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Abstract

Methane steam reforming (MSR) is a key process for the generation of hydrogen, which

is required for various applications. This thesis addresses the reforming process of a solid

oxide fuel cell (SOFC) system. The aim of this thesis is to implement and validate the

reaction kinetics for MSR in the AVL CFD simulation software FIRE. So far, FIRE has

mostly been used for the simulation of combustion processes but due to the growing

in�uence of fuel cells, new models should be included to explain reforming processes.

Within this thesis, methane steam reforming is described with three partial reactions,

which depict the formation of hydrogen and the water gas shift. Firstly, a literature

benchmark was done to validate the model. Afterwards it was used to simulate a reforming

reactor, whose geometric and catalytic parameters as well as the operating temperature

di�er from the literature benchmark, but were backed by experimental data. The in�uence

of the variation of the catalytic parameters was investigated and a model could be derived

that �ts both the literature benchmark as well as the measurements done by AVL.
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CHAPTER 1

Introduction

Methane steam reforming (MSR) is a key process for the generation of hydrogen which

is required for various applications. This thesis addresses the reforming process of a solid

oxide fuel cell (SOFC) system as described in section 2.1.

The aim of this thesis is to implement and validate the reaction kinetics for MSR in the

AVL CFD simulation software FIRE. So far, FIRE has mostly been used for the simulation

of combustion processes but due to the growing in�uence of fuel cells, new models should

be included to explain reforming processes.

This topic has long been studied in literature. In 1780, the production of combustible

gas was observed for the �rst time by Fontana. In the 19th century, the �rst patents were

�led concerning the generation of hydrogen. [1]

The �rst extensive study concerning the kinetics of the MSR reaction was published by

Akers and Champ in 1955 [2]. In this study, Akers and Champ developed a �rst order

model for the conversion of methane. Their results indicated that the rate of reaction was

directly proportional to the partial pressure of methane. Afterwards many publications

followed with di�erent kinetic models, for example the study of Bodrov in 1964 [1] or Ross

and Steel in 1972 [3]. The review from Elnshaie from 1988 [4], gives a good overview how

the kinetic models di�er.

In 1989, Xu and Froment developed a kinetic model which is still state of the art [5].

Following publications like Hoang [6] or Singh [7] changed only coe�cients which depend

on the catalytic material but did not modify the equations for the rate of reactions.
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1 Introduction

MSR is nowadays explained with three partial reactions given in Table 1.1.

Table 1.1: Partial reactions for MSR.
No. Reaction
1 CH4 + H2O � CO + 3H2
2 CO + H2O � CO2 + H2
3 CH4 + 2H2O � CO2 + 4H2

Reaction one and three are the governing reactions for the production of hydrogen and

reaction two describes the water-gas shift.

There are publications about CFD simulation for MSR like the one of Kuroki [8] but

those simulations are done after extracting the kinetic parameters with expensive and

long lasting experiments or simulating already published articles. Within this thesis, a

set of parameters should be found that would reduce signi�cantly tests for a viable catalyst

used by AVL. The objective lays on how speci�c parameters in�uence the outcome of the

simulation. With this knowledge, it should be possible to adjust the model to �t measured

data for MSR for any catalytic material with arbitrary geometries. On the other hand,

the geometric optimization of a reformer design should be applicable with a valid set of

reaction kinetic parameters.
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CHAPTER 2

Theory

This chapter gives an overview about a solid oxide fuel cell, the mathematical models

used in computational �uid dynamic simulations and explains how they can be derived.

In the �rst section, the working principle of an SOFC is explained. The second section,

section 2.2, gives an introduction about the solver of the computational �uid dynamics

(CFD) software FIRE, shows which approaches are made and states the di�erence between

the Lagrangian and Eulerian frame of reference. Additionally, underrelaxation factors are

explained. Section 2.3 introduces the stress tensor and shows, how it can be related

to the motion of a �uid. The forth section, section 2.4, states the laws of conservation

and explicates how they are derived. Those laws are essential for the formulation of

the Navier-Stokes equation, which is explained in the section afterwards. The sections 2.6

"Species Transport Module" and 2.7 "Aftertreatment Module" show how species transport

phenomena as well as catalytic conversion of species and heat transfer are treated in FIRE.

Section 2.8 describes how the equilibrium constant of a chemical reaction can be derived.

2.1 Solid Oxide Fuel Cell

SOFCs convert chemical energy directly into electrical energy and are not restricted by

the Carnot e�ciency like heat engines. In an SOFC, the electrolyte consists of a non

porous metal oxide, which is placed between the anode and the cathode. The operating

temperature is between 600 ◦C and 1000 ◦C, where ionic conduction by oxygen ions takes

place [9]. The most common reductant (fuel) and oxidant are hydrogen and ambient air.
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2 Theory

For a convenient storage and transportation, hydrocarbons can be used as fuels, but they

have to be converted into an SOFC compatible gas mixture for further use. This is done

by a catalytic reformer depicted in Figure 2.1.

Figure 2.1: Gas conversion process of a SOFC system. The methane and water mixture is converted into an
SOFC compatible gas mixture in the catalytic reformer. The generated hydrogen and carbon monoxide is used
to power the fuel cell.

At the cathode, the reduction of oxygen into oxygen ions takes place. These ions can

di�use through the electrolyte and react with hydrogen. As a result of this reaction,

water is generated and two electrons are given o�, which �ow through an external circuit.

The reactant �ow in an SOFC can be described as in Figure 2.2.

Figure 2.2: Reactant flow in an SOFC. The figure is taken from Bagheri [10]

2.2 CFD Solver

The AVL CFD Solver is based on the Finite Volume approach. The solver rests on general

conservation laws describing the behaviour of matter when it interacts with its surround-

ing. These laws are adaptable for solids and �uids. The most common formulations of
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2.2 CFD Solver

the conservation laws are done in the Lagrangian frame of reference, which is suitable

for the description of properties and dynamics of solids. To describe �uid �ow and its

transport processes, the Euler frame of reference is preferred. This is realised by the 'Fi-

nite Volume approach', which di�ers from other numerical methods by the fact that the

conservation equations are integrated before discretization over the �nite control volumes.

Those volumes are cells which are generated by the numerical mesh. [11]

2.2.1 Underrelaxation Factors

The solution of the kth iteration depends on the values of the (k-1)th iteration but this

change of variable values is also limited by an underrelaxation factor αφ, which has a value

between 0 and 1 to ensure convergence. The values of the kth iteration φk are calculated

by adding the value of the previous iteration to the di�erence of kth iteration minus the

previous iteration times a scaling factor which is the underrelaxation factor. For a value

smaller than one, this factor reduces oscillations in the solution and increases the stability

of the solution. On the other hand, it can decrease the speed of convergence. The value

for the kth iteration is calculated by solving the following equation.

φk = φk−1 + αφ
(
φnew − φk−1

)
(2.1)

2.2.2 Lagrangian and Eulerian Frame of Reference

The idea of the Lagrangian way of representation is to follow the path of individual objects

and keep track of the position and velocity vector of each object [12].

It is di�cult to de�ne and identify moving �uid particles, thus a more convenient way to

represent the motion of a �uid is the Euler description.

In this case, a �nite volume of the �uid is de�ned, through which the �uid �ows in and

out. Instead of keeping track of all the positions and velocities, pressure and velocity

�elds are de�ned in the speci�ed volume. The �uid parameters are therefore functions of

time and coordinates of a speci�c point in space. In other words, the �uid parameters at

this point are investigated over time.

Even though the Eulerian representation is a more convenient way for simulations, it is

still essential to consider the rate of change of quantities following a �uid particle which

5



2 Theory

leads to the de�nition of the material derivative. This is the rate of change in time

following a �uid particle expressed in Euler coordinates. F is a quantity following a �uid

particle that is described in both frames.

F = FL(x0
i , t̂) = FE(xi, t) = FE(ri(xi, t̂), t) (2.2)

The rate of change can be written as

∂F

∂t̂
= ∂FE

∂xi

∂ri

∂t̂
+ ∂FE

∂t

∂t

∂t̂
= ∂FE

∂t
+ ui

∂FE
∂xi

(2.3)

The material derivative D
Dt

is therefore de�ned as

∂

∂t̂
≡ D

Dt
= ∂

∂t
+ ui

∂

∂xi
= ∂

∂t
+ (u∇) (2.4)

2.3 Stress Tensor σij

The introduction of stress is a convenient way to describe the transmission of forces

through a medium which act on its boundaries. The theory of the stress tensor is sum-

marised by means of Ferzinger [13], Hirsch [14] and Pedlosky [15].

The total force on a given �uid element
∫
V

FdV can be transformed into a surface integral

by applying the divergence theorem.

∮
σijdAj =

∫ ∂σij
∂xj

dV =
∫
FidV (2.5)

The stress tensor is not generally diagonal but it can be proven that it is always possible

to �nd a transformation matrix aij that diagonalises the stress tensor in a new frame.

σ
′

ij = aikajlσkl = σ(j)δij =


σ1 0 0
0 σ2 0
0 0 σ3

 (2.6)

The value where all diagonal entries are the same is called static pressure.

σij = −pδij (2.7)
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2.3 Stress Tensor σij

For a �uid at rest, p is the pressure in the �uid and also the thermodynamic pressure. If

a �uid is moving, the pressure does not have to be the thermodynamic pressure, as it is

de�ned as the average normal forces on a �uid element.

The average normal stress is

σii
3 = 1

3(σ11 + σ22 + σ33) (2.8)

which is equal to −p only for simple monoatomic gases. In general the thermodynamic

pressure deviates from the average normal stress.

It is possible to split the stress tensor into two parts where τij (deviatoric stress) is de�ned

as the di�erence between the pressure and the total stress.

σij = −pδij + τij (2.9)

Depending on the de�nition of the pressure the trace of τij vanishes or not. If the pressure

is de�ned as the average normal stress, the trace of τij is zero and the pressure does not

have to be equal to the thermodynamic pressure.

2.3.1 Analysis of Fluid Motion

To achieve the goal of relating the stress tensor to the �uid motion, the motion near a

point xi is considered. The velocity can be written in terms of a Taylor series. Due to a

small region, the series is truncated after the �rst term

ui(xj + δxj) ' ui(xj) + ∂ui
∂xj

δxj (2.10)

where ∂ui
∂xj

is the deformation tensor, which in�uences the deviatoric stress tensor.

The velocity can be split up into

ui(xj + δxj) = ui(xj) + δui(xj)

which leads to

δui(xj) = ∂ui
∂xj

δxj (2.11)

The velocity derivation, like any other matrix, can be decomposed in a sum of a symmetric

and an antisymmetric matrix.

7



2 Theory

δui(xj) = 1
2

[
∂ui
∂xj

+ ∂uj
∂xi

]
δxj︸ ︷︷ ︸

symmetric

+ 1
2

[
∂ui
∂xj
− ∂uj
∂xi

]
δxj︸ ︷︷ ︸

antisymmetric

(2.12)

The symmetric tensor

eij = 1
2

[
∂ui
∂xj

+ ∂uj
∂xi

]
is called the rate of strain tensor because it can be shown that the diagonal elements

represent the rate of stretching of a �uid element along the corresponding axes. The o�

diagonal elements represent the rate of shear strain of a �uid element [15].

The antisymmetric tensor

ξij = 1
2

[
∂ui
∂xj
− ∂uj

∂xi

]
can be related to the vorticity.

ξij has the same components as the vector

1
2~ω = 1

2∇× ~u (2.13)

with

ωi = εijk
∂uk
∂xj

(2.14)

In general, ξij can be written as

ξij = −1
2εijkωk (2.15)

This derives from

ξij = −1
2εijkωk = −1

2εijkεklm
∂um
∂xl

= −1
2εkijεklm

∂um
∂xl

(2.16)

and leads with

εkijεklm =
δil δlj

δim δjm
= δilδjm − δimδlj (2.17)

to

8



2.3 Stress Tensor σij

ξij = −1
2 (δilδjm − δimδlj)

∂um
∂xl

ξij = −1
2

(
δilδjm

∂um
∂xl
− δimδlj

∂um
∂xl

)

ξij = −1
2

[
∂uj
∂xi
− ∂ui
∂xj

]
(2.18)

Equation 2.19 shows that the deviation of the velocity is proportional to the antisymmetric

tensor.

δ ~u(a) = ξijδxj = 1
2~ω × δ~x (2.19)

It can be seen as the displacement velocity due to rotation. It is a pure rotation due to

the fact that there is no change of the length of δ~x and only a change of direction.

2.3.2 Relation between Stress and Rate of Strain

To relate the �uid velocity to the stress tensor, it has to be assumed that the stress tensor

is a function of the deformation tensor and that the �uid is isotropic with regard to the

relation between stress and rate of strain. The relation between stress and rate of strain

is expected to be homogeneous and linear. This yields a general relation between the

deviatoric stress and the deformation tensor.

τij = Tijkl
∂uk
∂xl

(2.20)

Tijkl is an isotropic fourth order tensor. The most general isotropic second order tensor

is δij. To �nd its fourth order equivalent, the scalar constructed by the inner product of

Tijkl with the vectors Ai, Bi, Ci and Di is considered.

S = TijklAiBjCkDl (2.21)

Because Tijkl is isotropic, S should only depend on the orientation of the vectors to one

another.

S = α( ~A · ~B)(~C · ~D) + β( ~A · ~C)( ~B · ~D) + γ( ~A · ~D)(~C · ~B) (2.22)

9



2 Theory

TijklAiBjCkDl = αAiBiCjDj + βAiBiCjDj + γAiBiCjDj

TijklAiBjCkDl = AiBjCkDl [αδijδkl + βδikδlj + γδilδjk]

Tijkl = αδijδkl + βδikδlj + γδilδjk (2.23)

This tensor can be simpli�ed by applying the constraint of symmetry Tijkl = Tjikl

XXXXαδijδkl + βδikδlj + γδilδjk = XXXXαδjiδkl + βδjkδli + γδjlδik

βδikδlj + γδilδjk = βδjkδli + γδjlδik

(β − γ)δikδlj = (β − γ)δjkδil (2.24)

This is only true if β = γ.

Tijkl = αδijδkl + β(δikδlj + δjkδil) (2.25)

With σij = −pδij + τij and τij = Tijkl
∂uk
∂xl

σij = −pδij + [αδijδkl + β(δikδlj + δjkδil)]
∂uk
∂xl

σij = −pδij + αδij
∂uk
∂xk

+ β

(
∂ui
∂xj

+ ∂uj
∂xi

)

σij = −pδij + 2µeij + λekkδij (2.26)

Due to the fact that the pressure is invariant of the coordinate system since the trace of

σij is an invariant scalar, the trace of the deviatoric stress must be zero

τii = 2µeij + λekkδij = ejj[2µ+ 3λ] = 0 (2.27)

10



2.4 Laws of Conservation

which results in λ = −2
3µ, where µ is the coe�cient of the viscosity.

Equation 2.26 is only valid if the pressure is de�ned as the thermodynamic pressure. If

this is not the case, it has to be considered that the di�erence between the thermodynamic

pressure pe and the mechanically de�ned pressure is depending on the deformation tensor.

p = pe − η
∂ui
∂xj

δij = pe − η
∂uj
∂xj

(2.28)

As a result the stress tensor becomes

σij = −peδij + 2µeij +
(
η − 2

3µ
)
ekkδij (2.29)

For a monoatomic gas η = 0.

Those derived equations for the stress tensor are needed for the formulation and under-

standing of the conservation laws in the following sections.

2.4 Laws of Conservation

Fundamental physical laws of conservation state, that the rate of change of an extensive

property like energy or mass is a consequence of the interaction between a system and its

surroundings. This section is written with the help of following literature: Henningson

[12], Ferziger [13], Hirsch [14] and Kochukhov [16].

The following three subsections explain the main conservation laws, namely the conser-

vation of mass, the conservation of momentum and the conservation of energy.

2.4.1 Conservation of Mass

The conservation of mass states that the mass of a �uid containing the same particles at

all time in a speci�c volume is constant. The mass of the �uid is de�ned as
∫
V
ρdV .

D

Dt

∫
V

ρdV =
∫
V

∂ρ

∂t
+ ∂

∂xk
(ukρ)dV = 0 (2.30)

The integrand has to be zero because the equation has to be valid for an arbitrary volume.

∂ρ

∂t
+ ∂

∂xk
(ukρ) = 0 = ∂ρ

∂t
+ ρ

∂uk
∂xk

+ uk
∂ρ

∂xk
= Dρ

Dt
+ ρ

∂uk
∂xk

(2.31)

11



2 Theory

which leads to

Dρ

Dt
= −ρ∂uk

∂xk
(2.32)

2.4.2 Momentum Equation

The momentum equation describes the time rate of change of momentum in a material

region. It is equal to the sum of the forces.

D

Dt

∫
V

ρuidV =
∫
V

ρFidV +
∫
S

RidS (2.33)

Fi . . . body force per unit mass

Ri . . . surface force per unit area

ρui . . . momentum per unit volume

With the help of the Reynold's theorem, it is possible to place the material derivative

inside the integral.

∫
V

ρ
Dui
Dt

dV =
∫
V

ρFidV +
∫
S

RidS (2.34)

The total surface force Ri can be written in terms of the components of the stress tensor.

Ri = σi1n1 + σi2n2 + σi3n3 (2.35)

A rewriting of the above equation yields

∫
V

ρ
Dui
Dt

dV =
∫
V

ρFidV +
∫
S

σijnjdS =
∫
V

[
ρFi + ∂σij

∂xj

]
dV (2.36)

The equation has to be valid for an arbitrary volume so the integrand has to be zero.

ρ
Dui
Dt

= ρFi + ∂

∂xj
(−pδij + τij) = ρFi −

∂p

∂xi
+ ∂τij
∂xj

(2.37)

Or in other terms

12



2.4 Laws of Conservation

ρ
Dui
Dt

= ρFi −
∂p

∂xi
+ ∂

∂xj

[
µ

(
∂ui
∂xj

+ ∂uj
∂xi
− 2

3
∂uk
∂xk

δij

)]
(2.38)

It can also be written as

ρ
Du
Dt

= ∂u
∂t

+ (u∇)u = −∇p
ρ

+ ρF (2.39)

which is the Euler equation if external forces and friction is set to zero.

ρ
Du
Dt

= ∂u
∂t

+ (u∇)u = 0 (2.40)

2.4.3 Energy Equation

The rate of change of energy of a particle is equal to the rate that energy is received by

heat and work transfer by said particle. With the relation of Ri = σijnj, the following

equation can be derived

D

Dt

∫
V

ρ[e+ 1
2uiui]dV =

∫
V

ρuiFdV +
∫
S

[niσijuj − niqi]dS (2.41)

ρ[e+ 1
2uiui]dV . . . energy of particle

ρuiFdV . . . work rate of Fi on that particle

ujRjdS . . . work rate of Rj on that particle

niqidS . . . heat loss from surface

This equation can be reformulated to

D

Dt

∫
V

ρ[e+ 1
2uiui]dV =

∫
V

[
ρuiF + ∂

∂xi
(σijuj − qi)

]
dV (2.42)

The integrand of the equation has to be zero to be valid for an arbitrary volume.

ρ
D

Dt

[
e+ 1

2uiui
]

= ρuiF −
∂

∂xi
(pui) + ∂

∂xi
(τijuj)−

∂qi
∂xi

(2.43)

This equation can be split into parts of the kinetic energy 1
2uiui and the thermal energy e

The kinetic (mechanical) part can be developed by a dot-product between equation 2.37

and ui.

13



2 Theory

ρ
D

Dt

(1
2uiui

)
= ρFiui − ui

∂p

∂xi
+ ui

∂τij
∂xj

(2.44)

The thermal energy can be derived by subtracting the mechanical energy from the total

energy (equation 2.43 - equation 2.44).

ρ
De

Dt
= −p∂ui

∂xi
+ τij

∂ui
∂xj
− ∂qi
∂xi

+
���

���
���

�(
uj
∂τij
∂xi
− ui

∂τij
∂xj

)
︸ ︷︷ ︸

τij=τji

(2.45)

In equation 2.43, the two not obvious terms can be split into thermal terms and mechanical

terms.

• Thermal terms

related to forces and deformations

• Mechanical terms

related to velocities and force gradients

thermal mechanical

− ∂
∂xi

(ρui) = −ρ∂ui
∂xi

−ui ∂ρ∂xi

∂
∂xi

(τijui) = τij
∂ui
∂xj

+uj ∂τij∂xi

An alternative form of the thermal energy equations can be derived by introducing the

enthalpy h.

h = e+ p

ρ
(2.46)

Dh

Dt
= De

Dt
+ 1
ρ

Dp

Dt
− p

ρ2
Dρ

Dt
(2.47)

By multiplying this equation with ρ and inserting equation 2.45 and equation 2.32, this

equation can be rewritten into
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2.5 Navier-Stokes Equation

ρ
Dh

Dt
= −p∂ui

∂xi
+ τij

∂ui
∂xj
− ∂qi
∂xi︸ ︷︷ ︸

ρDe
Dt

+Dp
Dt

+ p
∂ui
∂xi︸︷︷︸
− 1
ρ
Dρ
Dt

ρ
Dh

Dt
= τij

∂ui
∂xi

+ ∂

∂xi

(
κ
∂T

∂xi

)
+ ∂p

∂t
+ ui

∂p

∂xi︸ ︷︷ ︸
Dp
Dt

(2.48)

With the de�nition of the total enthalpy H, the energy equation can be transformed to

H = h+ 1
2uiui (2.49)

ρ
DH

Dt
= ρ

[
Dh

Dt
+ D

Dt

(1
2uiui

)]
(2.50)

ρ
DH

Dt
= τij

∂uj
∂xi

+ ∂

∂xi

(
κ
∂T

∂xi

)
+ ∂p

∂t
+ ui

∂p

∂xi︸ ︷︷ ︸
Dh
Dt

+ ρFiui − ui
∂ρ

∂xi
+ ui

∂τij
∂xj︸ ︷︷ ︸

D
Dt( 1

2uiui)

(2.51)

ρ
DH

Dt
= ρFiui + ∂p

∂t
+ ∂

∂xi
(τijui) + ∂

∂xi

(
κ
∂T

∂xi

)
(2.52)

2.5 Navier-Stokes Equation

The momentum equation is rewritten with the help of the euler equation (2.39) and the

mass conservation equation (2.32) to

∂(ρui)
∂t

= − ∂

∂xk
Πik (2.53)

where Πik = pδik + ρuiuk is the speci�c momentum �ux tensor. It is the form of an ideal

�uid. A general form can be derived by including τij.

Πik = pδik + ρuiuk − τij (2.54)

Inserting the above equation in the momentum equation yields
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2 Theory

ρ
∂(ui)
∂t

+ui
∂(ρ)
∂t

= − ∂p

∂xi
−ρuk

∂ui
∂xk
−ui

∂(ρuk)
∂xk

+β ∂

∂xk

∂ui
∂xk

+β ∂

∂xk

∂uk
∂xi

+α ∂

∂xi

∂uk
∂xk

(2.55)

applying equation 2.32 results in

ρ

(
∂(ui)
∂t

+ uk
∂(ui)
∂xk

)
= − ∂p

∂xi
+ β∇2ui + (α + β) ∂2uk

∂xi∂xk
(2.56)

or in vector form

ρ
Du
Dt
≡ ρ

(
∂u
∂t

+ (u∇)u
)

= −∇p+ β∇2u + (α + β)∇(∇u) (2.57)

which is the most general form of the Navier-Stokes equation [12] [16]. If an Newtonian

�uid is considered, equation 2.57 yields

ρ

(
∂u
∂t

+ (u∇)u
)

= −∇p+ β∇2u (2.58)

2.5.1 Statistical description

The quantities of a turbulent �ow φ vary randomly at each point. They can be described

as mean value 〈φ〉 and �uctuations around the mean δφ.

φ = 〈φ〉+ δφ (2.59)

The rule for multiplying two quantities is

〈uiuk〉 = 〈(〈ui〉+ δui)(〈uk〉+ δuk)〉 (2.60)

〈uiuk〉 = 〈〈ui〉〈uk〉〉+ 〈δuiδuk〉+ 〈〈ui〉δuk〉+ 〈〈uk〉δui〉 (2.61)

(2.62)

with 〈δuiδuk〉 6= 0 and 〈δui〉 = 〈δuk〉 = 0 the previous equation yields

〈uiuk〉 = 〈ui〉〈uk〉+ 〈δuiδuk〉 (2.63)
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2.6 Species Transport Module

If the average of the momentum equation (2.54) is taken into account with the help of the

equation above, a similar equation as in the absence of turbulence can be derived. The

only di�erence is an additional term ρ〈δuiδuk〉, which is called the Reynold stress.

Rij = −ρ〈δuiδuk〉 (2.64)

This leads to the fact that turbulence can transfer momentum within the �uid like a

viscous force.

The Reynolds averaged Navier-Stokes equation reads

ρ
Dui
Dt

= ρFi −
∂p

∂xi
+ ∂(τij −Rij)

∂xj
(2.65)

but still contains unknown variables 〈δuiδuk〉 as a consequence of averaging. This is called
the Turbulence Closure Problem because an additional set of algebraic or di�erential

relations is needed to solve this problem.

Mainly, there are two di�erent assumptions for solving this problem. The Eddy Viscosity

/ Di�usivity Models and the Second-Moment Closure Models.

The turbulence model of choice for all of the following simulations is the k − ζ − f Model

which will not be described.

2.6 Species Transport Module

This module is used for the calculation of gas mixtures. It solves additional transport

equations for each component k of the gas mixture. Those equations can be expressed in

the form of

∂

∂t
(ρµk) + ∂

∂xi
(ρuiµk) = ∂

∂xi

(
Γµk

∂µk
∂xi

+ Sµk

)
k = 1, ..., KSpe (2.66)

with KSpe the total number of species and µk the mass fraction of species k. The di�usion

coe�cient Γµk is calculated via

Γµk =
(
ρDk + µt

Sct

)
(2.67)

17



2 Theory

with Dk the di�usion coe�cient of species k, the turbulent viscosity µt and the turbulent

Schmidt number Sct .

The source term Sµk consists of the reaction rate ṙk and the molecular weight Mk of

species k.

Sµk = ṙk Mk (2.68)

For the calculation of the molar enthalpy Hk, the molar entropy Sk and the molar heat

capacity at constant pressure Cpk, the same polynomial approaches are used as stated by

the National Aeronautics and Space Administration (NASA) [17]. The approaches are

given in the following equations for Cpk and Hk.

Cpk
R

= a1k + a2kT + a3kT
2 + a4kT

3 + a5kT
4 (2.69)

Hk

RT
= a1k + a2k

2 T + a3k

3 T 2 + a4k

4 T 3 + a5k

5 T 4 + a6k

T
(2.70)

2.7 Aftertreatment Module

This module is used in FIRE for simulations related to heat transfer and catalytic reac-

tions. This section gives an introduction how catalytic reactions are treated and how heat

conduction is included.

The module can consider a monolith and a packed bed structure of the catalytic material.

Since only the packed bed model is used, the monolith model will not be explained.

The modelling of a packed bed reactor is done by a porosity, which contains a solid and

a gaseous phase at the same time. The open frontal area (OFA) or void fraction is the

ratio between the volume of the gaseous phase and the total volume.

OFA = Vg
V

(2.71)

The �ow through the porosity module is simulated by considering pressure losses according

to Forchheimer which can be seen in the following equation 2.72.

18



2.7 Aftertreatment Module

∂p

∂xi
= −αi µ wi − ζi

ρ

2 |w| wi (2.72)

∂p
∂xi

is the pressure gradient and is calculated via αi the viscous loss coe�cient, the dynamic

viscosity µ, the local velocity in the porosity wi, the density of the �uid ρ and an internal

loss coe�cient ζi.

2.7.1 Solid energy balance equation

The energy balance equation is calculated by extending Fourier's law.

Fourier's law states that the rate of heat �ux Q̇ through a uniform material is directly

proportional to the area of heat transfer A and to the temperature di�erence ∆T in the

direction of the heat �ux. It is also inversely proportional to the length of the path ∆x.
The thermal conductivity k is the constant of proportionality [18].

Q̇ = −kAdT
dx

(2.73)

q = −kdT
dx

(2.74)

The energy balance equation can be written as∫
V

Ėν dV =
∫
V

k∇T + q̇ν dV (2.75)

where

Ėν = ρ · cp ·
∂T

∂t
(2.76)

is the time rate of change of the internal energy per unit volume and q̇ν is the rate at

which energy is generated per unit volume.

FIRE considers anisotropic heat conduction and an additional source term, which leads

to ∫
Vs

ρs ·
∂(cp,s · Ts)

∂t
· dV =

∫
As

(K∇T ) · ~n · dS + kh ·GSA · V · (Tg − Ts) + Sr (2.77)

with
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2 Theory

K . . . anisotropic heat conduction matrix

kh . . . gas-solid heat transfer coe�cient

GSA . . . Geometric surface area

Ts . . . solid temperature

Tg . . . gas temperature

Sr . . . chemical reaction source

It is assumed that the cross stream and stream wise solid thermal conductivities are

linearly linked and di�er only from an anisotropy factor. The solid heat conduction K
reads

K = Q−1ΛQ (2.78)

with

Λ =


λs 0 0
0 Gλs 0
0 0 Gλs

 (2.79)

where Λ is the conduction matrix in the catalyst reference frame and Q and Q−1 are the

transfer matrices from the catalyst reference frame to the Cartesian reference frame. λs

is the solid thermal conductivity and G is the anisotropic conductivity factor.

The heat source due to chemical reactions Sr is calculated by using the species' reaction

rates and the corresponding enthalpies of formation.

Sr =
K∑
k=1

ṙkHfk|298KV (2.80)

ṙk is the reaction rate of species k
[
kmol
m3s

]
and Hfk|298K is the formation enthalpy of species

k at 298 K.

2.7.2 Chemical Reaction Rate Calculation

A chemical reaction can be written in the form given by Coltrin [19]

K∑
k=1

ν
′

kiκk ⇐⇒
K∑
k=1

ν
′′

kiκk (i = 1, ..., N) (2.81)
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2.7 Aftertreatment Module

with
ν ′, ν ′′ . . . stoichiometric coe�cients of educts and products

κ . . . chemical symbol of the kth species

K . . . total number of species

N . . . total number of considered chemical reactions

The stoichiometric coe�cient of species k in reaction i is de�ned as

νki = ν
′

ki − ν
′′

ki (2.82)

and the rate of production of species k is

ṙk =
N∑
k=1

νkiq̇i (2.83)

and the reaction rate q̇i is de�ned as the di�erence between forward and backward reaction

rates

q̇i = kfi

K∏
k=1

(ck,g)F0ki − kri
K∏
k=1

(ck,g)R0ki (2.84)

F0ki and R0ki are the exponents of concentration of the gas phase species in reaction i.

The de�nition of ck,g depends on the phase the species is part of. An ideal gas is assumed

for the gas phase

ck,g = yk,g
pg
RTg

(2.85)

kfi is the forward reaction rate constant and de�ned via the Arrhenius equation

kfi = AiT
biexp

(−Ei
RT

)
(2.86)

The backward reaction rate constant kri is zero for irreversible reactions but for reversible

reactions, it is calculated with kfi and the equilibrium constant Kci .

kri = kfi
Kci

(2.87)
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2.7.3 Transfer Coe�cients

For undirected porosities, the transport coe�cients for heat kh and the mass of the species

kk,m can be depicted as

kh = Nu · λg
dhyd

(2.88)

kk,m = Sh ·Dk,g

dhyd
(2.89)

with Nu the Nusselt number, Sh the Sherwood number, λg the thermal conductivity of

the gas mixture, Dk,g the di�usion coe�cient of species k in the gas mixture and dhyd the

hydraulic diameter, which represents the characteristic pore length.

The heat transfer coe�cient of packed beds with spheres of uniform size is much higher

than that of a single sphere, due to the production of vortices, when the �uid �ows through

the space between the spheres.

The averaged Nusselt number in packed beds is proportional to the Nusselt number of a

single sphere [20].

Nu = Nusp · fε (2.90)

fε is the shape factor and depends on the �uid volume fraction εg

fε = 1 + 1.5(1− εg) (2.91)

The Nusselt number for a sphere is calculated via

Nusp = 2 +
√
Nu2

lam + Nu2
turb (2.92)

Nulam = 0.664 ·
√
Re

3
√
Pr (2.93)

Nuturb = 0.037 · Re0.8 · Pr
1 + 2.433 · Re−0.1(Pr

2
3 − 1)

(2.94)
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2.8 Calculation of the Equilibrium Constant

If the packed bed consists of non-spherical particles, an equivalent diameter dp has to be

de�ned for a sphere with the same surface area as the particle.

The Sherwood number for the mass transfer coe�cient can be calculated in the same

way as the Nusselt number.

Shsp = 2 +
√
Sh2

lam + Sh2
turb (2.95)

Shlam = 0.664 ·
√
Re

3
√
Sc (2.96)

Shturb = 0.037 · Re0.8 · Sc
1 + 2.433 · Re−0.1(Sc

2
3 − 1)

(2.97)

The equations were taken from the Aftertreatment Module Manual [18].

2.8 Calculation of the Equilibrium Constant

The equilibrium constants are calculated via the Gibbs free energy, which consists of the

enthalpy and entropy [21]. For the temperature dependency of the entropy and enthalpy,

the speci�c heat capacities of the investigated temperature has to be included.

The standard reaction enthalpy given by [21] is

∆RH
0
m(T 0) =

∑
i

νsti ∆BH
0
mi(T 0) (2.98)

and the equation for the temperature dependency of the change of enthalpy is

∆RH
0
m(T ) = ∆RH

0
m(T 0) +

∑
i

νsti

T∫
T 0

Cmpi(T )dT (2.99)

The standard reaction entropy is

∆RS
0
m(T 0, p0) =

∑
i

νsti ∆BS
0
mi(T 0, p0) (2.100)

and the equation for the temperature dependency of the change of enthalpy is
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2 Theory

∆RS
0
m(T ) = ∆RS

0
m(T 0, p0) +

∑
i

νsti

T∫
T 0

Cmpi(T )
T

dT (2.101)

νsti are the stoichiometric coe�cients.

The heat capacity is modelled with a polynomial approach in the range of 273 K to 1300 K

with

Cp = a+ b
(

T

1000

)
+ c

(
T

1000

)2
+ d

(
T

1000

)3
(2.102)

The coe�cients for the part reactions are depicted in Table 2.1 The values are taken from

[22] and were validated in section 4.2.4 by means of Bahin [23, 24]

Table 2.1: Coefficients for equation 2.102 to calculate the temperature dependent specific heat capacity for
different species. The values are taken from [22].

a b c d
CH4 17.46 60.5 1.118 -7.21
H2O 30.38 9.621 1.185 0
CO 27.63 5.024 0 0
CO2 21.57 63.74 -40.53 9.684
H2 29.09 -0.8347 2.013 0

The binding energy and the entropy for each species is

Table 2.2: Binding enthalpy and entropy at standard temperature. The values were taken from [23, 24, 25].

∆BH
0
mi(T 0)

[
J
mol

]
∆RS

0
m(T 0, p0)

[
J

K·mol

]
CH4 -75000 186.26
H2O -242000 188.83
CO -110600 197.67
CO2 -394000 213.74
H2 0 130.68

It has to be considered that the stoichiometric coe�cients (νsti) for the educts have to be

multiplied with -1 and therefore the standard reaction enthalpy has a value of

∆RH
0
m(T 0) = 206400

[
J

mol

]
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2.8 Calculation of the Equilibrium Constant

and the standard reaction entropy of

∆RS
0
m(T 0, p0) = 214.62

[
J

K ·mol

]

The Gibbs free energy can be written as:

∆RG
0
m(T, p0) = ∆RH

0
m(T )− T∆RS

0
m(T, p0) (2.103)

∆RGm(T, p) = ∆RG
0
m(T, p0) +RT ln

(
p

p0

)
(2.104)

The condition for chemical equilibrium is ∆RGm = 0, which results in

− ∆RG
0
m(T, p0)
RT

=
k∑
i=1

νst i ln

(
p

p0

)
= ln(Ke) (2.105)

The equilibrium constant can be written in the form of

Ke(T ) = exp

(
−∆RG

0
m(T, p0)
RT

)
(2.106)

which gives the ratio between products and educts at a speci�c temperature. For standard

pressure, the calculation of the equilibrium constant can be simpli�ed to

Ke(T ) =

k∏
i=1

ν
νst ip
ip

k∏
i=1

ν
νst ie
ie

(2.107)

For the partial reaction,

CH4 +H2O = CO + 3H2 (2.108)

Ke(T ) is

Ke(T ) =
νCO ν

3
H2

νCH4 νH2O
(2.109)

The equilibrium concentration νi for each species can be calculated by knowing Ke(T )
via the Gibbs free energy (equation 2.106) and by using the nuclear balance equations,

which are now shown for this reaction.
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1 AC

H
= νCH4 +νCO

4νCH4 +2νH2O+2νH2
= 1

6

2 AO

H
= νH2O+νCO

4νCH4 +2νH2O+2νH2
= 1

6

3
k∑
i
νi = 1

4 Ke(T ) = νCO·ν3
H2

νCH4 ·νH2O

Setting 1 equals 2 leads to

νCH4 = νH2O

This result has to be plugged into equation 1 and solved for νH2O. Applying this to 2

results in the solution of the linear equation system which yields

νH2 = 3νCO

νCH4 = 1
2 (1− 4νCO)

νH2O = 1
2 (1− 4νCO) (2.110)

This leads to a form of the equilibrium constant which can be solved numerically for νCO

for each temperature step.

Ke(T ) = νCO (3νCO)3

1
4 (1− 4νCO)2 (2.111)

The description above is an example for the �rst partial reaction. The calculation was

repeated for the other two partial reaction and the results are shown in the section 4.2.4
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CHAPTER 3

Model and Methods

Within the context of this thesis, the focus was on the implementation of a kinetic model

for MSR. At �rst the kinetic, catalytic and geometric parameters of Hoang [6] were used

for the development of the model in FIRE. The results were compared to the one given

by Hoang [6] in section 4.1. This model is referred to as the benchmark model. After

its validation, the geometric and catalytic parameters were changed to the properties of

the reformer of interest (Table 3.3). The simulations were compared to measurements

done by Somare [26] at AVL. With regard to those results, parameters were changed and

recalculated to �t the measurements.

The goal was to develop one kinetic model, that gives reasonable results regardless of the

geometric and catalytic parameters.

The following sections state the used parameters for the creation of the model. Section

3.1 depicts the mechanical, geometrical and catalytic parameters for the benchmark and

the AVL reformer. Afterwards, the implementation of the reaction kinetics is shown in

section 3.2 as well as all equations and parameters concerning the build up of a kinetic

model. The used meshes and solver settings can be taken from section 3.3 and section 3.4

gives a brief summary about the used optimization tool.

3.1 Catalytic Parameters

The properties of the used reformers are given in the following sections. They di�er by

its geometry, the used catalytic material and �ow and pressure speci�cations. The values
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3 Model and Methods

are essential for the setting of boundary and initial conditions in the simulation, like the

pressure speci�cation at the outlet, the mole fractions of the gas concentrations and the

mass �ow.

3.1.1 Settings and Parameters for the Benchmark Model

The geometry speci�cations and parameters for the benchmarked reformer are given in

Table 3.1.

Table 3.1: Properties of the reformer of the benchmark model taken from Hoang [6].
Outlet pressure 1.5 bar
Steam to carbon ratio S

C 3.5
Residence time ≡ Massflow 3.6 (kg s)/mol ≡ 0.1986 g/s
Length 15 cm
Inner diameter 1 cm
Catalyst loading 8.98 g
Washcoat loading 762 g/l
Open frontal area (OFA) ≡ void fraction 0.35
Particle diameter 1.75 mm
Catalyst density ρCat 2.17 g/cm3

Specific heat 880 J/(kg K)

To build up a model, other parameters like the hydraulic diameter dhyd and the geomet-

ric surface area of the catalyst (GSACat) are needed. They are calculated by using the

following equation.

GSAsphere = 3
r

VolumeMaterial = (1−OFA) VolumeReformer

Inner surface (IS) = VolumeMaterial GSAsphere

GSACat = IS

VolumeReformer

dhyd = 4 OFA

GSACat

(3.1)
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This calculation yields

Table 3.2: Calculated properties of the benchmark reformer.

GSACat 2228.6 m2

m3

dhyd 0.6282 mm

3.1.2 Settings and Parameters for the AVL Reformer

The parameters of this reformer were measured by Fasching [27] and Somare [26]. The

GSA and the hydraulic diameter were calculated with equation 3.1.

Table 3.3: Properties of the AVL reformer. The values were taken with respect to [26, 27].
Outlet pressure 1.2 bar
Steam to carbon ratio S

C 2
Massflow 260 g/h
Length 76 cm
Inner diameter 2.97 cm
Catalyst loading 471.6 g
Washcoat loading 890 g/l
Open frontal area (OFA) 0.5
Particle diameter 4.7 mm
Catalyst density ρCat 1200 kg/m3

GSACat 638.3 m2/m3

dhyd 0.7833 mm
Specific heat 880 J/(kg K)

3.2 Reaction Kinetics and Model Development

The kinetic parameters for methane steam reforming (MSR) given in literature vary by

a few orders of magnitude [5, 6, 7, 28] (Table 3.5 and Table 4.2). This is due to the fact

that those parameters depend on the catalytic properties. Since the paper from Xu and

Froment [5], published in 1989, they all have in common that MSR is being described

with only three partial reactions.

Table 3.4: Governing partial reactions for MSR. The reactions were given by Hoang [6].
No. Reaction ∆H298 (kJ/mol)
1 CH4 + H2O � CO + 3H2 206.1
2 CO + H2O � CO2 + H2 -41.15
3 CH4 + 2H2O � CO2 + 4H2 165.0
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3 Model and Methods

The used paper for the benchmark was written by Hoang in 2005 [6]. It was chosen

because it was one of very few that contained a whole parameter set, which is essential

for the creation of the model in BOOST and FIRE.

Hoang developed his parameters from many measurements, built a 2-D model with the

extracted parameters and validated it with his measurements. He came to the same form

for the rates of reaction as Xu and Froment, which are shown in equation 3.2 to 3.5.

Rj is the rate of reaction for reaction j with the unit of
[
kmol
kg s

]
and is depicted in the

following equations. The formulas are taken from [6] and the used variables are described

in equation 3.6 to equation 3.8

R1 =
k1
p2.5
H2

(
pCH4pH2O −

p3
H2
pCO

Ke1

)
Q2
r

(3.2)

R2 =
k2
pH2

(
pCOpH2O −

pH2pCO2
Ke2

)
Q2
r

(3.3)

R3 =
k3
p3.5
H2

(
pCH4p

2
H2O −

p4
H2
pCO2

Ke3

)
Q2
r

(3.4)

Q2
r = 1 +KCOpCO +KH2pH2 +KCH4pCH4 + KH2OpH2O

pH2

(3.5)

The used variables are the kinetic rate constant of equation j (kj) with its corresponding

activation energy Ej and the adsorption constant of species i (Ki) with its corresponding

enthalpy ∆Hi. Both are calculated via the Arrhenius approach as described in equation

2.86

kj(T ) = k0j exp
(
− Ej
RT

)
(3.6)

Ki(T ) = K0i exp

(
−∆Hi

RT

)
(3.7)
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Additionally the equilibrium constants Kej are used. The unit of Kej is chosen to cancel

out the unit of pressure in equation 3.2 to 3.5 with the help of Table 3.5 and Table 3.6.

Ke1 = 5.75 · 1012 exp
(
−11500

T

)
[bar2]

Ke2 = 1.26 · 10−2 exp
(4600

T

)

Ke3 = 7.24 · 1010 exp
(
−21600

T

)
[bar2] (3.8)

The pre-exponential factors for k0j and K0i (equation 3.6) and 3.7) are depicted in Table

(3.5) and(3.6):

Table 3.5: Pre-exponential factors for kinetic rate constants [6]
Reaction k0j (mol/kg s) Ej (J/mol)

1 9.048 1011 bar0.5 209500
2 5.43 105 bar−1 70200
3 2.14 109 bar0.5 211500

Table 3.6: Pre-exponential factors for adsorption constant [6]
Species K0i (bar−1) ∆Hi (J/mol)
CH4 1.995 10−3 -36650
CO 8.11 10−5 -70230
H2 7.05 10−9 -82550
H2O 1.68 104 bar 85770

The pre-exponential factors of Table 3.5 are scaling factors for the velocity of the reaction

and depend on the catalytic properties like the loading of the catalyst, its reactive surface

and the OFA.

3.2.1 Implementation of the Kinetic Model

The parameters and equations mentioned in the previous section were implemented in

BOOST and FIRE with the AVL user coding interface (AUCI). Additional things had to

be considered to ensure convergence and correct calculation.
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3 Model and Methods

If the partial pressure of two species of one of the equations 3.2 to 3.4 becomes negative at

the same time, which is numerically possible, they could cancel out and the solver would

not notice the di�erence, which could lead to a diverging simulation. This issue was �xed

by multiplying an appropriate sign if this condition comes true.

Another problem that had to be faced was the non-integer exponents of R1 and R3 (equa-

tion 3.2 and 3.4) because negative values for the partial pressure of H2 would lead to a

not-a-number error. This problem is �xed with a logical sign operator, which is described

in Figure 3.1. Additionally those functions (for example 1/p2.5
H2 ) have a very large gradient

in the low concentration region and a singularity at zero, which results in slow conver-

gence or even a diverging simulation. A possibility to get rid of this issue is to make the

exponents approach the value one below a speci�ed concentration. The AUCI function

that accomplishes this is called modifyExponent and uses following polynomial function:

nmod(x) = 1− n
bp

xp + n (3.9)

with the concentration x, the original exponent n, the polynomial order p and the bound-

ary condition b, which is the upper boundary value of the concentration for the start of

the modi�cation of the exponent.

An example of the implementation is shown in Figure 3.1.

Figure 3.1: Part of the AUCI model for R1 of Table ??

The value d_boundary was speci�ed as 0.001.

3.3 Mesh and Solver Settings

This section shows the mesh-geometries and solver settings. The �rst section shows the

settings for the literature benchmark model and the second section the settings for the

AVL reformer model. It is depicted how the di�erent meshes for �uid and solid are
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3.3 Mesh and Solver Settings

combined and where selections for the evaluation of the simulations are placed.

3.3.1 Benchmark Model

The meshes for the benchmark model were created with the AVL meshing tool "FAME

Meshing". The simulation of heat transfer through a solid into a �uid requires two meshes.

One for the solid case, which represents the steel tube in which the �uid �ows, and one

for the �uid case. The coupling of those two cases was done via the "AVL Case Coupling

Interface (ACCI)".

Both meshes consist of 80000 cells and have a total length of 0.2 m and an inner diameter

of 0.01 m, which include an inlet and an outlet zone (green and red parts of Figure 3.2).

For a more precise analysis, 2-D cell selections were created in which mean values of gas

temperature and mole fraction were calculated. The labels of these selections can be seen

in Figure 3.2.

Figure 3.2: Mesh of the fluid case of the benchmark model with positions of cuts that are used for mean
calculations of mole fractions and gas temperature. "RP inlet" and "RP outlet" indicate the boundaries for the
reactive porosity, whereas Cut 1 to 5 are distributed to gain a maximum of information about the dynamic of the
reactions. This is due to the fact that the reaction is very fast and most of the reformation takes place in the first
half of the reactive porosity.

Figure 3.3: Mesh of the solid case of the benchmark model with positions of different heat settings

Figure 3.4: Meshes of coupled solid and fluid case of the benchmark model
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3 Model and Methods

Table 3.7 shows the underrelaxation factors for both cases. The solid case has no factor

for species transport. Underrelaxation is described in section 2.2.1.

Table 3.7: Underrelaxation factors
Momentum 0.8
Pressure 0.2
Turb. kin. energy 0.6
Turb. diss. rate 0.6
Energy 0.9
Mass source 1.0
Viscosity 1.0
Scalar 1.0
Species transport equation 1.0

A standard model (k-ζ-f model) was used as turbulence model in the �uid case, as for the

solid case, a Laminar model was chosen. Both models are prede�ned models and are not

explained within this thesis. The convergence criteria for normalized residuals are shown

in Table 3.8

Table 3.8: Convergence criteria
Momentum 1e-04
Pressure 1e-04
Turb. kin. energy 1e-04
Turb. diss. rate 1e-04
Energy 1e-06
Scalar 1e-05

Mass and heat transfer in the reactive porosity (RP) were calculated with the "VDI packed

bed" model, developed by "Verein Deutscher Ingenieure" [29] and the pressure drop with

"Forchheimer" (see section 2.7)

The solid case corresponds to 1.4841 steel whose properties are given in the following

Table 3.9.

Table 3.9: Solid case properties for the simulation of the heatflux through the wall of a steel tube
Specific heat 500 J

kg K

Thermal conductivity 15 W
m K

Reference density 7.9 kg
dm3
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3.3 Mesh and Solver Settings

3.3.2 AVL reformer model

The meshes for the AVL reformer model were created with the same meshing tool as the

previous model. Both meshes have 300000 cells, a total length of 0.9 m and an inner

diameter of 0.0297 m. The inlet and outlet region is included in the mesh. The positions

for the 2-D mean analysis is depicted in Figure 3.5.

Figure 3.5: Mesh of the fluid case of the AVL reformer model with positions of cuts. "RP inlet" and "RP outlet"
indicate the boundaries for the reactive porosity, whereas Cut 1 to 4 are distributed in a way that gives much
information about the dynamic of the reactions. This is due to the fact that the reaction is very fast and most of
the reformation takes place in the first half of the reactive porosity.

Figure 3.6: Mesh of the solid case of the AVL reformer model with positions of different heat settings

Figure 3.7: Meshes of coupled solid and fluid case of the AVL reformer model

Table 3.10 shows the underrelaxation factors for both cases. The solid case has no factor

for species transport.
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3 Model and Methods

Table 3.10: underrelaxation factors for the simulation of the AVL reformer mode
Momentum 0.6
Pressure 0.1

Turb. kin. energy 0.4
Turb. diss. rate 0.4

Energy 0.8
Mass source 0.8
Viscosity 0.8
Scalar 0.8

Species transport equation 0.8

The convergence criteria are the same as in Table Table 3.8 and the pressure drop is

calculated with "Forchheimer" (see section 2.7).

The di�erent mesh for the �uid case compared with the benchmark model is due to

faster convergence because neighbouring cells with the same geometry are preferred since

transmitted values do not have to extrapolated.

Values for the properties of the solid case can be seen in Table 3.9.

3.4 Optimization settings

The AVL optimization tool Design Explorer was used to optimize the kinetic parameters

with regard to the expected outlet gas concentration. The response function was de�ned

as the minimum CH4 and H2O concentration at the outlet and the maximum H2 con-

centration at the outlet. The consideration of the other species fraction lead to longer

calculations and no improvement of the results.

The optimization was done for the activation energies, the preexponential factors k0j and

both together, but only the optimization for the activation energies led to logical results.

The results are shown in section 4.2.3.

The used algorithm for the optimization was NLPQL and is known in literature (see

Schittkowski [30]).
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CHAPTER 4

Results and Discussion

For the validation of the models, the mean gas concentration and the corresponding mean

temperature at speci�c cuts (see Figure 3.2 and Figure 3.5) were compared to equilibrium

concentration, calculated with a Gibbs reactor in MATLAB.

The distribution of the equilibrium concentration for MSR was calculated for a tempera-

ture range from 0 ◦C to 1200 ◦C in MATLAB and compared with literature in Figure 4.1.
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Figure 4.1: Validation of the Gibbs reactor. The left figure is taken from Leinfelder[31] and shows the equilibrium
concentration dependency of the temperature. The right one depitcs the results of the simulation in MATLAB

Section 4.1 compares the outcome of the benchmarked model with the results given in

the corresponding literature. It depicts the limitations of the 1-D simulation software and

checks it against the results gained from FIRE. The following three sections analyse the

results of the AVL reformer model with di�erent sets of kinetic parameters. In section
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4 Results and Discussion

4.2.4 it is shown, how the change of the equilibrium constant in�uences the outcome of

the simulation, which is further investigated in the last sections of this chapter.

4.1 Literature benchmark

The model for Hoang's reformer was �rst investigated in the 1-D AVL simulation software

BOOST. Figure 4.2 shows the species conversion within the reformer given by Hoang[6],

while Figure 4.3 and Figure 4.4 show the simulated species concentration over the reactor

length in BOOST for two di�erent values of the speci�c heat. The very large value

of 3000 kJ/(kg K) for the speci�c heat reformer material was used to compensate the

temperature loss during the chemical reactions and therefore increase the speed of the

reformation since it was not possible to specify an external heat �ux in BOOST.

Figure 4.2: Changing gas concentration over the reactor length for 973 K (left) and 1073 K (right). The figures
were taken from Hoang [6].
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Figure 4.3: BOOST results for different temperatures with a specific heat of 880 J/(kg K). The left figure shows
the gas concentration with respect to the reactor length at 973 K and the right figure at 1073 K.
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Figure 4.4: BOOST results for different temperatures with a specific heat of 3000 kJ/(kg K) The left figure
shows the gas concentration with respect to the reactor length at 973 K and the right figure at 1073 K.

The heat�ux for the 3-D simulation in FIRE was chosen with regard to Kuroki [8] who

speci�ed a heat�ux of 60 kW/m2 for an inlet gas temperature of 973 K and 85 kW/m2

for an inlet gas temperature of 1073 K. Those heat �uxes are necessary to reach the inlet

gas temperature at the outlet, which was achieved in the measurements of Hoang. The

region, where the heat �ux is applied, is shown in Figure 3.3. The results are depicted in

Figure 4.5 to Figure 4.7.
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Figure 4.5: Mean species concentration at specific cuts of the reformer calculated with FIRE at 973 K with
60 kW/m2 and 1073 K with 85 kW/m2. The position of the cuts in the mesh is shown in Figure 3.2.
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Figure 4.6: Mean gas temperature at specific cuts of the reformer calculated with FIRE at 973 K with 60 kW/m2

and 1073 K with 85 kW/m2. The position of the cuts in the mesh is shown in Figure 3.2.

The right diagram in Figure 4.6 shows that the value for the heat �ux given by Kuroki for

the higher temperature set-point, leads to an overshooting of the outlet gas temperature.

This could be due to di�erent models of the reactive porosities or the calculation of the

material properties for the heat transfer.

Figure 4.7 compares the results of the simulation over the reformer length with the calcu-

lated equilibrium concentration. The temperatures for the calculations were taken from

Figure 4.6. It depicts that the simulation does not reach the equilibrium concentration,

which can be explained by the short reformer length of 15 cm. It can also be seen that the

deviation from the equilibrium at the outlet is smaller for higher temperatures, due to the

fact that the speed of the reaction is proportional to the temperature in this temperature

region and leads to faster conversion.
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Figure 4.7: Mean species concentration calculated with FIRE at 973 K with 60 kW/m2 and 1073 K with
85 kW/m2 and Gibbs equilibrium concentration at specific cuts of the reformer. The position of the cuts in the
mesh is shown in Figure 3.2.
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4.2 AVL reformer

The results of the simulation for the model of the AVL reformer (see chapter 3) are shown

in this section. At �rst, all kinetic parameters were taken from Hoang (see Table 3.5 and

3.6) and afterwards modi�ed to investigate their in�uence and dependency.

The measured gas concentration by Somare [26] is equal to the equilibrium concentration

calculated with the Gibbs reactor and is given in Table 4.1.

Table 4.1: Measured gas concentration by Somare [26]
Species mole fraction [%]
CH4 15.5
H2O 32.4
H2 41.1
CO 2.9
CO2 8.1

The following �gures compare the simulated gas �ow temperature along the tube's symme-

try axis (Polyline with x=0, y=0 z=[-0.45,0.45]) for di�erent kinetic parameters and heat

�uxes with the measured data and the simulated outlet concentration with the measured

values .

4.2.1 Reaction kinetic parameters of Hoang

Figure 4.8 and Figure 4.9 show the results for a heat �ux of 1000 W/m2 and 5000 W/m2

for the kinetic parameters of Hoang. The region, where the heat �ux is applied, is shown

in Figure 3.6. 1000 W/m2 is the mean heat �ux for the same simulation with a constant

solid wall temperature of 818 K. Since the outlet gas temperature di�ers by approximately

30 K from the measurement, the heat �ux was arbitrary increased to 5000 W/m2, which

led to an even higher temperature at the outlet compared to the measurement. The

mole fractions for CH4 and H2O decrease with increasing temperature which is physically

expected. On the other hand, the comparison of the mean gas concentration for speci�c

cuts at a mean temperature with the corresponding equilibrium concentration at this

temperature in Figure 4.10 shows a huge discrepancy.
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Figure 4.8: Comparison of simulated and measured values for Hoang’s kinetics and 1000 W/m2. The left figure
compares the polyline results for the flow temperature with the measurement. The right figure shows the deviation
of the simulated mean outlet concentration from the measurement by Somare.
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Figure 4.9: Comparison of simulated and measured values for Hoang’s kinetics and 5000 W/m2. The left figure
compares the polyline results for the flow temperature with the measurement. The right figure shows the deviation
of the simulated mean outlet concentration from the measurement by Somare.
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Figure 4.10: Comparison of simulation and equilibrium concentration for 1000 W/m2 and 5000 W/m2. The
equilibrium concentration was calculated with the Gibbs reactor in MATLAB.
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Due to this discrepancy, the kinetic model is not �t for further use and has to be modi�ed.

4.2.2 Reaction Kinetic Parameters of Xu

The same model was used as before but with the pre-exponential factors and activation

energies of Xu [5], which are illustrated in Table 4.2.

Table 4.2: Pre-exponential factors and activation energies of Xu [5] for the rate of reaction in equation 3.2 to
3.5.

Reaction k0j (mol/kg s) Ej (J/mol)
1 1.167 1015 bar0.5 240100
2 1.508 105 bar−1 67130
3 2.830 1014 bar0.5 243900

Figure 4.11 and Figure 4.12 show the results for a heat �ux of 1000 W/m2 and 5000 W/m2

for the kinetic parameters of Xu. This simulations show a trade-o� between a smaller

deviation of the mole fractions from the measurement but a higher discrepancy in the

temperature pro�le. It can be said that this set of parameters lead to no signi�cant

improvement of the simulation.
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Figure 4.11: Comparison of simulated and measured values for Xu’s kinetics and 1000 W/m2. The left figure
compares the polyline results for the flow temperature with the measurement. The right figure shows the deviation
of the simulated mean outlet concentration from the measurement.
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Figure 4.12: Comparison of simulated and measured values for Xu’s kinetics and 5000 W/m2. The left figure
compares the polyline results for the flow temperature with the measurement. The right figure shows the deviation
of the simulated mean outlet concentration from the measurement.

The comparison of the mean gas concentration for speci�c cuts and its mean temperature

with the corresponding equilibrium concentration at this temperature, shows also a huge

discrepancy.
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Figure 4.13: Comparison of simulation and equilibrium concentration for 1000 W/m2 and 5000 W/m2. The
equilibrium concentration was calculated with the Gibbs reactor in MATLAB.

4.2.3 Optimized activation energies Ei

Due to the fact that the expected outlet concentration could not be reached, an opti-

mization algorithm based on the NLPQL method was used in the 1-D simulation tool

BOOST. The start values for the optimization were the kinetic parameters of Hoang and

the optimum activation energies with this method are shown in the following Table 4.3.

The optimization was also done for the pre-exponential factors and the pre-exponential

factors plus the activation energies, but both optimizations led to non-physical values for
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the pre-exponential factors. Therefore they are not shown in this section.

Table 4.3: Pre-exponential factors of Hoang and optimized activation energies
Reaction k0j (mol/kg s) Ej (J/mol)

1 9.048 1011 bar0.5 232772
2 5.43 105 bar−1 73057
3 2.14 109 bar0.5 221815

Figure 4.14 compares the measured values with the results of the simulation with opti-

mized activation energies.
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Figure 4.14: Comparison of simulated and measured values for the optimized activation energies and 300 W/m2.
The left figure compares the polyline results for the flow temperature with the measurement. The right figure
shows the derivation of the simulated mean outlet concentration from the measurement.

Figure 4.15 shows that the equilibrium concentration can be reached in contrast to the

previous simulation, but the temperature pro�le di�ers much more. The reason for this

result is, that the optimization was not done with regard to an external heat �ux, which

was not possible in BOOST.
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Figure 4.15: Comparison of simulation with optimized activation energies and equilibrium concentration for
300 W/m2. The equilibrium concentration was calculated with the Gibbs reactor in MATLAB

4.2.4 Equilibrium constant

The previous results show, that either the temperature pro�le �ts the measured data and

the concentration di�ers from the expected value or the other way around. Since the

variation of the kinetic parameters lead to no satisfying result, the equilibrium functions

of each partial reactions were investigated as described in the section 2.8.

The function for the speci�c heat capacity (equation 2.102) with the values given in Table

2.1 is depicted in Figure 4.17. This �gure shows, that the deviation of the function from

the values stated by Barin [23, 24] is negligible. Therefore equation 2.102 is used for the

calculation of the speci�c heat capacity.
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Figure 4.17: Comparison between the values for the specific heat capacity given by Barin [23, 24] and the
calculated values with equation 2.102 and the coefficients of Table 2.1

Figure 4.19 shows the calculated equilibrium constants and compares them to the ones

used by Hoang. It can be seen that the equilibrium constant used by Hoang di�er by more

than seven orders of magnitude from the calculated one. This explains the overshooting

of the equilibrium concentration in the previous simulations.
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Figure 4.19: Equilibrium constants for all three partial reactions. The blue line (Kcalc) refers to the calculated
equilibrium constant in section 2.8. The yellow line (KHoang) refers to the functions given in equation 3.8
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4.2 AVL reformer

Figure 4.21 shows the CH4 and H2 concentration calculated with regard to equation 2.110

for each equilibrium constant and compares them to the ones mentioned in equation 3.8.

The �rst diagram shows a too fast methane conversion for Hoang's setting (dotted blue

line) at a temperature range, where nearly no reforming should take place (solid blue

line). All other diagrams show a reasonable behaviour.
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Figure 4.21: Mole fractions calculated for each equilibrium constant for all three partial reactions. The dotted
lines corresponds to the equilibrium constants of Hoang given in equation 3.8 and the continuous lines to the
calculated equilibrium constants.
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Since the discrepancy between KHoang and Kcalc is most signi�cant for

CH4 + H2O � CO + 3H2, only this equilibrium constant has been �tted and im-

plemented in the AUCI model. The red line in Figure 4.22 shows the �tted values of the

calculated equilibrium constant with the model function:

K�t = 320701.4 exp
(

17.6− 27060.7
T

)
(4.1)
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Figure 4.22: Comparison of different equilibrium constants. It shows the temperature dependency of Hoangs
Ke, the calculated Ke and the model function for the calculated equilibrium constant.
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4.2 AVL reformer

The implementation of the model function in the AUCI model leads to the results depicted

in Figure 4.23 where the outlet gas concentration di�ers only slightly from the measure-

ment. The comparison with the Gibbs reactor is shown in Figure 4.24. It is depicted

that, in the contrary to the simulations described in the previous sections, the simulation

reaches equilibrium within the �rst 15 cm and stays in this equilibrium condition.
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Figure 4.23: Comparison of simulated and measured values for Hoangs’s kinetics with the equilibrium constant
Kfit and 100 W/m2. The left figure compares the polyline results for the flow temperature with the measurement.
The right figure shows the deviation of the simulated mean outlet concentration from the measurement.
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Figure 4.24: Comparison of simulation with the equilibrium constant Kfit and equilibrium concentration. The
equilibrium concentration was calculated with the Gibbs reactor in MATLAB
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4 Results and Discussion

4.2.5 Parameter study with K�t

For the understanding how unknown parameters in�uence the outcome, void fraction and

heat �ux are changed. Increasing the void fraction results in a smaller ratio of catalytic

material in the reformer (see equation 2.71), which leads to a worse heat conduction. This

is seen on the left side in Figure 4.25.
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Figure 4.25: Comparison of simulated and measured values for Hoangs’s kinetics with the equilibrium constant
Kfit, 100 W/m2 and different void fractions. The left figure compares the polyline results for the flow temperature
with the measurement. The right figure shows the deviation of the simulated mean outlet concentration from the
measurement.

The simulated outlet gas temperature di�ers from the expected value by approximately

15 K. To decrease this di�erence in temperature, the external applied heat�ux was in-

creased. The variation of the heat �ux yielded the results in Figure 4.26.
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Figure 4.26: Comparison of simulated and measured values for Hoangs’s kinetics with the equilibrium constant
Kfit, void fraction of 0.5 and different heat fluxes. The left figure compares the polyline results for the flow tem-
perature with the measurement. The right figure shows the deviation of the simulated mean outlet concentration
from the measurement.
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4.2 AVL reformer

Figure 4.27 compares the polyline result with the mean values of the cuts.
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Figure 4.27: Comparison of the deviation from Gibbs equilibrium for polyline result and mean values of cuts
with a heatflux of 500 W/m2 and void fraction of 0.5. The equilibrium concentration was calculated with the
Gibbs reactor in MATLAB

A typical temperature pro�le for the AVL reformer can be seen in Figure 4.28. Figure

4.29 shows the corresponding H2 generation. Both were calculated with a heat �ux of

500 W/m2 and void fraction of 0.5. The gas temperature shows the expected behaviour,

which is a fast decrease at the beginning of the catalyst due to the chemical reactions.

The heat up with the applied heat �ux is also shown in this �gure. Due to the thermal

conductivity, the outer regions of the model are heating up faster. The H2 mole fractions

correlate to the temperature. The �gures mentioned above show that the higher the

temperature, the higher the H2 concentration which leads to a higher concentration at

the outer regions of the reformer.

Figure 4.28: Flow temperature for the solid and fluid case at 500 W/m2 with Kfit

Figure 4.29: H2 generation at 500 W/m2 with Kfit

For a better comparison, a simulation of the benchmark model was redone with the cal-

culated equilibrium constant. There is no signi�cant discrepancy between the species
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4 Results and Discussion

concentration calculated with the �tted euilibrium constant and the constant from the

benchmark model (see Figure 4.30) but the mean temperature pro�le di�ers at its min-

imum by 50 K. Those temperature pro�les are compared with literature [8] in Figure

4.31.
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Figure 4.30: Comparison of mean mole fraction with different equilibrium constants for the benchmark model.
The results of the left figure were calculated with Hoang’s equilibrium constant (the first in equation 3.8) and the
results of the right figure were calculated with equation 4.1.
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Figure 4.31: Comparison of simulated mean temperatures for the benchmark model (right) with the figure
taken from Kuroki (left) [8]. The unit of both x-axis is in meter. Kfit indicates the gas flow temperature of the
simulation with the fitted equilibrium constant, "literature K" indicates the gas flow temperature of the simulation
with respect to the first equilibrium constant given in equation 3.8.

Additionally simulations were done with Kfit in combination with the kinetic parameters

of Xu, which are shown in Table 4.2. The results of those simulations are compared to the

simulations with Kfit and the kinetic parameters of Hoang (see Table 3.5) in the following

�gures. Figure 4.32 displays the simulations with a heat �ux of 100 W/m2 and Figure

4.33 shows the simulations with a heat �ux of 500 W/m2. The di�erence in reaching the

equilibrium concentration for the two kinetic sets is depicted in Figure 4.34.
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Figure 4.32: Comparison of simulated and measured values for Hoang’s and Xu’s kinetics with a heat flux of
100 W/m2 and void fractions of 0.5. The left figure compares the polyline results for the flow temperature with
the measurement. The right figure shows the deviation of the simulated mean outlet concentration from the
measurement.
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Figure 4.33: Comparison of simulated and measured values for Hoang’s and Xu’s kinetics with a heat flux of
500 W/m2 and void fractions of 0.5. The left figure compares the polyline results for the flow temperature with
the measurement. The right figure shows the deviation of the simulated mean outlet concentration from the
measurement.
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Figure 4.34: Mole fraction comparison of polyline results with the results of the Gibbs reactor with a heat flux
of 100 W/m2, void fraction of 0.5 and the model function for the equilibrium constant. The left figure shows the
reformation process for the kinetic parameters of Hoang and the right figure for the kinetic parameters of Xu.

Figure 4.34 presents that the simulation with the parameters of Xu needs more reformer

length for reaching the equilibrium concentration, although the pre-exponential factors

have higher values. This leads to the conclusion that the activation energies have more

in�uence in reaching the equilibrium than the pre-exponential factors, since the activation

energies of Hoang have smaller values than the ones of Xu.

The optimum settings for the smallest deviation from the measurement can be taken from

Table 4.4.

Table 4.4: Settings for the smallest deviation from the measurement
Pre-exponential factors Hoang (Table 3.5)
Activation energies Hoang (Table 3.5)
Adsorption constants Hoang (Table 3.6)
Equilibrium constants Ke1 = Kfit (equation 4.1)

Ke2 from Hoang (equation 3.8)
Ke3 from Hoang (equation 3.8)

Heat flux 500 W/m2

OFA 0.5
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CHAPTER 5

Summary and Outlook

Model veri�cation in AVL BOOST's 1-D enivronment was not leading to useful results

because it does not allow the application of an external heat �ux into the reformer unit.

To simulate the in�uence of the heat �ux, the speci�c heat of the reformer was modi�ed

to a non-physical value of 3000 kJ/(kg K) (see Figure 4.3 and4.4). Only the 3-D model

in FIRE, where an external heat �ux was applied, showed a satisfying agreement to the

literature results, which are shown in Figure 4.6. The failure to reach the equilibrium

concentration in Figure 4.7 can be explained by the short reformer length of 15 cm. It

seems like the concentration will reach its equilibrium, if the reformer length is increased

or if higher inlet temperatures with a corresponding heat �ux are used. This is implied

by the diagram on the right side of Figure 4.7.

Kuroki [8] states that a heat �ux of 60 kW/m2 for an inlet gas temperature of 973 K and

a heat �ux of 85 kW/m2 for an inlet gas temperature of 1073 K is needed to reach the

inlet temperatures at the outlet. Figure 4.7 shows that the developed model is only in

agreement for the lower temperature and heat �ux with the values of Kuroki. This could

be due to the use of di�erent turbulence models or a di�erent polynomial function for the

calculations of material properties.

Applying the kinetic model of Hoang to the AVL reformer model led to strong deviations

from expected values (see Figure 4.8). The �rst approach for overcoming this problem was

to use di�erent kinetic parameters from literature (see Table 4.2) which did not improve

the results signi�cantly (see Figure 4.11). Due to the fact that every catalyst has its

own speci�c pre-exponential factors and activation energies for speci�c reactions, the use
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5 Summary and Outlook

of an optimization tool for reaching the expected values is justi�ed, if measured data is

available.

The optimization was done in AVL BOOST's 1-D enivronment, where it was not possible

to consider an external heat �ux during the optimization process. This led to an agreement

of the outlet gas concentration and the expected concentration but the temperature pro�le

deviates strongly from the measurement (see Figure 4.14).

Since the outlet concentration of all the previous described simulations (except the opti-

mization) showed a deviation from equilibrium, the equilibrium constants of each partial

reaction were investigated. This analysis showed that Hoangs equilibrium constant for

the �rst partial reaction is only valid in his special case and for high temperatures where

nearly all CH4 is reformed. His values di�er by seven orders of magnitude to the calculated

one in section 2.8.

The results of the simulations with the recalculated equilibrium constant showed a signif-

icant improve in reaching the expected values.

One way to validate this kinetic model with the model function for the equilibrium con-

stant was to resimulate the literature benchmark. No signi�cant di�erence was detected

in the outlet concentration but the temperature pro�le was in better accordance with the

values given by Kuroki [8] (Figure 4.31 and Figure 4.30).

Additional simulations were performed with the model function for the equilibrium con-

stant with the kinetic parameters of Xu. The goal was to investigate, if the equilibrium

concentration at the outlet can be reached with di�erent kinetic parameters and the in-

�uence they have on the gas temperature and the speed of reaching the equilibrium. The

analysis con�rmed the assumption, that the kinetic parameters have only an in�uence on

the speed of reaching the equilibrium and how much energy is needed for the reformation

and not if the equilibrium can be reached at all (Figure 4.34).

Di�erent void fractions lead to slightly di�erent temperature pro�les. It can be explained

by a worse heat conduction and increasing �ow velocity with increasing void fraction.

The 3-D results shown in Figure 4.28 and Figure 4.29 are given respectively for all 3-D

results. The gas temperature shows the expected behaviour, which is a fast decrease

at the beginning of the catalyst due to the chemical reactions. The heat up with the

applied heat �ux is also presented in this �gure. Due to the thermal conductivity, the
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outer regions of the model are heating up faster. The H2 mole fractions correlate to

temperature. The �gures mentioned above show that the higher the temperature, the

higher the H2 concentration, which leads to a higher concentration at the outer regions

of the reformer.

The optimum settings for the smallest deviation from the measurement are

Pre-exponential factors Hoang (Table 3.5)
Activation energies Hoang (Table 3.5)
Adsorption constants Hoang (Table 3.6)
Equilibrium constants Ke1 = Kfit (equation 4.1)

Ke2 from Hoang (equation 3.8)
Ke3 from Hoang (equation 3.8)

Heat flux 500 W/m2

OFA 0.5

and are also shown in Table 4.4.

The results indicated, that this model could be used to simulate complex reformer ge-

ometries for example with shell and tube heat exchanger, which are often used in fuel cell

applications. It has to be considered, that the equilibrium function was calculated for

standard pressure and has to be recalculated for simulations with other pressure speci�-

cations. The deviation of the initial conditions for pressure from standard pressure were

evaluated and due to its small in�uence neglected.

Further work could address the uncertainty quanti�cation of the model. So far the results

of simulations are taken, if speci�c convergence criteria have been reached. Ill-conditioned

criteria can lead to converging solutions with physically wrong results. Therefore the min-

imum iteration length and the convergence criteria were altered, until their dependency on

the outcome vanished. A problem is that no error can be derived from that. Furthermore,

there is the possibility to validate the model under di�erent constraints with additional

experiments.
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