

where, up and u f are the velocities on the porous media side interface and the fluid media

side interface respectively. M is a second order tensor to be experimentally determined. In

this thesis,we study here the interface conditions for the mass continuity and the momen-

tum conservation for single phase flows and for two phase flows. We deal with the interface

conditions as derived by Ochio-Tapia and S. Whitaker using volume averaged method for sin-

gle phase flows and then derive the result of mass continuity for the two phase flows at the

interface.
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1.3 Two Phase flows

In the modeling of two phase flows, we assume here that there is no mass transfer taking

place, and the two fluids considered are immiscible. Generally, the walls of the solid skeleton

in porous medium will have a particular preference for one of the phases, called the wet-

ting phase. For example, in the water-air system, water is the wetting phase in the case of

hydrophilic media, while air is wetting phase for the hydrophobic media. Since, we are con-

cerned with only water and air here, we can denote the subscript w for wetting phase and n

for non-wetting phase. Due to surface tension and the curvature of the interface between the

two fluids, the pressure in the non-wetting phase is larger than the pressure in wetting phase.

This pressure difference is called the Capillary pressure and is defined as:

pc = pn − pw. (1.6)

We define the quantity called as saturation si , i = w, n of phase i , which is defined as the

fraction of the void volume of the porous medium filled by that phase. We also assume that

the capillary pressure is only a function of si .

Often, we are not concerned about the fluid velocity at every point(microscopic), rather we

would like to know the overall behavior of the fluid (macroscopic). These macroscopic parame-

ters of the fluid flow, for a variety of cases, are absolute permeability K , relative permeability

kw and kn and the viscosities µi of the two fluids in a two phase flow. We extend the Darcy’s

Law for the two phase flows and thus we obtain the following set of equations [16]:

vw = −
Ke f fw

µw
(∇ pw) , (1.7)

vn = −
Ke f f a

µn
(∇ pn) . (1.8)

Here, Ke f fw and Ke f f n are known as effective permeabilities for the flow of each fluid. Be-

cause of the simultaneous flow of the two fluids, there is interference in the flow of the fluids,
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and hence, the effective permeabilities will be less than the absolute permeability. We then

define, the relative permeability as a ratio of the effective permeability to the absolute perme-

ability. Hence,

kw =
Ke f fw

K
, (1.9)

kn =
Ke f f n

K
. (1.10)

Thus, Darcy’s Law can be rewritten as [16]:

vw = −
K kw
µw

(∇ pw) , (1.11)

va = −
K kn

µn
(∇ pn) . (1.12)

To model the two phase flows, we use the Volume of fluid (VOF). We start at microscale

with two phases immiscible flow governed by Navier Stokes equations. We provide a short

review of this method for modeling the two phase immiscible flows. We use VOF method to

conduct different numerical solutions in order to study the two phase flows. Volume averaging

approach is later used to derive the macroscopic model starting from the microscopic solution.

1.4 Fuel Cell

The Proton Electrolyte Membrane fuel cell is basically a battery which operates on the elec-

trochemical reactions between Hydrogen and Oxygen. The byproducts are the electricity and

the water. It consists of electrolytes (Proton Electrolyte membrane) sandwiched between the

anode and cathode. On the anode, Hydrogen breaks down into protons and electrons, and

the protons move towards the cathode through the electrolytes and the electrons move to-

wards the cathode through an external circuit hence, the circuit is completed. The electrolyte

membrane makes sure that only the proton moves through the anode and not the electrons.
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Hydrogen then reacts with the Oxygen available to produce water. This reaction takes place

at the layer named as catalyst layer of the cathode side. The water diffuses through the cat-

alyst layer and then through the fibrous substrate into gas channels where it is transported

away by the convection. The fibrous layer and the catalyst layer together constitute the porous

medium of the cathode side. This is the porous medium which we will be dealing with for

the practical application of the interface conditions. The water management of the PEM cells

is a very critical requirement as both the excess of water and the scarcity of water in porous

media can lead to serious reduction in the efficiency of the fuel cell [1]. The void space of the

porous medium can be interpreted as the microchannels and hence, we can try to study the

water-air two-phase flows in these microchannels to understand the fluid behavior. We use

the VOF method to study this two-phase flow. The study [1] demonstrates the effect of the

droplet formed on the interface between the airflow and the porous medium on the average

liquid pressure. Also, the study concludes that the capillary pressure function does not give

very good agreement for liquid saturation higher than 0.2, as the droplets formed already start

influencing on the liquid pressure on the porous medium. In this light, the importance of

having the right predictive model for the porous medium macroparameters for the fuel cell

becomes important. To gain this understanding of the droplet formation and its effect, we

study the droplet formation in a T-shaped geometry using the VOF method for the two-phase

flows. T-channel, as the name suggests, is a T-shaped geometry where two channels merge at

a right angle. The main channel carries the air, and the orthogonal channel carries the water.

We then try to model the porous medium as a series of T-channels. We use it to study the

droplet formation as a result of this two-phase flow. We calculate the macroparameters for

the T-channels in series and then we compare with the macroscopic parameters for another

model of porous medium using the random distribution of the circular obstacles of different

sizes.
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1.5 Organization of the thesis

We begin with the review of Volume of FluidMethod and then in Chapter 3, we do the extended

review of Darcy’s Law for single phase flows and two-phase flows using Whitaker’s volume

averaging technique. We also derive the interface condition for the continuity equation for

two phase flows for the coupled porous fluid problem. In Chapter 4,we study T-channel as a

theoretical idealized model of PEM fuel cell cathode region porous medium. We also show

the validation of the two phase flows for the T-channel using Fluent. We also find out the

optimal parameters for the VOF method for the air-water flow in a t-channel. In Chapter 5,

we then put forward the idea of computation of macro parameters like relative permeability,

saturation-capillary pressure curve for the T-channel in series. We also present the results of

the simulation of two phase flows for random circular obstacles as a model of porous medium

and comparison of the formation of droplets vis-a-vis in the T-channel series. We then compute

macro parameters for the random circular obstacles as a model for the porous medium and

compare with the T-channel in series formulation.
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Chapter 2

Review of Volume of Fluid Method

2.1 Introduction

The volume of fluid method is a multiphase modeling technique based on surface tracking of

the interfaces of immiscible fluids applied to a fixed Eulerian mesh. It is designed for two or

more immiscible fluids where the position of the interface between the fluids is of interest. In

the VOF model, a single set of momentum equations is shared by the fluids, and the volume

fraction of each of the fluids in each computational cell is tracked throughout the domain.

Typical applications include the prediction of jet breakup, the motion of large bubbles in a

liquid and particularly relevant here the steady or transient tracking of any liquid-gas interface.

In the volume of fluid method, the flow equations are volume averaged directly to obtain a

single set of equations and the interface is tracked using a volume fraction function γ , which

is defined as [17]:

• γ = 1 ⇒ control volume is filled with phase 1.

• γ = 0 ⇒ control volume is filled with phase 2.

• 0 < γ < 1 ⇒ control volume has an interface present.

Considering only two phases, we can list the following three cases based on the definition of
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volume fraction function γ .

2.1.1 Case 1: Averaging picks out phase 1 (γ = 1).

The mass conservation and the momentum conservation equations then take the form:

∂〈ρ1〉

∂t
+ ∇.〈ρ1u1〉 = 0,

∂〈ρ1u1〉

∂t
+ ∇.〈ρ1u1u1〉 = ∇.〈T1〉 + 〈ρ1g〉.

2.1.2 Case 2: Averaging picks out phase 2 (γ = 0).

Once again, the mass conservation and the momentum conservation equations take the form:

∂〈ρ2〉

∂t
+ ∇.〈ρ2u2〉 = 0,

∂〈ρ2u2〉

∂t
+ ∇.〈ρ2u2u2〉 = ∇.〈T2〉 + 〈ρ2g〉.

Where, ρ1, ρ2 represent the densities, u1,u2 velocity vectors ,T1,T2 are the stress tensors for

the two immiscible fluids.

2.1.3 Case 3: Interface present (0 < γ < 1).

The mass conservation and the momentum conservation in this case is different for two dif-

ferent phases present. For this reason, we use the volume fraction function to write down the

conservation equations in both the phases separately and then combine both of them to obtain

one set of equation .

• Mass Conservation

∂〈γρ1〉

∂t
+ ∇.〈γρ1u1〉 = 0,
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∂〈(1 − γ )ρ2〉

∂t
+ ∇.〈(1 − γ )ρ2u2〉 = 0.

• Momentum Conservation

∂〈γρ1u1〉

∂t
+ ∇.〈γρ1u1u1〉 = ∇.〈γT1〉 + 〈γρ1g〉 +

1
V

∫
AI

T1.nI12d A,

∂〈(1 − γ )ρ2u2〉

∂t
+ ∇.〈(1 − γ )ρ2u2u2〉 = ∇.〈(1 − γ )T2〉 + 〈(1 − γ )ρ2g〉 +

1
V

∫
AI

T2.nI21d A.

Now, we define:

ρ = 〈γρ1 + (1 − γ )ρ2〉,

T = 〈γT1 + (1 − γ )T2〉.

Hence, we can now combine the conservation equations for both the phases to write one set

of conservation equation valid for the entire control volume [19]:

∂(ρ)

∂t
+ ∇.(ρu) = 0,

∂(ρu)
∂t

+ ∇.(ρu u) = ∇.T + ρg + fI .

The appearance of the term f I signifies the presence of the surface tension that arises between

the two phases. We will present the modeling of this force later. Also, the evolution of the

interfacemoves with in accordance with the advection relation for the volume fraction function

γ [19]:
∂γ

∂t
+

Uiγ

∂xi
= 0.

Here,Ui is the advection velocity for the interface.
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2.2 Interface Construction

It is important to have the interface representation as sharp as possible. The evolution equa-

tion for the volume fraction function γ provides only information about the volume fraction

of phase 1 in a computational cell, but it does not provide information about the shape of

the interface. Therefore, VOF method has to be completed by the interface reconstruction

procedure. To have the interface sharp, we will discuss two methods which are widely used.

2.2.1 Piecewise Linear Interface Construction

We discuss the piecewise linear interface construction (PLIC) for 2-D case. The extension to 3-

D is straightforward. In PLIC we assume that the interface in a computational cell is a straight

line of the form [18]:

G(x, y) ≡ Ax + By + C = 0.

We need to compute the three parameters A, B and C so as to construct the interface. For

this purpose, we first take the γ (x, y) at the center computed from the previous iteration. We

then interpolate these values at the center to obtain the values at the corners and then calculate

A, B using

A ≈ ∂x(γ ) =
γi+1/2, j+1/2 + γi+1/2, j−1/2 − γi−1/2, j+1/2 − γi−1/2, j−1/2

24x
,

B ≈ ∂y(γ ) =
γi+1/2, j+1/2 + γi−1/2, j+1/2 − γi+1/2, j−1/2 − γi−1/2, j−1/2

24y
.

To calculate C , we calculate the volume fraction at the center of the computational cell and fit

the value of C such that the straight line divides the computational cell in the ratio of volume

fraction calculated at the center. The sign of G(x, y) provides the information about the point

lying in fluid 1 or fluid 2. Then, C is the root of the equation

g(C) = V (C)− Fi, j = 0

18



where V (C) denotes the ratio of the volume of the core fluid to the total volume of the cell,

Vi, j for the previously determined values of the parameter A and B. The extension to 3 − D

is straightforward except for the additional computational complexity for the calculation of the

sub volume of the core fluid being a function of the location of the plane instead of a line as

in the case of 2 − D [17].

2.2.2 CICSAM

CICSAM is a high resolution difference scheme based on the idea of donor-acceptor flux ap-

proximation. To explain it in themost simplemanner, we assume a one-dimensional situation.

In a 1−D we concentrate on a particular cell, call it donor cell D(and the corresponding volume

fraction γD). We further suppose the flow direction from left to right and then designate the

left neighbor to D as the acceptor (A, γA) and right cell as the upwind (U, γU ). We then try to

compute the volume fraction function γ on the face between the acceptor cell and the donor

cell as a function of the neighboring values γD, γU and γA. We first define the normalised

variable [18]

γ̃ =
γ − γU

γA − γU
.

There are various schemes that gives γ f as a function of normalised variable γD, since γA =

1, γU = 0, any function of γA, γU and γD becomes a function of normalised γD denoted as

γ̃D. One of the widely used relation used is QUICK (Quadratic Upwind Interpolation for

Convection Kinematics),which is given by [18]:

γ f =
1
2
(1 + γ̃D)−

1
8
(1 − 2γ̃D).

The test cases reported in the literature indicate that PLIC method is mass conservative how-

ever, the method is limited to the structured meshes. In contrast to this, the CICSAMmethod

is also mass conservative as well as suitable for the unstructured grid. The limitation of the

CICSAM is that there is a region in which γ̃ f should lie as a function of γ̃D and this leads to
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a restriction on the local courant number implying a smaller time step to keep the interface

sharp.

2.2.3 Surface Tension

The VOF model can also include the effects of surface tension along the interface between

each pair of phases. The model can be augmented by the additional specification of the contact

angles between the phases and the walls. We will explain themodel that is used in the FLUENT

for modeling the surface tension, which basically is described by the extra term that appears in

the momentum equation f I . The pressure drop across the surface depends upon the surface

tension coefficient σ and the surface curvature as measured by the two radii in orthogonal

directions, R1 and R2 [19]:

p2 − p1 = σ

(
1
R1

+
1
R2

)
,

where p1 and p2 are the pressures in the two fluids on either side of the interface. In FLU-

ENT, the surface curvature is computed from the local gradients in the surface normal at the

interface. Let n be the surface normal, defined as the gradient of γ ,

n = ∇γ.

The curvature κ is defined in terms of the divergence of the unit normal, n̂, κ = ∇.n̂ where

n̂ = n/|n|. The surface tension at the surface can be expressed as a volume force using the

divergence theorem. This volume force is then given as [19]:

Fvol = σ
ρκγ

(1/2)(ρ1 + ρ2)
.

The importance of the surface tension effects is determined based on the value of dimension-

less numbers such as Reynolds number Re = ρU L/µ, capillary number Ca = µU/σ and

Weber number W e = ρLU 2/σ , where U is the free stream velocity, L is the characteristic
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length. For low Reynolds number (Re << 1), the quantity of interest is the capillary number

Ca and for Re >> 1, the quantity of interest is the Weber number W e. Surface tension effects

can be ignored when Ca >> 1 or W e >> 1. This is clearly evident from the definition of

these dimensionless numbers. As σ decreases these two numbers will become large.
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Chapter 3

Models in the Porous Media �p

3.1 Introduction

In the porous media, we can describe the fluid flow either in microscopic terms or in macro-

scopic terms. In the microscopic model we consider the equations on a microlevel, where

we represent the porous medium as a connected domain of pore space filled with the fluid

and the flow is governed by the Stokes or Navier Stokes equations with appropriate boundary

conditions for the solid-fluid interaction. For the macroscopic model, we try to formulate effec-

tive equations which represent the fluid behavior as it would be in a homogenousmedium.The

macroscopic unknownsmay have a quite complicated relation with themicroscopic unknowns

and often they can be represented as an averaged microscopic quantities. There are attempts

to establish the relationship between the micro and macroscopic formulation so that we can

gain insight into the various terms of macroscopic relations. This also helps us to understand

the justification of the macroscopic model, and checking that there are no excessive or missing

terms, and also to understand the limitations under which the model is valid. Since, the mi-

croscopic problem is highly resource intensive to be attempted by the numerical simulations,

we apply averaging techniques by choosing representative elementary volume in the porous

medium to obtain the effective macroscopic equations. Mathematically rigorous derivation of
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the macroscopic single phase Darcy equation is possible for periodic porous medium, starting

from Stokes equations at the microscopic level. In this case, the error estimates between the

microscopic andmacroscopic solutions are also available[3]. However, the models available are

not theoretically not rigorously justified for other cases and we resort to techniques like vol-

ume averaging. The volume averaging technique has been experimentally verified for some

particular cases[8]. Here we review the volume averaging technique and present the derivation

of Darcy’s law from microscopic formulation, and also obtain the interface conditions for the

single phase flows for both momentum and continuity equations. We then derive the interface

condition for the continuity equation for the two phase flows.

3.2 Local Volume Averaging and Darcy’s Law

We choose a representative elementary volume V (x) comprising of the neighborhood of some

point x and then take the average of the microscopic variables taken over this volume to find

averaged variables at any point x . The REV V (x) is a neighborhood of the point x , having

the same form and size for all x . Also, we impose the size restriction on V (x) as l <<

ro << L , where l is the pore level length scale, r0 represents the radius of the representative

elementary volume and L is the macroscopic length scale. We denote the solid phase of the

porous medium by the subscript α and the fluid medium by β. Aβγ denotes the area of the

interface between the α − β phases and similarly,Aβe denotes the outflow boundary of the

REV. Then the boundary volume problem under consideration can be expressed as [5]:

−∇ pβ + ρβg + µβ∇
2vβ = 0, in � f

∇.vβ = 0, in � f

B.C.1 vβ = 0, on Aβσ ,

B.C.2 vβ = f (r, t), on Aβe.
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Figure 3.1: Coupled porous and fluid media, � is the domain, �p is porous medium,� f is the
fluid medium, �p = �p f ∪�ps refer [14]

We define the phase average of any scalar quantity ψβ [5]:

〈ψβ〉 =
1
V

∫
Vβ
ψβdV,

where, Vβ represents the volume of the β phase contained within the averaging volume V (x).

Also, we define the intrinsic phase average denoted by 〈ψβ〉
β by:

〈ψβ〉
β

=
1

Vβ

∫
Vβ
ψβdV .

The two averages are related by:

〈ψβ〉 = εβ〈ψβ〉
β,

where εβ is the volume fraction of the β− phase defined by:

εβ =
Vβ
V
.

To obtain the averaging relations based on the microscopic quantities we use the averaging

theorem [5]:

〈∇ψβ〉 = ∇〈ψβ〉 +
1
V

∫
Aβσ

nβσψβd A.
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The averaging of the continuity equation provides:

〈∇.vβ〉 = ∇.〈vβ〉 +
1
V

∫
Aβσ

nβσ .vβd A = 0.

The phase average form of the Stokes equations is given by [5]:

0 = −∇〈pβ〉 −
1
V

∫
Aβσ

nβσ pβd A + εβρβg + µβ〈∇.∇vβ〉.

We introduce the decomposition

pβ = 〈pβ〉β + p̃β, (3.1)

vβ = 〈vβ〉β + ṽβ . (3.2)

With this decomposition of vβ and pβ , and using the length constraint l < r0 < L , we can

prove that [5]:

0 = −∇〈p〉
β

+ ρβg +
1

Vβ

∫
Aβσ

nβσ pβd A +
µβ

Vβ

∫
Aβσ

nβσ .∇ ṽβd A. (3.3)

Since, we have introduced two extra variables by the decomposition relations (3.1) and (3.2) ,

we need two closing equations in order to complete the system of equations. The simplest

closure relation can be a linear relation. Thus, we can have closure equation as follows [5]:

ṽβ = B.〈vβ〉β,

p̃β = µβb.〈vβ〉β .

Using this closure relation and the approximation that 〈vβ〉β is constant for the integral in the
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above equation, we obtain:

0 = −∇〈pβ〉β + ρβg +

{
µβ

Vβ

∫
Aβσ

nβσ .(∇B − Ib)d A

}
.〈vβ〉β . (3.4)

Define:

C = −
1

Vβ

∫
Aβσ

nβσ .(∇B − Ib)d A

and express Equation 3.4 in the form:

〈vβ〉β = −
C−1

µβ
[∇〈pβ〉β − ρβg] (3.5)

which is precisely the Darcy’s law once we define permeability tensor K as

K = εβC−1. (3.6)

To obtain an expression for B and b we solve the following boundary value problem:

−∇b + ∇
2B =

1
Vβ

∫
Vβ

[−∇b + ∇
2B]dV in in REV, (3.7)

∇.B = 0 in in REV, (3.8)

B = −I, on Aβσ , (3.9)

B = G, on Aβe, (3.10)

〈b〉β = 〈B〉
β

= 0. (3.11)

Since, we do not know the boundary conditions G at the exit of the REV, we assume the

periodic representative region of the porous medium so as to make a unit cell in a spatially
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periodic cell and the boundary value problem then takes the form [5]:

−∇b + ∇
2B =

1
Vβ

∫
Vβ

[−∇b + ∇
2B]dV, (3.12)

∇.B = 0, (3.13)

B = −I, on Aβσ , (3.14)

B(r + li ) = B(r), b(r + li ) = b(r) (3.15)

〈b〉β = 〈B〉
β

= 0. (3.16)

3.2.1 Local Volume Averaging for 2-phase flows

This section follows the derivation of Darcy’s law for the two phase flows in [6]. For the

two phase flows we assume that in the porous medium there are two fluids represented by

β and γ phases and the solid phase is represented by σ . The system is represented by the

following system of equations (continuity equation and momentum conservation equation

with boundary conditions):

−∇ pβ + ρβg + µβ∇
2vβ = 0 in phase β, (3.17)

∇.vβ = 0, in phase β, (3.18)

vβ = 0, at Aβσ , on solid wall, (3.19)

vβ = vγ at Aβγ , on the interface of phase β and γ (3.20)

−pβnβγ + τβ .nβγ = −pγnβγ + τγ .nβγ + 2σκnβγ , on the interface of phase β and γ(3.21)

vγ = 0, at Aβσ , (3.22)

−∇ pγ + ργ g + µγ∇
2vγ = 0, in phase γ, (3.23)

∇.vγ = 0 in phase γ. (3.24)

Here, τβ and τγ are the shear stresses in the β and γ phases. 2σκ represents the surface

tension between the two phases. nβγ is the normal to the interface between the phases β and
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γ phases with the normal direction towards the γ phase. We need the averaging theorem for

the three phase system:

〈∇ψβ〉 = ∇〈ψβ〉 +
1
V

∫
Aβσ

nβγψβd A +
1
V

∫
Aβγ

nβσψβd A

where ψβ is defined by:

〈ψβ〉 =
1
V

∫
Vβ
ψβdV .

Similarly, for γ phase we can write:

〈∇ψγ 〉 = ∇〈ψγ 〉 +
1
V

∫
Aγ σ

nγβψβd A +
1
V

∫
Aβγ

nγ σψγ d A

where ψγ is defined by:

〈ψγ 〉 =
1
V

∫
Vγ
ψγ dV .

From the averaged continuity equation together with the boundary conditions, when we as-

sume that the fluids are immiscible, we obtain:

∂εβ

∂t
+ ∇.〈vβ〉 = 0, (3.25)

∂εγ

∂t
+ ∇.〈vγ 〉 = 0. (3.26)

We assume the decomposition

vβ = 〈vβ〉β + ṽβ, (3.27)

vγ = 〈vγ 〉γ + ṽγ , (3.28)

pβ = 〈pβ〉β + p̃β, (3.29)

pγ = 〈pγ 〉γ + p̃γ . (3.30)
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The averaged form for the momentum equation is obtained similarly to the single phase case

and is given by:

0 = ∇〈pβ〉β + ρβg +
1
V

∫
Aβσ
(−nβσ p̃β + µβnβσ .∇ ṽβ)d A +

1
V

∫
Aβγ
(−nβγ p̃β + µβnβγ .∇ ṽβ)d A,(3.31)

0 = ∇〈pβ〉γ + ργ g +
1
V

∫
Aγ σ
(−nγ σ p̃γ + µγnγ σ .∇ ṽγ )d A +

1
V

∫
Aγβ
(−nγβ p̃γ + µγnγβ .∇ ṽγ )d A,(3.32)

For closure relations similar to the single phase case, we assume the following representation

for the spatial deviations of the pressure and velocity:

ṽβ = Aβ1 .〈vβ〉
β

+ Aβ2 .〈vγ 〉
γ , (3.33)

p̃β = µβ[a
β

1 .〈vβ〉
β

+ aβ2 .〈vγ 〉
γ
], (3.34)

ṽγ = Aγ1 .〈vβ〉
β

+ Aγ2 .〈vγ 〉
γ , (3.35)

p̃γ = µβ[a
γ

1 .〈vβ〉
β

+ aγ2 .〈vγ 〉
γ
], (3.36)

(3.37)

With this decomposition, we can use the expression for the averaged form of momentum

conservation to obtain:

0 = −∇〈pβ〉β + ρβg − µβM
β

1 .〈v〉
β

− µβM
β

2 .〈vγ 〉
γ , (3.38)

0 = −∇〈pγ 〉γ + ργ g − µγM
γ

1 .〈v〉
γ

− µγM
γ

2 .〈vβ〉
β, (3.39)

where Mβ
i is defined by:

Mβ
i = −

1
Vβ

{∫
Aβσ

[−nβσ a
β
i + nβσ .∇Aβ1 ]dV +

∫
Aβγ

[−nβγ a
β
i + nβγ .∇Aβ1 ]dV

}
(3.40)
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and similarly, Mγ

i is defined by:

Mγ

i = −
1

Vγ

{∫
Aγ σ

[−nγ σ a
γ

i + nγ σ .∇Aγ1 ]dV +

∫
Aβγ

[−nβγ a
β
i + nβγ .∇Aγ1 ]dV

}
(3.41)

We can now write the expression for averaged velocity 〈vβ in the form of Darcy’s law once we

define the permeabilities in terms of Mβ
i andMγ

i to obtain for the expression:

〈vβ〉 = −
Kβ
µβ

[∇〈pβ〉β − ρβg] + Kβγ .〈vγ 〉, (3.42)

〈vγ 〉 = −
Kγ
µγ

[∇〈pγ 〉γ − ργ g] + Kβγ .〈vβ〉 (3.43)

where we define permeabilities Kβ , Kγ and viscous drag tensors Kγβ and Kγβ as follows:

Kβ = εβ(M
β

1 )
−1, Kγ = εγ (M

γ

2 )
−1,

Kβγ = −(Mβ

1 )
−1.Mβ

2 (εβ/εγ ), Kγβ = −(Mγ

2 )
−1.Mγ

1 (εγ /εβ)

To find out the solution of the closure problem, we need to provide the entry and exit condi-

tions for the REV, and since we do not know these conditions, we assume a periodic boundary
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conditions and hence the closure problem then takes the form:

−∇aβi + ∇
2Aβi =

1
Vβ

∫
Vα

[−∇aβi + ∇
2Aβi ]dV, i = 1, 2, (3.44)

−∇aγi + ∇
2Aγi =

1
Vγ

∫
Vγ

[−∇aγi + ∇
2Aγi ]dV, i = 1, 2, (3.45)

∇.Aβi = 0, i = 1, 2, (3.46)

∇.Aγi = 0, i = 1, 2, (3.47)

Aβ1 = −I, Aβ2 = 0, at A∗

βσ , (3.48)

Aβ1 = Aγ1 − I, Aβ2 = Aγ2 + I, at A∗

βγ , (3.49)

µβ(−nβγ a
β
i + ∇Aβi .nβγ + nβγ .∇Aβi ) = µγ (−nβγ a

γ

i + ∇Aγi .nβγ + (3.50)

nβγ .∇Aγi )+ 2σnβγ fI , at A∗

βγ , i = 1, 2, (3.51)

Aγ1 = 0, Aγ2 = −I, at A∗

γ σ , (3.52)

aβi (r + l j ) = aβi (r), aγi (r + l j ) = aγi (r), (3.53)

Aβi (r + l j ) = Aβi (r), Aγi (r + l j ) = Aγi (r), (3.54)

〈aβi 〉β = 0, 〈Aβi 〉
β

= 0, i = 1, 2 (3.55)

〈aγi 〉γ = 0, 〈Aγi 〉
γ

= 0, i = 1, 2. (3.56)

3.3 Momentum transfer at the interface between a porousmedium

and homogenous fluid for single phase flow

In this section, we refer to the derivation of jump conditions for continuity equation and

momentum equation for single phase flow as in [7]. In [7], there is derivation of the jump

conditions for the single phase flow for the coupled flow of the porous medium and the fluid

medium and in [8] the results have been compared to the experimental results.

In both � f and �p regions, the flow of the β− phase microscopically can be described by

32



the following equations:

∇.vβ = 0, in � f ∪�p (3.57)

−∇ pβ + ρβg + µβ∇
2vβ = 0 in � f ∪�p, (3.58)

vβ = 0, at the β − σ interface. (3.59)

(3.60)

The volume averaged form of the continuity equation for the β phase is given by:

∇.〈vβ〉 = 0 in �p. (3.61)

The volume averaged form of the momentum equation can be expressed by:

0 = −∇〈pβ〉 + εβρβg + µβ∇
2
〈vβ〉 +

1
V

∫
Aβσ

nβσ .[−I pβ + µβ∇vβ]d A. (3.62)

We use the intrinsic pressure defined by:

〈pβ〉 = εβ〈pβ〉β (3.63)

and the following relation derived from the spatial averaging theorem:

∇εβ = −
1
V

∫
Aβσ

nβσd A (3.64)

and the approximation that 〈pβ〉 is constant for the integral to obtain:

〈pβ〉β∇εβ = −
1
V

∫
Aβσ

nβσ 〈pβ〉βd A. (3.65)
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The volume averaged momentum equation (3.62) using equation (3.63) can be rewritten as:

−εβ∇〈pβ〉β − 〈pβ〉β∇εβ + εβρβg + µβ∇
2
〈vβ〉 +

1
V

∫
Aβσ

[−I pβ + µβ∇vβ]d A = 0. (3.66)

Also, using equation (3.64)we can write:

∇εβ .∇〈vβ〉β = −
1
V

∫
Aβσ

nβσ .∇〈vβ〉βd A. (3.67)

Using equations (3.64),(3.66) and (3.68) we obtain:

−∇〈pβ〉β + ρβg + εβ
−1µβ∇

2
〈vβ〉 − µβεβ

−1(∇εβ)∇〈vβ〉β − µβ8β = 0,

where 8β is defined by:

8β = −
1
V

∫
Aβσ

nβσ .[−I(pβ − 〈pβ〉β)+ µβ(∇vβ − ∇〈vβ〉β)]d A.

The terms µβ∇2
〈vβ〉 and ∇εβ∇〈vβ〉β are respectively called first Brinkman correction and

second Brinkman correction. It can be shown that8β can be written as

8β = K−1
β .〈vβ〉 for the porous region �p.

To find the jump condition, we consider an averaging volume comprising parts of �p and

� f , so that a part of interface lies in this volume. We denote this averaging volume by V∞

and the subscripts p and f denote the values of the variables in the two regions �p and

� f respectively. Also, Ochoa-Tapia and Whitaker in [7]prove that the averaged form of the

equations for the porous medium can be used for the fluid region when the permeability is

taken as infinity and the porosity as 1. The governing equations for the two regions are given
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by:

∇.〈vβ〉p = 0 in the �p region (3.68)

−∇〈pβ〉βp + ρβ g + ε−1
βpµβ∇

2
〈vβ〉p − µβK

−1
βp 〈vβ〉p = 0 in the �p region (3.69)

∇.〈vβ〉 f = 0 in the � f region (3.70)

−∇〈pβ〉
β
f + ρβg + µβ∇

2
〈vβ〉 f = 0 in the � f region. (3.71)

Also, we have equations which are valid in the entire domain �p ∪� f given as:

∇.〈vβ〉 = 0 (3.72)

−∇〈pβ〉β + ρβg + ε̄−1
β µβ∇

2
〈vβ〉 − µβ ε̄

−1
β (∇ ε̄β)∇〈vβ〉β − µβ8β = 0, (3.73)

where,

ε̄β =

 εβ in �p;

1 in � f ,

and

K −1
β =

 K −1
β in �p;

0 in � f .

3.3.1 Jump condition for Continuity Equation for single phase flow

We have for the averaging volume V∞:

∫
V∞

∇.〈vβ〉dV = 0

and using divergence theorem, we can write it in the form of surface integral,

∫
A∞

n.〈vβ〉d A = 0.
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We can integrate equation (3.68) over Vp and (3.70) over V f , and again use the divergence

theorem to obtain:

∫
Ap

np.〈vβ〉pd A +

∫
Ap f

np f .〈vβ〉pd A = 0, and similarly, (3.74)∫
A f

n f .〈vβ〉 f d A +

∫
A f p

n f p.〈vβ〉 f d A = 0. (3.75)

We define excess surface velocity 〈vβ〉s as:

∮
C
ns .(δ〈vβ〉s)dσc =

∫
Ap

np.(〈vβ〉 − 〈vβ〉p)d A +

∫
A f

n f .(〈vβ〉 − 〈vβ〉 f )d A (3.76)

where δ is the thickness of the interface and C represents a closed curve lying on the divid-

ing surface and σc represents the arc length along the curve. Again we can use the surface

divergence theorem to transform the line integral into the surface integral and then obtain:

∮
C
ns .(δ〈vβ〉s)dσc =

∫
Ap f

∇s .(δ〈vβ〉s)d A, (3.77)

where ∇s is the surface gradient operator given by ∇s = P.∇, and P = I − np f np f .

From equations (3.74) and (3.75) we obtain:

∫
Ap f

np f .(〈vβ〉p − 〈vβ〉 f )d A =

∫
Ap

np.(〈vβ〉 − 〈vβ〉 f )d A

+

∫
A f

n f .(〈vβ〉 − 〈vβ〉 f )d A (3.78)

and using the definition of excess surface velocity and its surface integral form, we can obtain:

∫
Ap f

[np f .(〈vβ〉p − 〈vβ〉 f )− ∇s .(δ〈vβ〉s)]d A = 0 (3.79)
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and since, Ap f can be arbitrary, we obtain:

[np f .(〈vβ〉p − 〈vβ〉 f )− ∇s .(δ〈vβ〉s)] = 0 at the p − f interface. (3.80)

Hence, for δ → 0, we get the continuity of the normal component of the velocity at the inter-

face.

3.3.2 Jump condition for Momentum Equation for single phase flow

In order to formulate the momentum jump condition, we again use the same technique as

used in the case of continuity equation. We have the momentum equation that is valid in

�p ∪� f and also we have the volume averaged momentum equations valid in the constituent

Vp and V f . We then integrate the momentum equation that is valid everywhere over the

volume V∞ and integrate the other volume averaged momentum equations valid in Vp and

V f over the respective volumes and then use the divergence theorem to convert the volume

integrals into surface integrals.

We have the momentum equation valid everywhere given by equation (3.73):

−∇〈pβ〉β + ρβg + εβ
−1µβ∇

2
〈vβ〉 − µβεβ

−1(∇εβ)∇〈vβ〉β − µβ8β = 0

and following momentum equations (3.69) and (3.71) hold in �p and � f respectively:

−∇〈pβ〉βp + ρβ g + ε−1
βpµβ∇

2
〈vβ〉p − µβK

−1
βp 〈vβ〉p = 0 in the �p region,

−∇〈pβ〉
β
f + ρβg + µβ∇

2
〈vβ〉 f = 0 in the � f region.

To put the momentum equation (3.73) in the divergence form, we note that:

ε−1
β µβ∇

2
〈vβ〉 − µβε

−1
β (∇εβ)[∇(εβ〈vβ〉)] = µβ∇.(ε

−1
β ∇〈vβ〉)+ µβε

−1
β (∇ ln εβ)2〈vβ〉. (3.81)
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This can be checked by expanding the right hand side and thenmatching term by term. Hence,

we can rewrite the momentum equation in the form:

−∇〈pβ〉β + ρβg + µβ∇.(ε
−1
β ∇〈vβ〉)+ µβε

−1
β (∇ ln εβ)2〈vβ〉 − µβ8β = 0. (3.82)

Integrating over V∞ and then using the surface divergence theorem we obtain:

∫
Ap

np.[−I〈pβ〉β + µβ(ε
−1
β ∇〈vβ〉)]d A

+

∫
A f

n f .[−I〈pβ〉β + µβ(ε
−1
β ∇〈vβ〉)]d A

+

∫
V f

µβε
−1
β (∇ ln εβ)2〈vβ〉dV

+

∫
Vp

µβε
−1
β (∇ ln εβ)2〈vβ〉 − µβ8βdV +

∫
V∞

ρβgdV = 0. (3.83)

Similarly, we take the momentum equation (3.69)and then integrate it over Vp and then use

the divergence theorem to obtain:

∫
Ap

np.[〈pβ〉βp + ε−1
p f µβ∇〈vβ〉p]d A

+

∫
Ap f

np f .[−I 〈pβ〉βp + ε−1
p f µβ〈vβ〉p]d A

+

∫
Vp

−µβK
−1
β 〈vβ〉pdV +

∫
Vp

ρβgdV = 0. (3.84)

And the same procedure for equation (3.71) gives us:

∫
A f

n f .[−I〈pβ〉
β
f + µβ∇〈vβ〉 f ]d A +

∫
Ap f

n f p.[−I〈pβ〉
β
f + µβ∇〈 vβ〉 f ]d A +

∫
V f

ρβgdV = 0.

(3.85)
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Now adding equations (3.84) and (3.85) and subtracting the obtained equation from equation

(3.83) we obtain:

∫
Ap

np.[−I(〈pβ〉β − 〈pβ〉βp)+ µβ{(ε
−1
β ∇〈vβ〉)− ε−1

p f ∇〈vβ〉p}]d A

+

∫
A f

n f .[−I(〈pβ〉β − 〈pβ〉
β
f )+ {µβ(ε

−1
β ∇〈vβ〉)− µβ∇〈vβ〉 f }]d A

+

∫
Vp

[µβε
−1
β (∇ ln εβ)2〈vβ〉 − µβ8β + µβK

−1
β 〈vβ〉p]dV

+

∫
V f

µβε
−1
β (∇ ln εβ)2〈vβ〉dV

−

∫
Ap f

np f .[−I 〈pβ〉βp + ε−1
p f µβ〈vβ〉p] +

∫
Ap f

np f .[−I〈pβ〉
β
f + µβ∇〈 vβ〉 f ]d A = 0.(3.86)

Now, we define the excess surface stress according to:

∮
C
ns .δ〈T〉sdσ =

∫
Ap

np.[−I(〈pβ〉β − 〈pβ〉βp)+ µβ{(ε
−1
β ∇〈vβ〉)− ε−1

p f ∇〈vβ〉p}]d A(3.87)

+

∫
A f

n f .[−I(〈pβ〉β − 〈pβ〉
β
f )+ {µβ(ε

−1
β ∇〈vβ〉)− µβ∇〈vβ〉 f }]d A

Here, as in the case of continuity equation jump condition, C is a closed curve on the dividing

surface. Also, we define an excess bulk stress given by:

∫
Ap f

np f .(〈T〉B)d A =

∫
Vp

µβ(8βK −1
β 〈vβ〉p)dV . (3.88)

Also, the excess Brinkman stress is defined as:

∫
Ap f

n p f .(〈B〉)d A =

∫
V∞

[µβε
−1
β (∇ ln εβ)2〈vβ〉]dV . (3.89)
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And using these definitions and once again using the divergence theorem to convert the line

integral into surface integral, and then using the condition that Ap f is arbitrary we obtain:

np f .[−I(〈pβ〉βp − 〈pβ〉
β
f )+ µβ(ε

−1
βp ∇〈vβ〉p − ∇〈vβ〉 f )] (3.90)

= ∇s .(δ〈T〉s − np f .(〈T〉B)+ np f .(〈B〉) at the p − f boundary. (3.91)

We can rewrite this interface condition in the simplified form[7]:

np f [(−I〈pβ〉βp + µβ(ε
−1
βp ∇〈vβ))− (−I〈pβ〉

β
f + µβ(ε

−1
βp ∇〈vβ〉 f ))] = M〈vβ〉 f , (3.92)

or, equivalently, we can put it in terms of the stress jump condition by defining Tp and T f as:

Tp = (−I〈pβ〉βp + µβ(ε
−1
βp ∇〈vβ)),

and

T f = (−I〈pβ〉
β
f + µβ(ε

−1
βp ∇〈vβ〉 f )),

and hence, the stress jump condition takes the form:

np f (Tp − T f ) = M〈vβ〉 f .

In [14], it has been shown that this jump condition obtained using Stokes- Brinkman equations

is asymptotically equivalent to Beavers-Joseph for Stokes - Darcy equation.
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3.4 Derivation of interface condition for the Continuity equation

for two phase flows

We have the continuity equations for two phase flows given as:

for Vp,

∇.〈vβ〉p +
1

Vp

∫
Aβγ

nβγ .vβd A = 0, (3.93)

∇.〈vγ 〉p +
1

Vp

∫
Aγβ

nγβ .vγ d A = 0 (3.94)

and in V∞,

∇.〈vβ〉 +
1

V∞

∫
Aβγ

nβγ .vβd A = 0, (3.95)

∇.〈vγ 〉 +
1

V∞

∫
Aγ β

nγβ .vγ d A = 0 (3.96)

and in V f we have:

∇.〈vβ〉 f +
1

V f

∫
Aβγ

nβγ .vβd A = 0, (3.97)

∇.〈vγ 〉 f +
1

V f

∫
Aγβ

nγβ .vγ d A = 0. (3.98)

Also, for the immiscible fluids in two-phase flows:

nβγ .vβ = nβγ .vγ at the interface between the two fluids. (3.99)

In Vp, we can simply combine the two continuity equations and use the condition for the

immiscible fluids and then obtain:

∇.〈vβ〉p + ∇.〈vγ 〉p = 0, (3.100)
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and similarly for V∞ we obtain:

∇.〈vβ〉 + ∇.〈vγ 〉 = 0, (3.101)

and for V f we obtain:

∇.〈vβ〉 f + ∇.〈vγ 〉 f = 0. (3.102)

Integrating equation (3.100) over Vp and using divergence theorem:

∫
Ap

np〈vβ〉pd A +

∫
Ap

np.〈vγ 〉pd A +

∫
Ap f

np f [〈vβ〉p + 〈vγ 〉p]d A = 0. (3.103)

Integrating equation (3.101) over V∞ and using once again divergence theorem:

∫
A f

n f 〈vβ〉d A +

∫
A f

n f 〈v f 〉d A +

∫
Ap

np〈vβ〉d A +

∫
Ap

np〈vγ 〉 = 0. (3.104)

Integrating equation (3.102) over V f and then again using the divergence theorem:

∫
A f

n f 〈vβ〉 f d A +

∫
A f

n f .〈vγ 〉 f d A +

∫
A f p

n f p[〈vβ〉 f + 〈vγ 〉 f ]d A = 0. (3.105)

Combining equation (3.103) and equation (3.105) and then subtracting equation (3.104) we

obtain:

∫
A f

n f .[(〈vβ〉 f + 〈vγ 〉)− (〈vβ〉 + 〈vγ 〉)]d A

+

∫
Ap

np.[(〈vβ〉p + 〈vγ 〉p)− (〈vβ〉 + 〈vγ 〉)]d A

+

∫
Ap f

np f .[(〈vβ〉p + 〈vγ 〉p)− (〈vβ〉 f + 〈vγ 〉 f )]d A = 0. (3.106)
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We define now excess surface velocity according to:

∮
C
ns .

(
δ(〈 vβ〉s + 〈 vγ 〉s)

)
dσc =

∫
A f

n f .[(〈vβ〉 f + 〈vγ 〉)− (〈vβ〉 + 〈vγ 〉)]d A

+

∫
Ap

np.[(〈vβ〉p + 〈vγ 〉p)− (〈vβ〉 + 〈vγ 〉)]d A(3.107)

Here, C represents a closed curve lying on the dividing surface�p −� f and σc represents the

arc length along the curve. Using equation (3.106) and equation (3.107), we obtain:

∫
A f p

n f p.[(〈vβ〉p + 〈vγ 〉p)− (〈vβ〉 f + 〈vγ 〉 f )]d A −

∮
C
ns .

(
δ(〈 vβ〉s + 〈 vγ 〉s)

)
dσ = 0.(3.108)

Applying surface divergence theorem, we obtain:

∫
A f p

n f p.[(〈vβ〉p + 〈vγ 〉p)− (〈vβ〉 f + 〈vγ 〉 f )− ∇s .
(
δ(〈 vβ〉s + 〈 vγ 〉s)

)
]d A = 0. (3.109)

The surface gradient operator ∇s is obtained by the projection of gradient operator according

to:

∇s = P.∇, P = I − n f pn f p. (3.110)

Since, the limits of integration over A f p are arbitrary, we extract the following jump condition:

n f p.
(
(〈vβ〉p + 〈vγ 〉p)− (〈vβ〉 f + 〈vγ 〉 f )

)
= ∇s .

(
δ(〈 vβ〉s + 〈 vγ 〉s)

)
. (3.111)
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Chapter 4

Study on T-channel as a theoretical idealized

model of PEM fuel cell cathode region

porous medium

4.1 Introduction

First, we explore the possibility of modeling the cathode region of PEM fuel Cell porous

medium as a series of T-shaped micro-channels. A T-channel consists of two channels merg-

ing at a right angle. The main channel carries the air, and the orthogonal channel carries the

water. The T-channel has been extensively studied particularly in the field of MEMS devices

and has been used for both experimental as well as theoretical purposes to study the droplet

formation and the control of the droplet sizes. In a fuel cell water diffuses through the porous

medium of the cathode side and moves to the gas channel where it is transported away by

convection. The void space of the porous medium can be interpreted as microchannels with

respect to the flow of water towards the gas channel. For simplification, we can assume that

these microchannels are in the form of a series of T-channels. So, study of the series of T-

channel having water-air as the flowing fluids have a direct correspondence with the flows in
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Figure 4.1: Single T-channel geometry

the porous medium of the PEM fuel Cell. To understand the mechanism of the droplet for-

mation or the film formation at the interface of the porous medium and the gas channel, we

study the fluid flows through single T-channel first and then study the flows through a series

of T-channels. The size of the microchannel is of the order of micrometers and so, we take the

dimensions of the T-channel of the order of micrometers. For experiments conducted here,

we have taken the width of the water channel equal to 30 micrometer and the width of the air

channel as 100 micrometer. The geometry has been shown in the figure 4.1.

The formation of droplet depends upon the balance of the surface tension and the shearing

force by the incoming fluid (air). The formation of the droplet hence depends upon the ratio

of the flow rate of air and the water apart from the physical properties of the two fluids, like

surface tension and viscosity. It also depends upon the dynamic contact angle of these fluids

with the wall. The velocity of water that corresponds to the fuel cell is of the order of 10−6 m/s

[1]. Since, the geometry is also of the order of micrometer, it places a time step restriction for

the simulation, requiring quite a long time for the simulation. To overcome this, we use the

velocity of the water of the order of 10−2 m/s and at the same time, manipulate the velocity

of air so that the ratio of the flow rates of water and air correspond to the fuel cell operating

conditions. We also make sure that the Reynolds number remain sufficiently low so that the

turbulence and compressibility considerations are not encountered. We study for different

flow ratios of air and water , the phenomenon of the formation of droplets or film and also
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Figure 4.2: Phase distribution of water and air obtained from the simulation in the T-channel
geometry with 170 ◦ dynamic contact angle(Water velocity = 0.1 m/s, Air = 10 m/s)

then we vary the contact angle and then study the formation of resulting droplets or films.

4.2 Effect of dynamic contact angle on the droplet formation

To observe the effect of dynamic contact angle, we conduct the simulations using two contact

angles, namely 10 ◦, and 170 ◦ using air and water as fluids for the T-channel geometry as

shown in 4.1. It can be easily visualized from the plots 4.2and 4.3 that the contact angle plays

an important role in the determination of the droplet size, and infact, whether the droplet or

the film will be formed. As expected, when the contact angle is 10 ◦, the water enters around

the corner of the T-junction and then spreads to the each side, both along the air velocity and

against the air velocity. In this case, we just have the formation of the film and no droplet

formation is to be expected. For the case of 170 ◦, the water tendency is to form the droplet

and then the droplet moves along the velocity of air. Also, as discussed in the previous section,

it can happen that the flow ratio of water and air is so high (e.g.> 10) that the water completely

blocks the air channel. Here, for the study of the effect of dynamic contact angle, we consider

the case where water does not block the T-channel completely.
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Figure 4.3: Phase distribution of water and air obtained from the simulation in the T-channel
geometry with 10 ◦ dynamic contact angle(Water velocity = 0.1 m/s, Air = 10 m/s)

4.3 CFD validation for the T-channel using Fluent

We have used Fluent 6.3.26 (2d, pressure-based, VOF, laminar, unsteady) for the simulation.

To validate the CFDmodel, we have used the results due to Liow [10] as cited in literature. Liow

[10] carried out the numerical simulations and then compared it with the experimental results.

We have used the results of Liow [10] to validate the code for the water-tetradecane fluid flow.

The validation has been done for the liquid-liquid flow, however, it has been argued that the

mechanism of the breakup of droplets for the liquid-gas system is similar to the mechanism

of the breakup for the liquid-liquid system [13]. The geometry of T-channel has been shown

in the figure 4.4. The geometry has been taken the same as that used in [10]. The width of

the water channel is 30 micrometer and the width of tetradecane channel is 100 micrometer.

The velocity of water is taken as 0.01 m/s and the velocity of tetradecane is varied (0.1 m/s,0.2

m/s,0.4 m/s). The size of the resulting droplet is then calculatedmanually. The droplet formed

is not entirely circular and hence, we equate the area of the droplet with the corresponding

circle and then find the corresponding diameter. We take this diameter and then compare

with the results from Liow[1]. The result has been shown in the figure 4.21. As it is clear
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from the plot, the diameter of the droplets are in excellent agreement with the results cited in

literature. This validates the CFD code for the fluid-fluid flow in a T-channel. We also provide

the phase distribution of the simulation of the two fluids in the T-channel as in figure 4.5 - 4.13

and 4.14 - 4.20 for Tetradecane velocity equal to 0.1m/s and 0.4m/s respectively.

49



Figure 4.4: T-channel geometry for the validation of Fluent

Figure 4.5: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.1 m/s, t = 5e-3s.)

4.3.1 Fluent parameter optimization for the VOF method for the air-water

flow in T-channel

In Fluent, there are various possibilities for the parameters for the simulations using VOF

method, for instance, using different reconstruction scheme or implicit or explicit scheme for

time discretization. Here, we compare the various options to find out the best combination of

parameters. For the implicit scheme for time discretization, we can use the standard finite dif-

ference interpolation schemes, QUICK, Second Order Upwind and First Order Upwind, and
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Figure 4.6: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.1 m/s, t = 7e-3s.)

Figure 4.7: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.1 m/s, t = 9.5e-3s.)

Figure 4.8: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.1 m/s, t = 12e-3s.)
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Figure 4.9: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.1 m/s, t = 15e-3s.)

Figure 4.10: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.1 m/s, t = 18e-3s.)

Figure 4.11: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.1 m/s, t = 23e-3s.)
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Figure 4.12: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.1 m/s, t = 24e-3s.)

Figure 4.13: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.1 m/s, t = 26e-3s.)

Figure 4.14: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.4 m/s, t = 1e-3s.)
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Figure 4.15: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.4 m/s, t = 3e-3s.)

Figure 4.16: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.4 m/s, t = 5e-3s.)

Figure 4.17: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.4 m/s, t = 7e-3s.)
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Figure 4.18: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.4 m/s, t = 8e-3s.)

Figure 4.19: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.4 m/s, t = 9e-3s.)

Figure 4.20: Phase distribution of water and tetradecane obtained from the simulation in the
T-channel geometry (Water velocity = 0.01 m/s, TD = 0.4 m/s, t = 10e-3s.)
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Figure 4.21: Water drop size as a function of tetradecane flow velocity

the modified HRIC scheme to compute the face flux for all the cells. Similarly, for an explicit

scheme for time discretization, we can use First Order Upwind, Second Order Upwind, CIC-

SAM, Modified HRIC and QUICK. We conduct simulations using these various parameters

and then try to compare the sharpness of the interface. Since, the fluids are immiscible, we

expect a very sharp interface. Hence, a comparison of the sharpness of the interface should

provide us a good idea about the parameters we should use for our simulations. We provide

the plots of different scheme to obtain a comparative picture.

56



Figure 4.22: Phase distribution of water and air obtained from the simulation in the T-channel
geometry using Geo-reconstruction scheme(water velocity = 1 m/s, air velocity = 1 m/s)

As we can see clearly from the plots (4.22 - 4.27),the sharpness of the interface is almost

equal in quality for the explicit schemes and they seem to be much better than the implicit

schemes. Among the explicit schemes, the CICSAM and Geo-reconstruction schemes per-

form better than the QUICK scheme and among the implicit schemes, the second order up-

wind seems to be better than the first order upwind and the quick scheme. Hence, we use the

default explicit scheme for time discretization with Geo-reconstruction as the interpolating

scheme for the interface reconstruction.

4.3.2 Simulation of two phase flows(water-air) in T-channel in series

The water-air two phase flow has been simulated in the T-channel which have been put in

series to study the comparative behavior of single T-channel and T-channel in series. Also, we

can do comparative study with the porous medium when we compute the macroparameters

for both the T-channel in series and the porous medium. The geometry of the T-channel in

series is formed by the 4 T-channels which are connected in series. The geometry of individual

T-channel is the same as 4.1, with water inlet having a width of 30 micrometers and the air

channel having a width of 100 micrometers. The distance between the two consecutive T-
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Figure 4.23: Phase distribution of water and air obtained from the simulation in the T-channel
geometry using explicit QUICK scheme(water velocity = 1 m/s, air velocity = 1 m/s)

Figure 4.24: Phase distribution of water and air obtained from the simulation in the T-channel
geometry using explicit CICSAM (water velocity = 1 m/s, air velocity = 1 m/s)
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Figure 4.25: Phase distribution of water and air obtained from the simulation in the T-channel
geometry using implicit First Order Upwind scheme (water velocity = 1 m/s, air velocity = 1
m/s)

Figure 4.26: Phase distribution of water and air obtained from the simulation in the T-channel
geometry using implicit Second Order Upwind scheme (water velocity = 1 m/s, air velocity = 1
m/s)
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Figure 4.27: Phase distribution of water and air obtained from the simulation in the T-channel
geometry using implicit QUICK scheme (Water velocity = 1 m/s, air velocity = 1 m/s)

channel is again 30 micrometer. The air velocity is 10 m/s while the water velocity is 0.1

m/s. We have applied the no-slip boundary condition on the walls and have used 90 ◦ for

the contact angle. Also, we use the Geo-reconstruction as the interpolating scheme for the

interface reconstruction. Largely, we concentrate on the study of the droplet formation in a

T-channel in series. As we can see from the plots 4.28 - 4.32, the formation of droplets are

pretty much independent in the beginning and the hemispherical bubbles are formed in each

individual channel. Later, this hemispherical bubble grows in size and then there is joining

of these bubbles. Also, we can note from plot 4.30, the difference in the behavior of the

first channel vis-a-vis last channel. In the first channel, the water moves further up and also

moves sideways, while in the last channel it is almost symmetrical on both sides. Hence,

the first channel affects the behavior of the droplet formation in the last channel. This can be

explained by the shielding of the last channel droplet by the previous channels. Also, the water

droplet in the two channels in the middle coalesce together to form a bigger droplet. This is

then joined by the water droplets from the first and the last channels and then they one big

chunk of water droplet is formed. This then grows in size and moves to the right towards the

outflow. The simulation has been carried out for the T-channel in series for different speed
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of water (0.01 m/s) as shown in the plots 4.33 - 4.42. When the speed of water is slower, we

again notice that there is an interference in the growth of the water droplet because of the

preceding t-channels, however, because of the lower velocity of water, the difference is less

prominent. Also, the height of the water droplet is less in the case of the lower velocity, and it

can be explained by the less inertia of the water when it pushes back the air. The coalescing of

the water droplets in the middle channels happen earlier than the ones at the end. Basically,

the first T-channel has a different water droplet shape from the other ones because of the

interaction with the air and the other T-channels being shielded by the first T-channel.

Figure 4.28: Phase distribution of water and air obtained from the simulation in the T-
channels in series (Water velocity = 0.1 m/s, air velocity = 10 m/s, t = 3e-4s.)

Figure 4.29: Phase distribution of water and air obtained from the simulation in the T-
channels in series (Water velocity = 0.1 m/s, air velocity = 10 m/s, t = 6e-4s.)
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Figure 4.30: Phase distribution of water and air obtained from the simulation in the T-
channels in series (Water velocity = 0.1 m/s, air velocity = 10 m/s, t = 9e-4s.)

Figure 4.31: Phase distribution of water and air obtained from the simulation in the T-channels
in series (Water velocity = 0.1 m/s, air velocity = 10 m/s, t = 12e-4s.)

Figure 4.32: Phase distribution of water and air obtained from the simulation in the T-channels
in series (Water velocity = 0.1 m/s, air velocity = 10 m/s, t = 15e-4s.)
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Figure 4.33: Phase distribution of water and air obtained from the simulation in the T-channels
in series (Water velocity = 0.01 m/s, air velocity = 10 m/s, t = 3e-4s)

Figure 4.34: Phase distribution of water and air obtained from the simulation in the T-
channels in series (Water velocity = 0.01 m/s, air velocity = 10 m/s, t = 5.9e-4s)

Figure 4.35: Phase distribution of water and air obtained from the simulation in the T-channels
in series (Water velocity = 0.01 m/s, air velocity = 10 m/s, t = 6e-4s)
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Figure 4.36: Phase distribution of water and air obtained from the simulation in the T-
channels in series (Water velocity = 0.01 m/s, air velocity = 10 m/s, t = 1e-3s)

Figure 4.37: Phase distribution of water and air obtained from the simulation in the T-channels
in series (Water velocity = 0.01 m/s, air velocity = 10 m/s, t = 2e-3s)

Figure 4.38: Phase distribution of water and air obtained from the simulation in the T-
channels in series (Water velocity = 0.01 m/s, air velocity = 10 m/s, t = 4e-3s)
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Figure 4.39: Phase distribution of water and air obtained from the simulation in the T-
channels in series (Water velocity = 0.01 m/s, air velocity = 10 m/s, t = 6e-3s)

Figure 4.40: Phase distribution of water and air obtained from the simulation in the T-
channels in series (Water velocity = 0.01 m/s, air velocity = 10 m/s, t = 7e-3s)

Figure 4.41: Phase distribution of water and air obtained from the simulation in the T-channels
in series (Water velocity = 0.01 m/s, air velocity = 10 m/s, t = 8e-3s)
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Figure 4.42: Phase distribution of water and air obtained from the simulation in the T-
channels in series (Water velocity = 0.01 m/s, air velocity = 10 m/s, t = 8.2e-3s)
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Chapter 5

Computation of macro-parameters for the

porous medium for the two phase flows

5.1 Introduction

In the modeling of two phase flows, we assume here that there is no mass transfer taking

place between the phases, and the two fluids considered are immiscible. We will be concerned

with the water-air fluid flows. The concerned variables here are relative saturation, capillary

pressure, absolute permeability, and the relative permeability. We refer to Section 1.3 for the

definitions of these variables. We do here a brief recapitulation of the related definitions. The

capillary pressure is defined as:

pc = pa − pw. (5.1)

We define the quantity called as saturation si , i = w, a of phase i , which is defined as the

fraction of the void volume of the porous medium filled by that phase. Hence,

sw =
Vw

V − Vs
, (5.2)

sa =
Va

V − Vs
(5.3)
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where, Vw is the volume of the water,Vs is the volume occupied by the solid wall and V is

the total volume of the porous medium. We also assume that the capillary pressure is only a

function of si .

The fluid flow is described by Darcy’s Law and is given by ( for the present we ignore the

gravity):

vw = −
Ke f fw

µw
(∇ pw) , (5.4)

va = −
Ke f f a

µa
(∇ pa) . (5.5)

Here, Ke f fw and Ke f f a are known as effective permeabilities for the flow of each fluid.The

effective permeabilities for two phase flows will be less than the absolute permeability. We

then need to define the relative permeability as a ratio of the effective permeability to the

absolute permeability. Hence,

kw =
Ke f fw

K
, (5.6)

ka =
Ke f f a

K
. (5.7)

Thus, Darcy’s Law can be rewritten as:

vw = −
K kw
µw

(∇ pw) , (5.8)

va = −
K ka

µa
(∇ pa) . (5.9)

We often like to compute the macroparameters from the knowledge of microscopic variables

to obtain a deeper understanding of the correlations between the microscopic variables and

the macroscopic variables. Also, presently there is no single theory that predicts the relative

permeability accurately apart from the experimental for the two phase flow. To compute the

macroscopic description of the two phase flow, we need to determine:
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1. Relative permeabilities of the two phases as a function of saturation.

2. Capillary pressure as a function of saturation.

To model the porous medium, for simplification, we choose a simple configuration for which

the absolute permeability has been analytically calculated. For instance, we may take the bun-

dle of parallel capillary tubes of diameter d as a model for the porous medium then the per-

meability is given by[2]:

K =
εd2

12
. (5.10)

If we have the absolute permeability, we can use the Darcy’s law to calculate the relative perme-

abilities. From the microscopic solution, we can determine the gradient of pressure and from

knowledge of the velocity, we can easily calculate the relative permeabilities. The saturation

can be again obtained from fluent directly as it provides the total volume of each phase. We

can use this to compute the relative saturation. Hence, we can find the relative permeability-

saturation relationship. Also, we can calculate the capillary pressure by using the following

relation:

pc = 〈pa〉 − 〈pw〉. (5.11)

The average pressure of the water and air can be defined as a volume average of the respective

pressure[15]:

〈pw〉 =

∑
pwVi∑

Vi
, (5.12)

〈pa〉 =

∑
paVi∑
Vi

(5.13)

where, Vi is the volume of one cell. Fluent provides the volume average of the pressure of

the mixture, and it also provides the volume fraction at each cell. We can use certain simpli-

fications such as having more than 50% volume fraction considered as the pure air and the

rest as water. Since, the interface is supposed to be sharp, it is expected that there will not be

considerable number of cells having both the fluids at the same time. The saturation can be
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again obtained from fluent directly as it provides the total volume of each phase. We can use

this to compute the relative saturation. Hence, we can find the capillary pressure-saturation

relationship.

5.2 Calculation of themacro parameters for the T-channel in se-

ries

The flow in the T-channel in series is unsteady and so, we can not define the capillarity pres-

sure, simply as the average of the difference of air pressure and the water pressure. However,

for the present unsteady process, we can calculate here the pw − pa and relative saturation of

water with respect to time for the two cases of the water velocity and air velocity. We compute

the relative saturation of water using the method detailed in the previous section. We post

process the data for the pressure, velocity, water volume fraction and the surface area of each

cell obtained from the fluent simulation and then calculate the relative saturation and the av-

erage pressure difference pw − pa . In Figures 5.1 and 5.2, we plot the evolution of the average

pressure difference pw − pa for the water velocity of 0.01 m/s and 0.1 m/s. We find that the

average pressure difference for the water velocity of 0.1 m/s and the air velocity of 10m/s,

pw − pa increases rather slowly first till time 5ms and then increases rather fast till time 7ms

and then decreases. When the water in the T-channel moves upward, there is a constant in-

crease in the average pressure difference pw − pa . When the water keeps moving forward and

then starts penetrating in the air channel, there is a steeper increase in the pressure differ-

ence. However, as soon as the water films from the neighboring T-channels combine, there is

a sudden decrease in the average pressure difference. The same trend is seen in the T-channel

series for the water velocity of 0.1m/s. We find that the average pressure difference pw − pa

increases first for the time period when water moves through the T-channel and then there

is a steep increase in the average pressure difference when the water film starts filling the air

channel. There is a sudden decrease in the pressure when the water films from the neighbor-
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Figure 5.1: pw − pa versus time for the two phase flow of water and air obtained from the
simulation in the T-channels in series (Water velocity = 0.01 m/s, air velocity = 10 m/s)

ing T-channels combine and when all the neighboring water films have combined together the

pressure difference remains almost constant. Because of time restriction, we have not tried to

formulate the capillarity pressure and the permeability for the T-channel in series. In Figures

5.3 and 5.4, we plot the evolution of relative saturation of water for the two cases of water ve-

locities 0.01 m/s and 0.1 m/s. The relative saturation of water follows a linear increase with

time in both the cases.

5.3 Simulation of two phase flows for random porous medium

We do the microscopic simulation for the two phase flow in random porous media having the

size of 0.2 m × 0.2 m. The water velocity is taken as 0.1 m/s and the air velocity is taken as

10 m/s. The water flows down and the air flows from right to the left. The inlet area of the

air is 0.1 m and the outlet area is also 0.1 m. The inlet area of water is 0.324 m and the total

computation zone has an area of 0.324 m × 0.324 m. Out of this area the random porous

media has the size of 0.2 m × 0.2 m. The plots 5.5 - 5.12 provide us the phase distribution of
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Figure 5.2: pw − pa versus time for the two phase flow of water and air obtained from the
simulation in the T-channels in series (Water velocity = 0.01 m/s, air velocity = 10 m/s)

Figure 5.3: pw − pa versus time for the two phase flow of water and air obtained from the
simulation in the T-channels in series (Water velocity = 0.01 m/s, air velocity = 10 m/s)
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Figure 5.4: pw − pa versus time for the two phase flow of water and air obtained from the
simulation in the T-channels in series (Water velocity = 0.01 m/s, air velocity = 10 m/s)

the water and air for different times. We can see that as water moves downwards, there are

entrapments of the air in the water. Also, the portion of air which is entrapped, remains so as

there is no outlet for the air to come out. This aspect of the water movement is different from

the case of T-channel, where there is no such entrapment of air. Also, as water moves forward,

there is an increase in the number of entrapments.

Figure 5.5: Phase distribution of water and air obtained from the simulation in the random
porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t = 8.3e-3s)

The velocity distribution of the two phase flow has been shown in the plots 5.13 - 5.19. We
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Figure 5.6: Phase distribution of water and air obtained from the simulation in the random
porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t = 2e-2s)

Figure 5.7: Phase distribution of water and air obtained from the simulation in the random
porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t = 0.1s)

Figure 5.8: Phase distribution of water and air obtained from the simulation in the random
porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t = 0.2s)
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Figure 5.9: Phase distribution of water and air obtained from the simulation in the random
porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t = 0.3s)

Figure 5.10: Phase distribution of water and air obtained from the simulation in the random
porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t = 0.4s)

Figure 5.11: Phase distribution of water and air obtained from the simulation in the random
porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t = 0.44s)
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Figure 5.12: Phase distribution of water and air obtained from the simulation in the random
porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t = 0.6s)

Figure 5.13: Velocity distribution of the two-phase flows of water and air obtained from the
simulation in the random porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t =
8.3e-3s)

do not notice any change in the velocity distribution in the regions where water displaces the

air. However, we see significant changes taking place in the velocity profiles in the air flow

region near the outlet. As the air is displaced by water, the velocity of the air at the outlet

increases. Initially, we can see from the plot 5.13 that the air is moving upwards through some

channels and the flow of air is not uniform in the air channel. With time, the flow of air in the

channel develops and the velocity increases at the outlet. As the flow of air gradually develops,

we find the flow field of air becomes gradually uniform.

In plot 5.20, we plot the relative pressure difference pw − pa versus time in the porous

media zone. The computation of the average pressure difference and the relative saturation

76



Figure 5.14: Velocity distribution of the two-phase flows of water and air obtained from the
simulation in the random porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t =
4e-2s)

Figure 5.15: Velocity distribution of the two-phase flows of water and air obtained from the
simulation in the random porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t =
0.1s)

Figure 5.16: Velocity distribution of the two-phase flows of water and air obtained from the
simulation in the random porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t =
0.2s)
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Figure 5.17: Velocity distribution of the two-phase flows of water and air obtained from the
simulation in the random porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t =
0.3s)

Figure 5.18: Velocity distribution of the two-phase flows of water and air obtained from the
simulation in the random porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t =
0.4s)

Figure 5.19: Velocity distribution of the two-phase flows of water and air obtained from the
simulation in the random porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s, t =
0.6s)
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of water have been done as per section 5.1. We can see that the average pressure difference

pw − pa first remains almost constant with time and then there is steep increases with time at

time (t = 0.6s). This corresponds to the relative saturation of water as 0.45. Also, we can see

from the plot 5.21 relative saturation increases with time in a linear way.

5.4 Future Work

We have not dealt with the momentum interface condition for the two phase flows for the

coupled media. Also, we have not developed the numerical models using these interface con-

ditions to solve the system of Brinkman-Navier Stokes equations. Because of time constraints,

the computation of capillary pressure and the relative permeability have not been done in the

thesis. Also, we have not dealt with the effect of the droplet formation on the average pressure

difference in the random porous medium. For the T-channel in series, we have not done para-

metric study for the various sizes of the T-channel and we have also not conducted steady state

experiments for computation of the macroparameters like capillary pressure. This would be

the topic for future research work.
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Figure 5.20: pw − pa versus time for the two-phase flows of water and air obtained from the
simulation in the random porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s)

Figure 5.21: Saturation versus time for the two-phase flows of water and air obtained from the
simulation in the random porous media (Water velocity = 0.1 m/s, air velocity = 10 m/s)
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Appendix A

A.1 Fluent Simulation Cases: CFD Validation

FLUENT Version: 2d, pbns, vof, lam, unsteady (2d, pressure-based, VOF, laminar, unsteady) Release: 6.3.26 Title:

Models
------

Model Settings
---------------------------------------------------------
Space 2D
Time Unsteady, 1st-Order Implicit
Viscous Laminar
Heat Transfer Disabled
Solidification and Melting Disabled
Species Transport Disabled
Coupled Dispersed Phase Disabled
Pollutants Disabled
Pollutants Disabled
Soot Disabled

Boundary Conditions
-------------------

Zones

name id type
--------------------------------------
fluid 2 fluid
wall 3 wall
outflow 4 outflow
water_inlet 5 velocity-inlet
hc_inlet 6 velocity-inlet
default-interior 8 interior

Boundary Conditions

fluid

Condition Value
--------------------------------------------
Material Name water-liquid
Specify source terms? no
Source Terms ()
Specify fixed values? no
Fixed Values ()
Motion Type 0
X-Velocity Of Zone (m/s) 0
Y-Velocity Of Zone (m/s) 0
Rotation speed (rad/s) 0
X-Origin of Rotation-Axis (m) 0
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Y-Origin of Rotation-Axis (m) 0
Deactivated Thread no
Porous zone? no
Porosity 1

wall

Condition Value
----------------------------------------------------------
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall? no
Velocity Magnitude (m/s) 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Define wall velocity components? no
X-Component of Wall Translation (m/s) 0
Y-Component of Wall Translation (m/s) 0
Rotation Speed (rad/s) 0
X-Position of Rotation-Axis Origin (m) 0
Y-Position of Rotation-Axis Origin (m) 0
X-component of shear stress (pascal) 0
Y-component of shear stress (pascal) 0
Specularity Coefficient 0

outflow

Condition Value
---------------------------
Flow rate weighting 1

water_inlet

Condition Value
-------------------------------------------
Velocity Specification Method 0
Reference Frame 0
Velocity Magnitude (m/s) 0.01
X-Velocity (m/s) 0
Y-Velocity (m/s) 0
X-Component of Flow Direction 0
Y-Component of Flow Direction 1
X-Component of Axis Direction 1
Y-Component of Axis Direction 0
Z-Component of Axis Direction 0
X-Coordinate of Axis Origin (m) 0
Y-Coordinate of Axis Origin (m) 0
Z-Coordinate of Axis Origin (m) 0
Angular velocity (rad/s) 0
is zone used in mixing-plane model? no

hc_inlet

Condition Value
-------------------------------------------
Velocity Specification Method 0
Reference Frame 0
Velocity Magnitude (m/s) 0.1
X-Velocity (m/s) 0
Y-Velocity (m/s) 0
X-Component of Flow Direction 1
Y-Component of Flow Direction 0
X-Component of Axis Direction 1
Y-Component of Axis Direction 0
Z-Component of Axis Direction 0
X-Coordinate of Axis Origin (m) 0
Y-Coordinate of Axis Origin (m) 0
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Z-Coordinate of Axis Origin (m) 0
Angular velocity (rad/s) 0
is zone used in mixing-plane model? no

default-interior

Condition Value
-----------------

Solver Controls
---------------

Equations

Equation Solved
------------------------
Flow yes
Volume Fraction yes

Numerics

Numeric Enabled
---------------------------------------
Absolute Velocity Formulation yes

Unsteady Calculation Parameters

-------------------------------------
Time Step (s) 1e-06
Max. Iterations Per Time Step 20

Relaxation

Variable Relaxation Factor
-------------------------------
Pressure 0.3
Density 1
Body Forces 1
Momentum 0.7

Linear Solver

Solver Termination Residual Reduction
Variable Type Criterion Tolerance
--------------------------------------------------------
Pressure V-Cycle 0.1
X-Momentum Flexible 0.1 0.7
Y-Momentum Flexible 0.1 0.7

Pressure-Velocity Coupling

Parameter Value
------------------
Type SIMPLE

Discretization Scheme

Variable Scheme
------------------------------------
Pressure PRESTO!
Momentum First Order Upwind
Volume Fraction Geo-Reconstruct

Solution Limits

Quantity Limit
---------------------------------
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Minimum Absolute Pressure 1
Maximum Absolute Pressure 5e+10
Minimum Temperature 1
Maximum Temperature 5000

Material Properties
-------------------

Material: water-liquid (fluid)

Property Units Method Value(s)
--------------------------------------------------------------
Density kg/m3 constant 998.2
Cp (Specific Heat) j/kg-k constant 4182
Thermal Conductivity w/m-k constant 0.6
Viscosity kg/m-s constant 0.001003
Molecular Weight kg/kgmol constant 18.0152
L-J Characteristic Length angstrom constant 0
L-J Energy Parameter k constant 0
Thermal Expansion Coefficient 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: td (fluid)

Property Units Method Value(s)
------------------------------------------------------------------
Density kg/m3 constant 773
Cp (Specific Heat) j/kg-k constant 1006.43
Thermal Conductivity w/m-k constant 0.0242
Viscosity kg/m-s constant 0.0031900001
Molecular Weight kg/kgmol constant 28.966
L-J Characteristic Length angstrom constant 3.711
L-J Energy Parameter k constant 78.6
Thermal Expansion Coefficient 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: aluminum (solid)

Property Units Method Value(s)
---------------------------------------------------
Density kg/m3 constant 2719
Cp (Specific Heat) j/kg-k constant 871
Thermal Conductivity w/m-k constant 202.4

88



A.2 Fluent Simulation Cases: Contact Angle variation

FLUENT Version: 2d, pbns, vof, lam, unsteady (2d, pressure-based, VOF, laminar, unsteady) Release: 6.3.26 Title:

Models
------

Model Settings
---------------------------------------------------------
Space 2D
Time Unsteady, 1st-Order Implicit
Viscous Laminar
Heat Transfer Disabled
Solidification and Melting Disabled
Species Transport Disabled
Coupled Dispersed Phase Disabled
Pollutants Disabled
Pollutants Disabled
Soot Disabled

Boundary Conditions
-------------------

Zones

name id type
--------------------------------------
fluid 2 fluid
wall 3 wall
outflow 4 outflow
water_inlet 5 velocity-inlet
hc_inlet 6 velocity-inlet
default-interior 8 interior

Boundary Conditions

fluid

Condition Value
--------------------------------------------
Material Name water-liquid
Specify source terms? no
Source Terms ()
Specify fixed values? no
Fixed Values ()
Motion Type 0
X-Velocity Of Zone (m/s) 0
Y-Velocity Of Zone (m/s) 0
Rotation speed (rad/s) 0
X-Origin of Rotation-Axis (m) 0
Y-Origin of Rotation-Axis (m) 0
Deactivated Thread no
Porous zone? no
Porosity 1

wall

Condition Value
-------------------------------------------------------------------------------------------
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall? no
Velocity Magnitude (m/s) 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Define wall velocity components? no
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X-Component of Wall Translation (m/s) 0
Y-Component of Wall Translation (m/s) 0
Rotation Speed (rad/s) 0
X-Position of Rotation-Axis Origin (m) 0
Y-Position of Rotation-Axis Origin (m) 0
Contact Angles (deg) (((constant . 2.9670594) (profile )))
X-component of shear stress (pascal) 0
Y-component of shear stress (pascal) 0
Specularity Coefficient 0

outflow

Condition Value
---------------------------
Flow rate weighting 1

water_inlet

Condition Value
-------------------------------------------
Velocity Specification Method 0
Reference Frame 0
Velocity Magnitude (m/s) 0.1
X-Velocity (m/s) 0
Y-Velocity (m/s) 0
X-Component of Flow Direction 0
Y-Component of Flow Direction 1
X-Component of Axis Direction 1
Y-Component of Axis Direction 0
Z-Component of Axis Direction 0
X-Coordinate of Axis Origin (m) 0
Y-Coordinate of Axis Origin (m) 0
Z-Coordinate of Axis Origin (m) 0
Angular velocity (rad/s) 0
is zone used in mixing-plane model? no

hc_inlet

Condition Value
-------------------------------------------
Velocity Specification Method 0
Reference Frame 0
Velocity Magnitude (m/s) 10
X-Velocity (m/s) 0
Y-Velocity (m/s) 0
X-Component of Flow Direction 1
Y-Component of Flow Direction 0
X-Component of Axis Direction 1
Y-Component of Axis Direction 0
Z-Component of Axis Direction 0
X-Coordinate of Axis Origin (m) 0
Y-Coordinate of Axis Origin (m) 0
Z-Coordinate of Axis Origin (m) 0
Angular velocity (rad/s) 0
is zone used in mixing-plane model? no

default-interior

Condition Value
-----------------

Solver Controls
---------------

Equations

Equation Solved
------------------------
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Flow yes
Volume Fraction yes

Numerics

Numeric Enabled
---------------------------------------
Absolute Velocity Formulation yes

Unsteady Calculation Parameters

-------------------------------------
Time Step (s) 1e-07
Max. Iterations Per Time Step 20

Relaxation

Variable Relaxation Factor
-------------------------------
Pressure 0.3
Density 1
Body Forces 1
Momentum 0.7

Linear Solver

Solver Termination Residual Reduction
Variable Type Criterion Tolerance
--------------------------------------------------------
Pressure V-Cycle 0.1
X-Momentum Flexible 0.1 0.7
Y-Momentum Flexible 0.1 0.7

Pressure-Velocity Coupling

Parameter Value
------------------
Type SIMPLE

Discretization Scheme

Variable Scheme
------------------------------------
Pressure PRESTO!
Momentum First Order Upwind
Volume Fraction Geo-Reconstruct

Solution Limits

Quantity Limit
---------------------------------
Minimum Absolute Pressure 1
Maximum Absolute Pressure 5e+10
Minimum Temperature 1
Maximum Temperature 5000

Material Properties
-------------------

Material: water-liquid (fluid)

Property Units Method Value(s)
--------------------------------------------------------------
Density kg/m3 constant 998.2
Cp (Specific Heat) j/kg-k constant 4182
Thermal Conductivity w/m-k constant 0.6
Viscosity kg/m-s constant 0.001003
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Molecular Weight kg/kgmol constant 18.0152
L-J Characteristic Length angstrom constant 0
L-J Energy Parameter k constant 0
Thermal Expansion Coefficient 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: air (fluid)

Property Units Method Value(s)
----------------------------------------------------------------
Density kg/m3 constant 1.225
Cp (Specific Heat) j/kg-k constant 1006.43
Thermal Conductivity w/m-k constant 0.0242
Viscosity kg/m-s constant 1.7894e-05
Molecular Weight kg/kgmol constant 28.966
L-J Characteristic Length angstrom constant 3.711
L-J Energy Parameter k constant 78.6
Thermal Expansion Coefficient 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: aluminum (solid)

Property Units Method Value(s)
---------------------------------------------------
Density kg/m3 constant 2719
Cp (Specific Heat) j/kg-k constant 871
Thermal Conductivity w/m-k constant 202.4
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A.3 Fluent Simulation Cases: T-channel Series

FLUENT Version: 2d, pbns, vof, lam, unsteady (2d, pressure-based, VOF, laminar, unsteady) Release: 6.3.26 Title:

Models
------

Model Settings
---------------------------------------------------------
Space 2D
Time Unsteady, 1st-Order Implicit
Viscous Laminar
Heat Transfer Disabled
Solidification and Melting Disabled
Species Transport Disabled
Coupled Dispersed Phase Disabled
Pollutants Disabled
Pollutants Disabled
Soot Disabled

Boundary Conditions
-------------------

Zones

name id type
--------------------------------------
fluid 2 fluid
wall 3 wall
outflow 4 outflow
air_inlet 5 velocity-inlet
water_inlet 6 velocity-inlet
default-interior 8 interior

Boundary Conditions

fluid

Condition Value
--------------------------------------------
Material Name water-liquid
Specify source terms? no
Source Terms ()
Specify fixed values? no
Fixed Values ()
Motion Type 0
X-Velocity Of Zone (m/s) 0
Y-Velocity Of Zone (m/s) 0
Rotation speed (rad/s) 0
X-Origin of Rotation-Axis (m) 0
Y-Origin of Rotation-Axis (m) 0
Deactivated Thread no
Porous zone? no
Porosity 1

wall

Condition Value
-------------------------------------------------------------------------------------------
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall? no
Velocity Magnitude (m/s) 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Define wall velocity components? no
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X-Component of Wall Translation (m/s) 0
Y-Component of Wall Translation (m/s) 0
Rotation Speed (rad/s) 0
X-Position of Rotation-Axis Origin (m) 0
Y-Position of Rotation-Axis Origin (m) 0
Contact Angles (deg) (((constant . 1.5707961) (profile )))
X-component of shear stress (pascal) 0
Y-component of shear stress (pascal) 0
Specularity Coefficient 0

outflow

Condition Value
---------------------------
Flow rate weighting 1

air_inlet

Condition Value
-------------------------------------------
Velocity Specification Method 0
Reference Frame 0
Velocity Magnitude (m/s) 10
X-Velocity (m/s) 0
Y-Velocity (m/s) 0
X-Component of Flow Direction 1
Y-Component of Flow Direction 0
X-Component of Axis Direction 1
Y-Component of Axis Direction 0
Z-Component of Axis Direction 0
X-Coordinate of Axis Origin (m) 0
Y-Coordinate of Axis Origin (m) 0
Z-Coordinate of Axis Origin (m) 0
Angular velocity (rad/s) 0
is zone used in mixing-plane model? no

water_inlet

Condition Value
-------------------------------------------
Velocity Specification Method 0
Reference Frame 0
Velocity Magnitude (m/s) 0.1
X-Velocity (m/s) 0
Y-Velocity (m/s) 0
X-Component of Flow Direction 0
Y-Component of Flow Direction 1
X-Component of Axis Direction 1
Y-Component of Axis Direction 0
Z-Component of Axis Direction 0
X-Coordinate of Axis Origin (m) 0
Y-Coordinate of Axis Origin (m) 0
Z-Coordinate of Axis Origin (m) 0
Angular velocity (rad/s) 0
is zone used in mixing-plane model? no

default-interior

Condition Value
-----------------

Solver Controls
---------------

Equations

Equation Solved
------------------------

94



Flow yes
Volume Fraction yes

Numerics

Numeric Enabled
---------------------------------------
Absolute Velocity Formulation yes

Unsteady Calculation Parameters

-------------------------------------
Time Step (s) 1e-07
Max. Iterations Per Time Step 20

Relaxation

Variable Relaxation Factor
-------------------------------
Pressure 0.3
Density 1
Body Forces 1
Momentum 0.7

Linear Solver

Solver Termination Residual Reduction
Variable Type Criterion Tolerance
--------------------------------------------------------
Pressure V-Cycle 0.1
X-Momentum Flexible 0.1 0.7
Y-Momentum Flexible 0.1 0.7

Pressure-Velocity Coupling

Parameter Value
------------------
Type SIMPLE

Discretization Scheme

Variable Scheme
------------------------------------
Pressure PRESTO!
Momentum First Order Upwind
Volume Fraction Geo-Reconstruct

Solution Limits

Quantity Limit
---------------------------------
Minimum Absolute Pressure 1
Maximum Absolute Pressure 5e+10
Minimum Temperature 1
Maximum Temperature 5000

Material Properties
-------------------

Material: water-liquid (fluid)

Property Units Method Value(s)
--------------------------------------------------------------
Density kg/m3 constant 998.2
Cp (Specific Heat) j/kg-k constant 4182
Thermal Conductivity w/m-k constant 0.6
Viscosity kg/m-s constant 0.001003
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Molecular Weight kg/kgmol constant 18.0152
L-J Characteristic Length angstrom constant 0
L-J Energy Parameter k constant 0
Thermal Expansion Coefficient 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: air (fluid)

Property Units Method Value(s)
----------------------------------------------------------------
Density kg/m3 constant 1.225
Cp (Specific Heat) j/kg-k constant 1006.43
Thermal Conductivity w/m-k constant 0.0242
Viscosity kg/m-s constant 1.7894e-05
Molecular Weight kg/kgmol constant 28.966
L-J Characteristic Length angstrom constant 3.711
L-J Energy Parameter k constant 78.6
Thermal Expansion Coefficient 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: aluminum (solid)

Property Units Method Value(s)
---------------------------------------------------
Density kg/m3 constant 2719
Cp (Specific Heat) j/kg-k constant 871
Thermal Conductivity w/m-k constant 202.4
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A.4 Fluent Simulation Cases: Random porous media

FLUENT Version: 2d, pbns, vof, lam, unsteady (2d, pressure-based, VOF, laminar, unsteady) Release: 6.3.26 Title:

Models
------

Model Settings
---------------------------------------------------------
Space 2D
Time Unsteady, 1st-Order Implicit
Viscous Laminar
Heat Transfer Disabled
Solidification and Melting Disabled
Species Transport Disabled
Coupled Dispersed Phase Disabled
Pollutants Disabled
Pollutants Disabled
Soot Disabled

Boundary Conditions
-------------------

Zones

name id type
--------------------------------------
air_water 2 fluid
wall 3 wall
outlet 4 outflow
inlet_water 5 velocity-inlet
inlet_air 6 velocity-inlet
default-interior 8 interior

Boundary Conditions

air_water

Condition Value
-------------------------------------------------------------------------------------------------------------------------------------------------
Material Name water-liquid
Specify source terms? no
Source Terms ((x-momentum) (y-momentum))
Specify fixed values? no
Fixed Values ((x-velocity (inactive . #f) (constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )))
Motion Type 0
X-Velocity Of Zone (m/s) 0
Y-Velocity Of Zone (m/s) 0
Rotation speed (rad/s) 0
X-Origin of Rotation-Axis (m) 0
Y-Origin of Rotation-Axis (m) 0
Deactivated Thread no
Porous zone? no
Porosity 1

wall

Condition Value
-------------------------------------------------------------------------------------------
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall? no
Velocity Magnitude (m/s) 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Define wall velocity components? no
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X-Component of Wall Translation (m/s) 0
Y-Component of Wall Translation (m/s) 0
Rotation Speed (rad/s) 0
X-Position of Rotation-Axis Origin (m) 0
Y-Position of Rotation-Axis Origin (m) 0
Contact Angles (deg) (((constant . 1.5707961) (profile )))
X-component of shear stress (pascal) 0
Y-component of shear stress (pascal) 0
Specularity Coefficient 0

outlet

Condition Value
---------------------------
Flow rate weighting 1

inlet_water

Condition Value
-------------------------------------------
Velocity Specification Method 0
Reference Frame 0
Velocity Magnitude (m/s) 0.1
X-Velocity (m/s) 0
Y-Velocity (m/s) 0
X-Component of Flow Direction 0
Y-Component of Flow Direction -1
X-Component of Axis Direction 1
Y-Component of Axis Direction 0
Z-Component of Axis Direction 0
X-Coordinate of Axis Origin (m) 0
Y-Coordinate of Axis Origin (m) 0
Z-Coordinate of Axis Origin (m) 0
Angular velocity (rad/s) 0
is zone used in mixing-plane model? no

inlet_air

Condition Value
-------------------------------------------
Velocity Specification Method 0
Reference Frame 0
Velocity Magnitude (m/s) 10
X-Velocity (m/s) 0
Y-Velocity (m/s) 0
X-Component of Flow Direction -1
Y-Component of Flow Direction 0
X-Component of Axis Direction 1
Y-Component of Axis Direction 0
Z-Component of Axis Direction 0
X-Coordinate of Axis Origin (m) 0
Y-Coordinate of Axis Origin (m) 0
Z-Coordinate of Axis Origin (m) 0
Angular velocity (rad/s) 0
is zone used in mixing-plane model? no

default-interior

Condition Value
-----------------

Solver Controls
---------------

Equations

Equation Solved
------------------------
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Flow yes
Volume Fraction yes

Numerics

Numeric Enabled
---------------------------------------
Absolute Velocity Formulation yes

Unsteady Calculation Parameters

---------------------------------------------
Time Step (s) 9.9999997e-06
Max. Iterations Per Time Step 20

Relaxation

Variable Relaxation Factor
-------------------------------
Pressure 0.3
Density 1
Body Forces 1
Momentum 0.7

Linear Solver

Solver Termination Residual Reduction
Variable Type Criterion Tolerance
--------------------------------------------------------
Pressure V-Cycle 0.1
X-Momentum Flexible 0.1 0.7
Y-Momentum Flexible 0.1 0.7

Pressure-Velocity Coupling

Parameter Value
------------------
Type SIMPLE

Discretization Scheme

Variable Scheme
------------------------------------
Pressure PRESTO!
Momentum First Order Upwind
Volume Fraction Geo-Reconstruct

Solution Limits

Quantity Limit
---------------------------------
Minimum Absolute Pressure 1
Maximum Absolute Pressure 5e+10
Minimum Temperature 1
Maximum Temperature 5000

Material Properties
-------------------

Material: water-liquid (fluid)

Property Units Method Value(s)
--------------------------------------------------------------
Density kg/m3 constant 998.2
Cp (Specific Heat) j/kg-k constant 4182
Thermal Conductivity w/m-k constant 0.6
Viscosity kg/m-s constant 0.001003
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Molecular Weight kg/kgmol constant 18.0152
L-J Characteristic Length angstrom constant 0
L-J Energy Parameter k constant 0
Thermal Expansion Coefficient 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: air (fluid)

Property Units Method Value(s)
----------------------------------------------------------------
Density kg/m3 constant 1.225
Cp (Specific Heat) j/kg-k constant 1006.43
Thermal Conductivity w/m-k constant 0.0242
Viscosity kg/m-s constant 1.7894e-05
Molecular Weight kg/kgmol constant 28.966
L-J Characteristic Length angstrom constant 3.711
L-J Energy Parameter k constant 78.6
Thermal Expansion Coefficient 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: aluminum (solid)

Property Units Method Value(s)
---------------------------------------------------
Density kg/m3 constant 2719
Cp (Specific Heat) j/kg-k constant 871
Thermal Conductivity w/m-k constant 202.4
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