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Abstract

The JAERI and NACOK experiments examine the combined effects of natural con-
vection during an air ingress event: diffusion, onset of natural circulation, graphite
oxidation and multicomponent chemical reactions. MIT has been benchmarking
JAERI tests using the FLUENT code for approximately three years [1]. This work
demonstrated that the three fundamental physical phenomena of diffusion, natural
circulation and then chemical reactions can be effectively modeled using computa-
tional fluid dynamics.

The latest series of tests conducted at the NACOK facility were two graphite
corrosion experiments: The first test consisted of an open chimney configuration
heated to 650C with a pebble bed zones of graphite pebbles and graphite reflectors.
The second test is a similar test with a cold leg adjacent to the hot channel with an
open return duct below the hot channel. Natural circulation, diffusion and graphite
corrosion were studied for both tests. Using and adapting previous computational
methods, the FLUENT code is used to blind benchmark these experiments. The
objective is to assess the adequacy of the modeling method used in this blind bench-
marking analysis by comparing these blind test predictions to the actual data and
then modify the model to improve predictive capability. Ultimately, the objective
is to develop a benchmarked analysis capability that can be used for real reactors
calculations, and to improve the understanding of the physical phenomena taking
place during an air ingress event.

This thesis presents the modeling process of these experiments, the blind model
results and the comparison of the blind computed data with experimental data. Sen-
sitivity studies provide a good understanding of the different phenomena occurring
during an air ingress event. The blind benchmarking demonstrates the ability of
FLUENT to model satisfactorily in full scale the NACOK air ingress experiment.
The blind models are then improved to successfully model air ingress events. An
important finding of this work is that there is great variability in graphite corrosion
data and that good qualification of specific graphite used is vital to predicting the
effects of an air ingress event.
Thesis Supervisor: Professor Andrew C. Kadak, Professor of the Practice
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Chapter 1

Introduction

1.1 Context

The United States of America and more generally the world, is experiencing times

of great change in the energy market, consumption and production. The Generation

IV initiative [7] was launched to answer the challenges raised by this new growing

demand for clean energy. There are different designs of Generation IV reactors un-

dergoing current research and development. One of these reactors, the Very High

Temperature Reactor, utilizes graphite for moderation and helium for coolant. Its

core can be either prismatic or a pebble bed. The electricity production of this

reactor comes from more efficient Brayton cycles, with coolant outlet temperatures

ranging from 850C to 950C. The high temperatures produced by these types of re-

actors provide the possibility to use them for many other applications, including

Hydrogen production.

This thesis focuses on the safety of Pebble Bed reactors during an hypothetical

air ingress accident. The Pebble Bed Modular Reactor, (PBMR) is being developed

in the Republic of South Africa by PBMR, Pty Limited. Another version of a pebble

bed reactor is also being developed in China. The first PBMR is scheduled to be

operated by 2012 by ESKOM, the South African government owned electrical util-

ity. Westinghouse is currently working to provide design expertise for the ESKOM

utility's Pebble-Bed Modular Reactor and prepare for future licensing in the United



States. The safety of High Temperature Gas-Cooled Reactors, is recognized as a sig-

nificant; attribute of this type of reactor. Indeed, one of the most interesting features

of these reactors lies in the fact that they do not need complex emergency cooling

systems. In all accident situations, the heat can be removed by natural circulation

without active core cooling systems. An other significant advantage is that this type

of reactor is inherently safe, and as a result, it can not melt down.

An important accident scenario that some raise as a concern about graphite moder-

ated reactors, is the issue of the potential for graphite corrosion and the possibility

of a fire caused by air ingress events. In this type of accident, a break in the pri-

mary circuit, for instance a coaxial pipe between the reactor vessel and the power

conversion system, allows the ingress of surrounding air in the reactor core. The air

reacts with the graphite of the reflector as well as the graphite of the fuel pebbles

in a complex set of exothermic and endothermic reactions. The species produced

during these reactions are mainly CO (carbon monoxide) and C02 (carbon diox-

ide). Therefore, the key issue in this accident scenario is to be able to predict what

damage will be done to the graphite, the overall reactor structure and the fuel. It

is also essential to know temperatures reached and estimate the amount of CO pro-

duced as well as the amount of oxygen available in the reactor to determine whether

burning occurs. Once theses parameters are known and understood, an estimate

can be made on the risk of graphite burning and damage to the core.

Various experimental and computational studies of the overall problem were per-

formed over many years. [11, [2], [31, [4]. These studies attempted to take into ac-

count the key parameters of the accident and several complex effects: fluid dynamics,

species diffusion, onset of natural circulation, temperature distribution, heteroge-

neous and homogeneous chemical reactions depending on temperature and species

distributions, heat transfer and removal, chemical species and mass transport. The

work presented in this thesis is part of the general effort to improve understanding

and modeling of air ingress events. More particularly, the main goal of this thesis is

to benchmark a computational fluid dynamics code, FLUENT, to air ingress exper-

iments run at the NACOK facility located at the Jiilich Center in Germany. The

benchmarking is blind, meaning that the physical FLUENT models were developed



without access to the experimental results data. This benchmarking of the code con-

firms that the methods used in FLUENT can be used to understand and study the

events of air ingress in the reactor. The secondary goal for this thesis is to develop a

better understanding of the phenomena taking place during the air ingress accident

and the interactions between various parameters. It is hoped that this improved

understanding will be used to identify key factors affecting the progression of the

event and to take appropriate mitigating measures.

This introductory chapter presents the PBMR design, the air ingress accident and

a summary of past analysis performed on the issue at MIT .

1.2 The Pebble Bed Modular Reactor (PBMR) [5]

Design Description

The PBMR reactor is designed to produce 165 MWe using 400 MWth, which makes

it a small reactor, adaptable to many different types of markets due to its modularity

and high temperature. The PBMR is a direct Brayton gas cycle plant schematically

shown on Figure 1-1:

1. Helium gas is passed into the reactor and flow through the pebble bed where

heat is produced. The gas is heated up to 900C at a pressure of 69 bar.

2. The gas flows through the turbine which drives a generator

3. Helium goes then through a recuperator where it is reheated.

4. The gas then goes through stages of recuperator, inter cooling, recooling and

compression before re-entering the core at 540C.
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Figure 1-1: PBMR power conversion cycle

Table 1.1 summarizes the main design parameters and Figure 1-2 presents the

overall layout of the key power conversion elements of the plant:

Table 1.1: PBMR design parameters

450 000 spheres

Pressure vessel: 6.2 m diameter and 27 m high

Outer reflector: 1 m thick graphite blocks

Inlet core coolant: 540C, Outlet core coolant: 900C

Inlet turbine coolant: 900C, Outlet turbine coolant: 500C

Core pressure: 9 Mpa

Turbine outlet pressure: 2.6Mpa

Thermal efficiency: 40

Ilr,'u(

k .
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Figure 1-2: PBMR plant diagram

Fuel

The PBMR does not have a pressure tight containment to prevent leakage of the

radioactive materials from the primary pressure boundary. This function is provided

by the silicon carbide coated fuel micro sphere contained in the pebbles, designed

to contain fission products during accidents and transients. Approximately 11 000

coated fuel particles are contained in a single graphite pebble which also has an

outer graphite shell as shown on Figure 1-3. The reactor is loaded with 440 000

spheres, a fourth of them being simple graphite unfueled moderator spheres. The

PBMR operates with an online refueling system, pebbles being added to the core

from the top and removed at the bottom. Depending on the amount of uranium left

in the sphere, it is either sent to storage or reloaded in the core. The storage of the

pebbles is easier than standard fuel, since the used pebbles can be stored in casks

in air cooled rooms in the basement of the reactor building due to the overall lower

decay heat produced by each pebble.
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Figure 1-3: Fuel pebbles

Safety Features

The micro sphere fuel particles can be degraded at temperatures higher than 1800C.

The inherent safety design of the reactor keeps the temperature below 1600C under

most severe conditions. The core is designed such that it has a high surface area

to volume ratio. In addition, the core configuration relies on conduction to transfer

heat out of the core to the vessel. The heat can be effectively removed through

the reactor vessel surface by conduction and convection to the reactor cavity. As a

result, meltdown can not occur in the event of a loss of coolant accident. [5]

The coolant, helium, is an inert gas, both chemically and radiologically if impurities

are minimized. It does not react with oxides and will not cause corrosion of parts

of the core. Moreover, this allows the use of a direct cycle, since even in the case of

leakage of helium, little or no radioactivity will escape.

Half Section



1.3 The air ingress accident

1.3.1 Description of the phenomena

Massive air ingress accidents have a very low occurrence probability but can have

severe consequences. Therefore, it is an issue that will be carefully reviewed during

the licensing process of the PBMR in the Republic of South Africa and in the USA.

An important aspect of the design bases of the plant is to establish credible ac-

cident scenarios that must be addressed by the designer. The establishment of these

design bases accidents will be based on regulatory decisions informed by probabilistic

risk analysis on the likelihood of failures causing air ingress. For light water reactors,

double ended guillotine breaks is a standard design bases accidents. For the pur-

pose of describing a worst case (but not credible) loss of coolant accident (LOCA)

scenario, a double ended guillotine break is analyzed for pebble bed reactors as well.

In the event of a double end pipe break or other type of LOCA, the first stage of

the accident is a loss of helium with depressurization. This occurs until atmospheric

conditions are reached. In the mean time, there is a rise in the core temperature.

This rise is slow due to the fact that graphite has a high heat capacity, that is, a

high capability to store and transfer heat. There is no air ingress in the core as

long as the helium pressure in the reactor vessel remains higher than the outside

atmospheric pressure. Once the outside and inside pressures are at equilibrium, air

being heavier than helium, it enters the core very slowly by molecular and thermal

diffusion. actor vessel remains higher than the outside atmospheric pressure. Once

the outside and inside pressures are at equilibrium, air being heavier than helium,

it enters the core very slowly by molecular and thermal diffusion.

This process can take a long time, depending on the location of the break and

overall reactor condition [8]. As air enters in contact with hot graphite, chemical

exothermic and endothermic oxidation reactions occur. Multidimensional localized

natural convection will enhance species transport. Due to the reactions, the temper-

ature of the incoming gas rises and its density therefore decreases. Buoyancy forces

increase with the temperature gradient. This leads, at some point, to the onset of



natural circulation (Figure 1-4). In the case of a coaxial pipe break, this physical

mechanism leads to air entering the reactor core, rising up to the top and going out

through the breach of the outer tube of the coaxial pipe.

i

~1
~Mi.Ipe

Figure 1-4: Natural circulation process after a break in a coaxial pipe

The circulation of air also provides a cooling function for the core. (passive cool-

ing system). However, it also brings a supply of fresh air with oxygen, allowing

more oxidation of the graphite to occur, which raises the temperature due to the

dominance of exothermic oxidation reactions. A major issue is then to determine the

temperature increase of the core as a combination of the heat stored in graphite, the

energy deposited or removed by the endothermic and exothermic chemical reactions

and the heat removed by convection. Knowing the temperatures in the core will help

determine air ingress velocities, the concentrations of CO and CO2 and ultimately

whether the graphite might burn.

The other important feature is the corrosion of the structural graphite. It is vi-

tally important to be able to predict the location and mass loss along with the total

corrosion. The integrity of the structure as well as the evolution of its mechanical

and thermal properties will strongly depend on how the structural graphite is chem-

ically reacted and structurally affected.



The stages of an air ingress accident are shown on Figure 1-5. The first figure

on the left shows the depressurization stage in which helium exits the core until

atmospheric pressure is reached. The middle figure shows the slow diffusion stage,

when air enter by diffusion the core. The third figure shows the natural convection

stage, when air circulates through the core.

Depressurization stage

(Diffusion)

Diffusion stage Natural convection stage

Figure 1-5: Air ingress accident stages in a pebble bed reactor

To understand the air ingress phenomena, it is necessary to be able to predict

the following parameters:

* The speed at which air diffuses in the helium cooled core.

* The time of onset of natural convection.

* The oxidation rate of the graphite of the reflector and pebbles.

* The temperature distribution in the reactor core. The balance between the

cooling due to air ingress and the temperature rise due to decay heat and

graphite corrosion.

* The amount of graphite corroded and its location (preservation of the integrity

of the reactor).



* The velocity of air in different locations of the core and the air mass flow rate.

Several parameters and features interact with each other in a complex manner to

determine air ingress accident progression. Figure 1-6 presents a diagram showing

the interactions between several parameters. For instance, one can see that the tem-

perature distribution will affect the corrosion reactions, the Boudouard endothermic

reaction (reaction of C02 with graphite) and the mass flow rate. The temperature

is going to be affected by the geometrical layout of the core and piping as well as the

type of graphite. Figure 1-6 shows therefore the complexity of correlations between

several structural and physical characteristics of the core during an air ingress event.

I ltemperature

L-Distribution
LTime dependence

I

Figure 1-6: Interaction between air ingress event parameters

1.3.2 Past experiments and Benchmarks

The Japan Atomic Research Energy Institute has hosted a series of experiments

designed to study the parameters and phenomena taking place during air ingress

[4]. Three basic experiments were performed by JAERI, included separate study

of diffusion, onset of natural convection and a complete multicomponent air ingress

simulation with graphite and air. MIT has benchmarked FLUENT using these three

Graphite

*Grain size

*Type (Reactivity)

*Thermal properties

*Mechanical properties

.0-



JAERI air ingress experiments [1], [6]. The experimental apparatus consisted of a

reverse U-shaped tube and a gas tank as shown on Figure 1-7. A temperature gra-

dient could be applied to the tube creating a hot and cold leg. A graphite tube

could be inserted in the heated pipe section to simulate a reflector flow channel.

The experiments simulated were each focused on a different phenomenon. The first

experiment, called isothermal experiment, was designed to study the diffusion of

nitrogen in helium in an isothermal environment.The second experiment studied

the onset of natural circulation. The reverse U tube was heated on one side and a

natural convection flow took place from the hot leg to the cold leg. Finally, a multi-

component experiment with a graphite tube inserted simulating an air ingress event

was studied. Molecular diffusion, natural convections and corrosion were studied in

this experiment. The modeling approach presented in this thesis follows the same

approach used by the scientists at JAERI namely different phenomena were studied

separately (diffusion, flow, chemistry). Once well understood, they were combined.

Indeed, a very good insight on the phenomena and their sensitivity to different pa-

rameters can be gained from this method.

A complete model was developed with FLUENT to model the JAERI experi-

ments in 2003 [1]. Results and comparison with experimental data were very sat-

isfying for diffusion, thermal and multi-component simulations. This work showed

that the FLUENT model and methodology is able to predict each separate physical

phenomena occurring during air ingress accidents in a simple geometry. Not only

were the chemical reactions well modeled as a function of time but also the onset of

natural circulation was well predicted. FLUENT ability to simulate air ingress acci-

dents was also investigated by Lim and No [21, 131. They successfully benchmarked

the CFD code on small scale experiments with simple geometries and protocols (two

bulbs diffusion experiment, annular flow tube Takahashi experiment, Circular flow

tube Ogawa experiment and the JAERI experiments). This proves the ability of

FLUENT to model separate effects of air ingress events in small configurations.
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Figure 1-7: The JAERI experimental configuration

The MIT benchmarking of the JAERI diffusion experiment [1]

The boundary condition in this experiment is that all the wall temperatures are

equal to the environment temperature, 18 C. Before opening of the isolation valves,
there is 100% He in the pipe region and 100% N2 in the gas tank region. No distur-

bance is involved in this pure diffusion process. Figure 1-8 shows the geometry and

mesh developed by Zhai. The properties of He and N2, such as the specific heat,
conductance, density and viscosity, were all from the ideal gas database of FLUENT.
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Figure 1-8: The JAERI mesh, 490 hexahedral cells and 1850 mixed cells

Figure 1-9 shows the experimental and calculated mole fraction changes of N2 at

various gas sampling positions for the isothermal experiment. H1, H2, H3, H4 refer

to 4 points monitored in the hot leg, and C1, C2, C3, C4 refer to 4 points monitored

in the cold leg. The calculation is in good agreement with the experiment in which

diffusion is the only phenomenon occurring. This benchmarking showed that the

modeling procedure applied in FLUENT can be used to model the diffusion stage

of air ingress.

13
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Figure 1-9: Mole Fraction of N2 Benchmarking of the Isothermal JAERI

Experiment

The MIT benchmarking of the JAERI thermal experiment [1]

The purpose of this experiment is to provide a temperature gradient between the

hot and cold legs to assess the onset of natural circulation. Thus, in this experiment,

diffusion of nitrogen in helium is enhanced by the temperature difference and the

density difference in the hot and cold legs which ultimately produces natural circu-

lation. For the thermal experiment, the same facility as in the diffusion experiment

is used, but the hot leg is heated 256C and the cold leg is maintained at 20C.

The mole fraction change of N2 and the initiation time of the natural circulation

of pure nitrogen is shown on Figure 1-10. As can be seen, the agreement of the

FLUENT calculation with the experiment is very good, demonstrating the ability

to model the second phase of the air ingress phenomenon using the CFD tool.
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Figure 1-10: Comparison of mole fraction change of nitrogen between the

gas sampling positions H-1 and C-1 in the thermal experiment

The MIT benchmarking of the JAERI multi component experiment [1]

The multi-component experiment was set up to investigate the integrated phenom-

ena of molecular diffusion and natural convection with graphite oxidation in a multi-

component gas system. The objectives of the multi-component experiment is to in-

vestigate the basic features of the flow behavior of the multi-component gas mixture,

consisting of He, N2, 02, CO, CO2, etc. This experiment tests all major phenom-

ena in an air ingress event for prismatic reactors. 100% Helium is injected into the

tube and air is injected into the gas tank. The high-temperature side pipe and the

connecting pipe are heated from about 400C to 800C. The initial conditions for the

multi-component experiment are as follows: the total pressure in the system is set

equal to the atmospheric pressure, no gas flow exists before the opening of both

valves. A time equals zero, both valves are open simultaneously and air is allowed

to diffuse into the test chamber. An integrated transient multi-component chemical

model was used to simulate diffusion, natural circulation as well as chemical reac-

tions.



The results show quite good agreement with experimental data at the measured

points for 02, CO and C02 mole fractions as can be seen on Figure 1-11. Using

the model developed for this experiment, the FLUENT code also shows excellent

agreement on the onset of natural circulation. Natural circulation occurs in the

multi-component experiment when the buoyancy produced by density difference be-

tween the hot and cold leg is high enough to overcome the friction in the flow path.

Almost all the oxygen was consumed during the diffusion stage, but in natural cir-

culation stage, most of the oxygen escaped from the graphite section of the test

assembly. Moreover, the dominant reaction production is C02, not CO due to the

rapid CO oxidation rate and high oxygen concentration, while most of the immedi-

ate product at the graphite surface is CO. This benchmarking performed by Zhai

demonstrated that their modeling of air ingress process was valid.
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Figure 1-11: Example of good agreement between simulation and experi-

ment on JAERI multi-component experiment at H3 measure point. At
time 100 min, one can observe the onset of natural convection

One should bear in mind that the JAERI experiments were done to investigate

an air ingress accident in a prismatic reactor. Therefore, further work was needed

on pebble bed reactor. To do so, the Jiilich Forschungzentrum in Jiilich, Germany,
built the NACOK facility. NACOK stands, for Natural Convection and Corrosion
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in the Core. These experiments feature a full scale complex investigation of an air

ingress accident in a pebble bed reactor. They are presented in detail in the following

chapter.



Chapter 2

The NACOK experiments (Naturzug

im Core mit Korrosion)

2.1 NACOK

The NACOK experimental facility was built more than 13 years ago at the Jiilich

Research Center in Germany to study the effects of airflow driven by natural con-

vection in the event of the complete rupture of the coaxial hot gas duct. The main

goals of the facility are to determine:

* The natural convection air mass flow and its dependence on temperatures and

geometrical parameters.

* The time of onset of natural convection, that is the time between the break of

the coaxial duct and the start of major air inflow.

* The locally dependent corrosion of graphite.

* The formation of gases and aerosols (dust).

* The temperature distribution and heat generated by exothermic reactions.

The other goal of the experimental set up is also to collect sufficient data to allow

the benchmarking of several codes, such as TINTE, THERMIX-DIREKT and in our

case, FLUENT.

The overall experimental arrangement can be seen on Figure 2-1 and 2-2.
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Figure 2-1: Overall set up of the NACOK experimental facility

The main features are:

* A chimney of 7.3 m high.

* A return duct

* Different sections in the main channel : bottom reflector, sphere packing and

top reflector.

* Measurement devices for temperature, pressure and species composition.

* External variable heaters and temperature controls set up for different sections

of the experimental channel and return duct.
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Computer and measurements station

Figure 2-2: Photo of the set up of the NACOK experimental facility[13]

Several series of experiments have been run at this facility in the past. The

first tests to be thoroughly documented were performed in 1999 and reported by

Kuhlmann [8]. The first series of tests were to study natural circulation in a hot

and cold leg (return duct set-up). The second test was an open chimney corrosion

test simulating the lower reflector and graphite pebbles. These early experiments

were not designed to supply exact data relevant to multicomponent experiments. As

a result of these tests, additional questions were raised: determination of reaction

rates or species transfer mechanisms, temperature attained in the corrosion zone,
location of the corrosion, variation of the mass flow depending on the gas atmosphere,
influence of various parameters on corrosion and mass flow and in leakage to the

experimental apparatus. For all these reasons, these early tests were not able to

provide reliable quantitative data in order to assess the impact of chemical reactions



on graphite mass loss and temperature distribution. The qualitative results are

however of high interest for a blind benchmarking analysis. They allow us to check

whether the qualitative and quantitative computational results make sense.

Available public information on past experiments provide the following data:

* The temperature can go up to 1500C in the HTR and up to 1200C in the

NACOK. [8]

* The mass flow rates in the NACOK are in the gram range (between lg.s- 1

and 15g.s - 1)

* The time of onset of natural convection is in the hour range. For a specific

setup, it was of about 8 hours.

This information allows the reader to have a better feeling of the size and functioning

of the NACOK experiment. Such informations were also valuable for a qualitative

evaluation of the first blind computational results.

2.2 The new air ingress experiments

The most recent series of tests were performed in March 2004 and July 2004 for

PBMR. After making modifications to the NACOK facility addressing the concern of

earlier tests and to allow for the collection of reliable data upon which to benchmark

codes for future analysis. The first test was the open chimney corrosion test and the

second, a return duct corrosion test. These tests are not completely documented at

this time, and it is the purpose of this section, to give an outline of their experimental

configuration and procedures.

2.2.1 Description of the Open Chimney Test (March 2004)

Configuration

The NACOK facility was configured to allow the hot leg to vent to the atmosphere

as shown on Figure 2-3. The hot leg was heated to a uniform temperature of 650C.

The test fluid is nitrogen. This temperature is maintained by wired heaters around



the chimney during the experiment. The heated internal walls are then maintained

at this minimum temperature during the entire air ingress experiment. The interior

of the lower part of the chimney consists almost entirely of graphite. The lowest part

of the channel is the reflector. It is composed of two sets of ASR-1RS graphite blocks

with vertical cylindrical holes of 40 mm and then 16 mm diameter. The properties

of this graphite are very similar to the IG-110 used in Japan. Above the reflectors,

there are two different beds of pebbles (60mm and 30 mm diameter) made of A3-3

matrix graphite of 350 mm and 600 mm heights respectively. The porosity of the

pebble beds is 0.395. The porosity is the ratio of pores volumes over total volume:

VolumePores
Porosity = Voume = 0.395 (2.1)

TotalVolume

The lower bed is made of the bigger pebbles. Above the pebble beds lies a long empty

zone until the top of the chimney, at a height of 8316mm. A flow measurement device

at the entrance of the channel induces a pressure drop that would not exist in natural

conditions. The experimental set up is shown on Figure 2-3, 2-4, 2-5 and 2-6.

Experimental procedure

Nitrogen at 650C is initially blown into the experimental apparatus for a sufficiently

long time to ensure that all components are at thermal equilibrium equal to 650C.

Once this equilibrium is established, the pressure is equalized with atmospheric

pressure. At the time t = Os, the entrance duct is opened and air from the building

is allowed to enter. Outside temperature and humidity as well as the inlet flow

are recorded. These parameters were stable over the duration of the experiment

(Relative humidity of 29% and temperature of 22C). Temperature sensors and gas

composition analysis devices are placed in the experimental channel at different

radius values for data recording. Data also recorded at various heights temperature

values and species fractions. This data was not made available to this study prior

to the analysis.



F

Eli

Figure 2-3: Open chimney experiment drawing [13]
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Figure 2-4: Lower channel experimental setting for open chimney experi-

mentsl13]



Figure 2-5: Mesh of the lower channel, when reflectors are modeled in

detail
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Figure 2-6: Plans and picture of arrangement for the 96 channels reflectors

and lower reflector. Top left: top view of the lower reflectors. Top right

and bottom left: top view of the fine reflectors. Bottom right: picture of

the fine reflectors.

2.2.2 Description of the Return-Duct Test (July 2004)

Configuration

The overall experimental setting is very similar to the previous one. However, in

these experiments, the top of the chimney is closed and the return duct of 125 mm

diameter is set up as shown on the Figure 2-7. The inlet and outlet ducts drawn are

not properly shown since in the NACOK facility they are in the same plane. The

height of the large pebbles bed is reduced to 280 mm from 350 mm which reduces the

pressure loss. The configuration of inlet and outlet ducts is of particular importance

since it, affects the diffusion and flow processes before the onset of natural convection.

Experimental procedure

The channel is heated using 850C nitrogen under light pressure to a temperature

of 850C. It is then filled with helium and electrically heated to maintain an 850C

initial condition. The pressure is equalized before the inlet duct and outlet duct are
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opened silmutaneously to start the experiment. The top of the cold leg is maintained

at a temperature between 175C and 200C. We assume in our analysis 180C as in

shown in Figure 2-8. The lower part of the return duct does not have any specific

temperature externally maintained. Figure 2-8 shows the temperature distribution

as modeled in FLUENT.

I

Figure 2-7: Global experimental setting for return duct experiments
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Figure 2-8: Initial temperature distribution in the return duct experiment

2.3 Materials and graphite

No precise information was provided on the type of materials used in the 2004

experimental runs. It is therefore assumed that they were similar to those described

by Kuhlmann in the 2001 experiments report [8].

2.3.1 The reflector graphite: ASR-1RS

The reflector graphite is assumed to be ASR-1RS which was used in previous NA-

COK experiments. The material properties are shown on Table 2-1. The graphite in



the reflector must be able to survive high mechanical stresses, display a good degree

of purity and a low anisotropy. This graphite is produced by mixing and pressing

together a filler (pitch coke, grainsize < 120plm) and a binder (hard coal). The

final grains have a diameter of less than 1mm. Therefore, the graphite has a high

density and little ash and volatile components. The graphite is heat treated at high

temperatures, above 2800C.

Table 2.1: ASR-1RS properties [91

Density 1780kg.m- 3

Heat conductivity 125W.m-'.K- 1 at 40C

Specific Heat Capacity 710J.Kg-'K - 1

Ash content 390 ppm

2.3.2 The matrix pebble graphite: A3-3

Graphite varieties that are used as matrix materials for the pebbles must meet the

requirements for mechanical strength, temperature, stability and good heat con-

ductivity. The maximum temperature for thermal treatment is restricted to about

1950C. This is due to possible microsphere fuel degradation at these temperatures.

It is of less importance in the process of modeling the NACOK experiment to have

information on this graphite since only a small amount of oxygen is expected to

reach the pebble zone. Knowledge of pebble graphite corrosion could be important

however in actual air ingress events in reactors since it must be shown that fuel degra-

dation would be limited. Therefore, no reaction would occur on graphite except for

the Boudouard reaction that will be negligeable at the NACOK temperatures.

2.4 Visualisation of the NACOK experiment

In order to clarify the actual configuration of the experiment, pictures taken at the

Jiilich research center by NACOK scientists are presented in Figure 2-9, 2-10 and

2-11 and 2-12.



Figure 2-9: Lower channel set up



Figure 2-10: Reflectors. On the left, before the experiment, on the right,
after the experiment [13]

Figure 2-11: Entry chamber, with four graphite columns. On the left,
before the experiment, on the right, after the experiment [13]
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Figure 2-12: 60 mm diameter pebbles. The cables are linked to tempera-
ture and species measurement devices located in the lower chimney and
pebble bed
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Chapter 3

Modeling NACOK with FLUENT

3.1 Validation of a Computational Fluid Dynamics

Code [10], [111

In order to understand some of the procedures in this thesis, the processes, requisites

and methods used in CFD modeling, this section presents a tutorial on Computa-

tional Fluid Dynamics modeling. Computational Fluid Dynamics (CFD) is a very

powerful tool used for the analysis of fluid flows with varying complexity. The reli-

ability on the CFD results tool depends on the number of phenomena modeled, the

complexity of the physical processes modeled, the numerical sub-models used, the

user expertise. CFD softwares provide approximate solutions of the equations that

govern fluid flow, which are, in the NACOK experiment case:

* The mass conservation equation

* The momentum conservation equation

* The energy conservation equation

* The species conservation equations

In addition to these equations, the user needs to provide boundary conditions for

a specific application. The solver is then launched with a numerical method whose

accuracy will depend on the grid precision, the discretization method, the algorithm

used to solve equations. Some of these inputs are provided by the user, in which



case results depend on the user's judgment. Other inputs, such as the discretization

method, are part of the characteristics of the method used.

The blind benchmarking of the NACOK experiments is being done in this spirit.

Benchmarking is one way of validating a code by comparing the CFD computed

results to reliable experimental data that usually consists of simplified test cases.

Typically, a few simple experiments are run in order to prove that the physical phe-

nomena (flow, buoyancy, chemical reaction, etc.) can be represented by the code.

Then, sensitivity studies can be done numerically to study the impact of several pa-

rameters in simple cases. This step is important to provide insights on the range of

uncertainty of inputs and their impact on the output. Once the physical phenomena

are well understood, the model needs to be benchmarked on more complex geometry

and cases. Due to the difficulties of performing experiments on large scale that as-

sess such complex phenomena such as those that occur in an air ingress event, only

a few experimental tests were run. Therefore, it was decided to proceed to a blind

benchmarking approach to test the modeling method for general application. This

means that no experimental data was received before the creation and execution of

the FLUENT NACOK model.

A short overview of the issues that need to be tackled with during code valida-

tion is presented. [11]

The problem definition

Some parameters must be defined in order to set up the problem. The user must

choose, among others, a compressible vs incompressible flow, steady vs transient

flow, laminar vs turbulent flow, isothermal vs non-isothermal, buoyant vs non-

buoyant, reacting vs non reacting, two dimensional vs three dimensional flow and

the extent of the computational model. Boundary conditions and initial conditions

must be given and their choice explained in order to justify the simulation of a

well-posed realistic model.



The numerical methods

Different methods that can be found in commercial softwares are the finite volume

method or the finite element method. Numerical discretization, used to translate

the mathematical equations into a computer code, induces approximations and thus,

errors. A very frequent error which occurs is numerical diffusion, leading to an over

prediction of mixing. In order to avoid this, high order schemes must be selected.

Unfortunately, these usually lead to divergence.

Solution control and convergence are a major part of the convergence procedure

of a model. Once algebraic equations have been defined based on the grid and nu-

merical scheme, they must be solved with iterative algorithms. Therefore, the user

has to provide the code/software with convergence criteria or decide when to stop

the iterative process. In conclusion to this short overview of CFD modeling, one

ought to remember, as it was said by Versteeg and Malalesekera in 1995 111]:

"In solving fluid flow problems, we need to be aware that the under-

lying physics is complex and the results generated by a CFD code are at

best as good as the physics embedded in it and at worst as good as its

operator"

3.2 Procedure followed for the blind benchmarking

of the NACOK experiments

The blind benchmarking of the NACOK experiments followed the outlines presented

above, with adjustments to the specifics of this case. The open chimney case was

developed first and next modified for the return chimney experiment. The steps in

the blind benchmarking of the NACOK experiments are as follows:

1. Identifying the physical and chemical phenomena taking place in an air ingress

event. This includes among other things, the natural circulation, the chemical

reactions, species transport, heat exchanges.

2. Bringing together information on the NACOK experiments. At first, vague



plans, procedures and facility descriptions were received. Details were then

investigated further by ways of communication with the Jiilich center in Ger-

many. A good understanding and knowledge of the experimental configuration

and test procedures was eventually reached.

3. Verification of FLUENT capabilities to model the physical phenomena oc-

curring in an air ingress event. This was done with the help of FLUENT's

documentation and service center, as well as small computations modeling

various processes in simple geometries.

4. Development of a geometry and grid corresponding to the actual experimental

setting. Simplification of this geometry and mesh in order to diminish the

computational time. Rough sensitivity study was conducted to assess the

impact of the grid precision.

5. Development of several FLUENT models for complete and simplified geome-

tries, focusing on separate effects. Benchmarking of these models was achieved

based on previous experiments when possible (natural circulation and pressure

loss in pebble beds).

6. Adaptations of these models to shorten computational time (simpler geome-

tries and pressure loss adapted to the FLUENT model, etc...).

7. Creation of a complete model, executed steady state and transient analysis

for the open chimney. Comparison of the results with data provided by the

JULICH center and PBMR Inc.

8. Sensitivity studies runs on simple geometries to modify the complete model

based on comparisons made with the experimental data.

9. Creation of a better FLUENT model benchmarking the NACOK experiments,

a detailed explanation of these models and suggestions to modify the method-

ology to PBMR modeling.



3.3 Detailed description of the general FLUENT

model used in NACOK computations, [121, [26]

In the development of the model, geometry and mesh choices were made to limit the

computational time. The detailed model files are presented in Appendices. However,

it is believed that the explanation of certain parameter choices deserves explanation.

Preprocessing

The preprocessing, that is, creation of the geometry and grid that need to be input

in FLUENT, was conducted with GAMBIT 2.2.30. The geometry was created based

on information received by the Jiilich center. The xOz symmetry plane was chosen as

to divide by two the size of the model. There are a total of 10 fluid zones and 1 solid

zone: inlet, low entry (columns area), lowref (first reflector), interef (space between

reflector 1 and 2), ref2 (second reflector), interef2, ref3, pebl (60 mm diameter pebble

bed), intpeb (space between the pebble beds), peb2, chimney, return and solid. The

zones location are shown on Figure 3-1.

Inlet tube: length, bending and area variations are not well known. For the

open chimney experiment, the full length of the inlet tube(>3m) was not modeled

due to lack of adequate knowledge of the real configuration. The model would gain

in precision if this was modeled. The inlet is therefore modeled as a tube of 125 mm

diameter and of 500 mm length. This length is adequate to model the flow path

in the inlet tube and the diffusion phenomenon. The inlet boundary condition is a

pressure inlet condition. A porous-jump zone is modeled after the inlet to account

for the flow meter device as well as the pressure loss induced by the tubing. The

inlet was meshed with Hex/Wedge elements, Cooper type with a spacing of 20mm

between each element with a total of 600 elements in the volume.

For the return duct experiment however, the diffusion and therefore the length of

tubing determines the onset of natural convection. The inlet channel was modeled

as a rectangular inlet of side 110 mm, which conserves the flow area. Then, the tube

length was fully modeled based on best interpretation of different plans provided for

the configuration.



Entry zone: The entry zone contains 2 (taking in account the symmetry, 4

otherwise) graphite columns. Both the entry space where air is flowing and the

columns (solid) are meshed with Tet/Hybrid elements Tgrid type. A size function

was used in order to provide a coarser mesh in the bottom entry section and a finer

mesh close to the top reflector flow zone.

Top
chimney

region

Empty zone

2nd and 3rd

reflector/
96
channels

First reflector

I Entry zone

Higher pebble bed

Lower pebble bed

4 F l w m e ter
I Flow meter

Pressure inlet

Inlet tube

Figure 3-1: Zones name in the FLUENT model

First reflector: Modeled as channels with graphite walls. For meshing, the

channel zone was unified with the empty flow space above. This zone was meshed

in a similar way as the entry.

Second and Third Reflectors: Several models were created, with detailed

geometry and with the reflector of 96 channels modeled as a porous media. In this

latter case, the porous media is a rectangular, meshed with Hex/Wedge elements



type cooper. The porous media approximation is further described in Chapter 5.

Top chimney region: Divided in the following zones with Hex/Wedge elements

Cooper type: small pebbles bed (378 elements), empty zone (252 elements), big

pebble bed zone (504 elements), top chimney (4032 element). The pebble zones

were modeled as a porous media.

Return duct: The duct is modeled as a rectangular pipe of same flow area as

the real tube. The same uncertainties in the actual geometry for the outlet pipe

apply as for the inlet pipe configuration.

Solver

The segregated solver formulation was selected to model the NACOK experiments.

This solver solves fundamental equations sequentially. It works well for mildly com-

pressible flows and does not use much memory. The segregated solver is also the

only solver that offers the physical velocity formulation in porous media (discussed

below). The discretization scheme for the convection terms of each governing equa-

tion chosen is the first order upwind scheme with the segregated solver. This choice

is made to better reach convergence. With this scheme, quantities at the cell face

are equal to cell quantities, calculated by assuming that the cell center value is a cell

average. Once convergence is reached, the second order upwind scheme is turned on.

Values at cell face are computed using a multidimensional linear reconstruction. The

third order MUSCL scheme adds the central differencing scheme to the previous one

and can be used to obtain even better accuracy. It was used when time permitted,

mainly for sensitivity studies.

The body-force weighted scheme is activated for the pressure interpolation scheme,

as recommended in the case of large body forces. The second order scheme would

have been a good option had it not been inconsistent with the porous media ap-

proach. The density interpolation scheme is set to the first order upwind scheme,

since the flow does not undergo shocks. The derivatives in the flow equations are

evaluated with the node based gradient option. Compared to the cell based one,

it allows a better accuracy for unstructured triangular mesh, which is used for the

most critical locations.



The PISO pressure-velocity coupling method is chosen. It is recommended for tran-

sient runs with large time steps as well as highly skewed mesh. For steady state

runs, PISO with skewness correction is used. If the convergence is too slow, the

SIMPLE method can be used, but care is needed where the mesh is highly skewed,

which is easily the case when complex rectangular and circular geometrical features

interact.

The physical velocity porous media velocity method is activated. The porous me-

dia formulation is described in Chapter 5. The superficial velocity is based on the

volumetric flow rate, which does not take in account the increase of velocity due to

the pores. The chemical reaction rates are defined by the in-pore diffusion, which

depend. strongly on the velocity of the fluid at the surface of the reacting graphite.

Therefore, using the physical velocity option yields more accurate chemistry results.

The two resistance coefficients in the porous media formulation are derived in us-

ing the superficial velocity. FLUENT assumes that the inputs for these resistance

coefficients are based upon well-established empirical correlations that are usually

based on superficial velocity. Therefore, the inputs for the resistance coefficients

are converted into those that are compatible with the physical velocity formulation.

This allows one to properly account for the pressure drop across the porous zone for

the same mass flow rate and the same resistance coefficients as for the superficial

velocity option.

The setting of the under relaxation factors (URF) is one of the most complex tasks

in the achievement of stable convergence. The under relaxation reduces the change

of scalar variable quantity produced at each iteration. The larger the under relax-

ation factors, the larger the change in the value of the variable at each iteration.

The solution converges faster but might also be unstable. The smaller the URF,

the slower the convergence will be. In these experiments, the dependency of the

flow on light buoyancy forces sets the need for a very cautious approach. Using

the PISO skewness coupling methods induces the need to set the under-relaxation

factors for momentum and pressure so that they sum to 1. The momentum URF is

the most sensitive one and therefore is usually set between 0.1 and 0.5 at start of



the computation. For further precision, it can be taken down to 0.001 if the solution

gets unstable. The pressure URF is set from 0.9 to 0.5. The species URF are set

between 0.1 and 0.5. The energy URF is set to 0.3. The density and body forces

URFs are set to 0.6.

Convergence judgment

Convergence is monitored primarily by watching residuals decrease and specific pa-

rameters stabilize (mass flow rate, species concentrations). Instability is observed

when residuals start to oscillate. In these computations the residuals are chosen

mainly as an index of stability and for convergence screening of the energy equation.

In order to judge convergence, the mass flow rate and species concentration at dif-

ferent places of the experiment are monitored. Convergence is reached when these

values have not been changing for a significant number of iterations. In unsteady

computations, it is recommended by FLUENT users manual to choose the time step

so as to obtain convergence in 5 to 10 iterations. However, when convergence is

too slow because of small URFs, it is accepted that convergence of the step can be

attained in more iterations, for instance fifty.

Other FLUENT parameters

Other major parameters that can be subject to variations and have an impact on

the outcome of the computations are presented here.

Space: The problem modeled features of three dimensional phenomena and is

therefore modeled in three dimensions. Some 2D simulations were used to develop

a fundamental understanding of the solver and software as well as for the sensitivity

studies on solver options, flow options, chemical reactions models, mesh sizes and

geometries, pressure drop correlations and species transport.

Time: It is believed that steady state can be reached for both the open chim-

ney and hot and cold leg experiments. However, to confirm this assumption, the

transients models need to be run for a long enough time to show steady state is

approached. Once it has been shown that the transient case is approximating the

steady state, steady state calculations can be used for benchmarking.



The transient models are run using the Frozen Flux Formulation in order to ac-

celerate the convergence. The first Order Implicit scheme is used. The adaptive

time stepping method is used with the following parameters: Elapsed time of 24H,

minimum time step size of 0.001 s, 10 iterations per step and a minimum step change

factor of 0.1. The start of the experiment can be run with a few accelerated time

steps (up to 5 s). Likewise, when the flow stabilizes, longer time steps are imposed

and a return to short time steps allows a stabilization in the convergence residuals.

Another way to accelerate the run without leading to divergence is to have longer

initial time step and allowing a small minimum step size change so that FLUENT

can automatically change back very quick to very small time steps.

Different gross estimates for the computational times with one 3.06GHz proces-

sor and 2 Gb of RAM are given here. For a flow only steady state calculation, good

convergence is reached in less than 10 hours. For the same multicomponent calcu-

lation, up to one week is needed to reach with confidence convergence in the second

degree order. For a transient with only diffusion and no reactions modeled compu-

tation, a week also is needed to reach an experimental time of 10 hours. Finally,

a full multicomponent transient calculation for the return chimney experiment can

take up to a month with time steps of 0.5s to compute 8 hours of experiment. By

comparison, a small sensitivity study typically reached convergence in less than 5

minutes.

Viscosity: The calculated Reynolds number of the flow reaches a maximum of

95, far from turbulence limit. Thus, the model can be run in laminar mode. How-

ever, the chemistry depends on small scale localized vortices. Therefore, two models

were compared: one with the laminar flow option, associated with the finite rate

chemistry (base model) and the other one with the standard k-epsilon turbulence

model with full buoyancy effects turned on and the Finite rate/Eddy Dissipation

turbulence/chemistry interaction. No significant differences in the chemistry behav-

ior of the system for the flow formulation (laminar and turbulent) were observed

due most probably to the fact that steady vortices are not turbulent.



Species modeling

Species modeling is one the most complex issues to model in FLUENT. Therefore,

several sensitivity studies and models were investigated and are presented in follow-

ing chapters.

Material properties The mixture properties, composed of 7 different species,

are summarized on table 3-1.

Table 3.1: Mixture properties [12]

Specie/Properties Csolid N 2  02 C02 CO H2 0 He

CP 1220 1040 919.31 840.37 1043 2014 5193
J.Kg-1K - 1

Thermal conductivity 0.0454 0.0242 0.0246 0.0145 0.025 0.0261 0.152
W.m-1.K-1

Viscosity 1.75 1.66 1.91 1.37 1.73 1.34 1.99
*10- 5 Kg.m- 1.s-1

Lennard-Jones 2 3.621 3.458 3.941 3.59 2.605 2.57
characteristic length b

Lennard-Jones -263 -175 -165 -78 -163 299 10.2
energy parameter C
Standard enthalpy -101 0 0 -3.35, -0.15, -2.4* -3117

10-8 10-8 10-8
J.Kgmol- 1

Standard state entropy 5.731 191.4 205 213.7 197.5 188.6 126
KJ.Kgmol-1.K - 1

Description of the boundary conditions

Pressure outlet: The pressure in FLUENT includes the hydrostatic head and

requires Pgauge = P - * g * z where P is the pressure. The gauge pressure given as

an input must therefore be

PGaugeOpenchimney = -27.4Pa

PGau9eReturnDuct = OPa

respectively for the open chimney outlet duct and the return chimney experiment

outlet duct. Since the outside of the chimney was not modeled in the open chimney



experiment, in order to avoid a back flow of cold air, the return flow temperature

was fixed to be the heated wall temperature.

Pressure inlet: The gauge pressure at the inlet is zero. The inlet temperature

is 300K. The mass composition of air entry is 23% oxygen, 0.0043% water vapor

(based on hygrometric charts for 30% humidity at 20C) and 76.57%N2.

Pebble bed: The porosity of the pebble beds was set to be 0.395. The wall side

effects do not exist due to the configuration of the pebble bed. As described later

in Chapter 5 the FLUENT porosity pressure loss model was used, as an adaptation

from the Khulmann correlation [8]. The pressure loss is the integration over the

length of the pebble bed of the momentum sink source. S is the momentum sink

term in the momentum conservation equation. Co and C1 correspond here to the

pressure loss coefficients in the pebble bed modeled as a porous media :

S = -Colv jc  (3.1)

The values of Co and C1 were obtained by sensitivity studies described in Chapter

5. The 60 mm diameter pebbles induce a pressure loss with Co = 36.668 and

Cz = 1.7599, a surface to volume ratio of 60.35. The smaller pebbles of 10 mm

diameter, induce a pressure loss with Co = 341 and C1 = 1.6107, a surface to

volume ratio of 363.

96 channel reflectors: The small reflectors were chosen to be either modeled

in detail or as a porous medium. In both cases, different approximations were

used to diminish the complexity of the mesh. The two options were studied in

a sensitivity analysis. In the detailed model, the solid graphite surrounding the

channel is not modeled and the approximation lies in the fact that the temperature

of the walls needs to be fixed. Therefore, the only the gas will heat up, with no

heat transfer to the wall. In the second option, the reflector is modeled as a porous

media with the correct surface to volume ratio and pressure loss. (Co = 63 and

C1 = 1.72, surface to volume ratio of 53.58) In that case, the approximation lies

in the geometrical dispersion of the heat produced by the chemical reactions. This

second approximation was used in the blind models.

Flow meter: It was mentioned by the Jiilich center that the flow meter at the

inlet of the experimental setting induced a significant pressure drop. No specific



information was given on the latter except for the dependence of the pressure loss

on the square of the velocity. Therefore, based on former Jiilich theoretical studies,

a pressure loss was developed as a fan boundary condition. The theoretical study

from Jillich gives a pressure loss of AP = 25.52Pa and a mass flow rate of 3.5g.s -1

for the open chimney and AP = 7.25Pa and 1.6g.s-1 for the return duct experiment

[13]. The pressure loss in a Fan boundary condition is going to be dependent on the

velocity as: AP = Efn * v" -'. The velocity, in the inlet tube of 125mm diameter

with a density of 1.22kg.m - 3 is:
rh

p*A

As a result,
AP * (p* A)2

f3 =  2

For the open chimney experiment, f3 = 446 and for the return duct one, f3 = 606.

fo and fl are both equal to zero since the theoretical study from Jiilich [13] shows

that the pressure loss is proportional to the square of the velocity.

Wall treatment: The standard FLUENT wall functions are used, without deal-

ing with moving walls or wall roughness. This is an approximation since graphite

surface can be quite rough. However, this assumption should not affect significantly

the phenomena modeled. The thermal conditions for the external walls of the chan-

nel are as follows: fixed temperature (650C or 850C), no wall thickness and heat

generation rate. One of the material used for walls is aluminum, with a density

of 2719kg/m3, Cp = 871 J/kg-K and thermal conductivity = 202.4 W/m-K. The

other type of wall material is graphite. The graphite data from PBMR was used

[9]: density of 2240 kg/m3, Cp - 710 J/kg-K and a thermal conductivity of 168

W/m-K. The material which is used in the outer structure of the NACOK experi-

ment is a non oxydable alloy modeled as Aluminum. If the wall is at the interface

of a graphite block and a flow channel, the coupled thermal option is switched on.

In that case, the temperature depends on the graphite block temperature. The po-

tential heating of the wall is not considered. This approximation can be justified by

the fact that the chemical reactions depend on the flow cell temperature, not the

wall temperature. In addition, since the flow is constant for the steady state case,

we can expect the decrease of temperature due to the graphite heat absorption not

to have a major impact on the flow temperature. Therefore, the fluid temperature



will be compared to the data and not the wall temperature. The species boundary

conditions is a zero diffusive flux through the wall. If the wall is made of graphite,

the reaction mechanism is switched on.



Chapter 4

Chemistry models in the event of an

air ingress accident

The moderator in .a high temperature gas reactor is graphite and the coolant is

helium. These two materials do not react with each other, even at very high tem-

peratures. However, in the event of an air ingress accident, several chemical species

will be produced in the reactor. The mixture entering the reactor is composed of

Oxygen (02), Water Vapor (H 20), Nitrogen (N2) and other species in negligeable

amounts. The 02 Will react with the graphite (C) producing several other species

that will take part in other chemical reactions. It is therefore very important to

understand the reactions taking place and their mechanisms. The purpose of this

chapter is to describe the chemical reactions taking place and a short literature

review of papers on this issue. The models used in FLUENT are then presented.

4.1 Chemistry in an air ingress event

4.1.1 Reactions

The oxidation reactions taking place in the reflector or the pebble bed of the reactor

are described below [14]:



Table 4.1: Chemical reactions taking place during an air ingress event

1: C + -02 -+ CO AH = -111kJ/mol

2: C + 02 -* C02 AH = -394kJ/mol

3: C + C02 2CO AH = 172kJ/mol

4: C + H20 -- CO + H2  AH = 131k J/mol

5: CO + 0.502 -- C02 AH = -283k J/mol

A positive enthalpy means that the reaction is endothermic, and a negative one

means that the reaction is exothermic. These reactions can combine with each other,

have different energy of activation and reaction rates. The reaction of oxygen with

carbon is exothermic and favored thermodynamically. However, graphite is not cor-

roded at ambient temperatures, since the graphite oxidation rate is temperature

dependent. This means that kinetics are of great importance to determine which

reactions are favored as a function of temperature. The oxidation of graphite is

going to be significant from T > 600C. In high temperature reactors and more

specifically in the NACOK experiments, the system will be in the range of 500C to

1200C, where graphite oxidation occurs.

The second major reaction can be seen as the conjunction of reactions 1 and 5.

One could say that the reaction producing carbon monoxide maximizes the amount

of carbon removed by a given mass of oxygen and the reaction producing carbon

dioxide maximizes the amount of heat produced by oxidizing a given mass of carbon.

The third reaction, called the Boudouard reaction, starts to have a significant im-

pact on the chemical system at T > 850C.

Concerning the reaction of water vapor with graphite, at T = 850C and P = 0.latm,

oxygen reacts 10 000 times faster. Therefore, this reaction will not be taken into

account in this analysis. Water vapor however, needs to be accounted for in the

species mixture, since it affects the oxidation of carbon monoxide.



4.1.2 Mechanisms and Regimes of graphite corrosion

The oxidation mechanisms are very complex and can vary depending on the system

conditions. In case of absence of catalysts, the typical scheme is the following [14],

[15]:

1. Transportation of the oxidant to the surface of the graphite

2. Adsorption of the oxidant on the graphite surface (physiosorption)

3. Formation of C-O bonds (chemisorption)

4. Breaking of C-C bonds

5. Desorption of CO or CO2

6. Transport of reaction products from the graphite surface.

7. Reaction of resulting gases with Oxygen or graphite

The reaction rates depend on the rate of each of these steps. This gives an un-

derstanding of the parameters on which the reaction rates depend, that is : rate

at which the oxidant has access to the surface, the partial pressure of the oxidant

(step 1-3), the surface area available to the oxidant for reaction (step 3), the cat-

alytic impurities or in-pore deposit present in the pores of the graphite (step 2-3),

the temperature (step 3-4), the rate of removal of reaction products (step 5-6), the

effective diffusion coefficient (step 1-2).

There are three different regimes depending on the temperature of the system as

shown on Figure 4-1. Temperature ranges are given as representative and depend

on experimental conditions. Moreover, the transition between regimes does not de-

pend only on the temperature but also on the flow rate for regime II to III and

on the material dimensions for regime I to II. The gas pressures will also have an

influence.

* Regime I: Chemical controlled regime, T < 600C

This regime occurs at low temperatures and therefore at low reaction rates.

The oxidant concentration is going to be homogenized in the depth of the
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Figure 4-1: Corrosion Regimes

graphite. Therefore, oxidation occurs also "inside" the graphite. This will

lead to a strong loss of mechanical strength and can produce up to 10% burn-

off. Burn-off is the percentage of graphite that has reacted over the graphite

that can react. The reaction rate in that case is limited by the internal activity

of the graphite, that is the ability to physiosorption and desorption.

* Regime II: In pore diffusion controlled regime, 600C < T < 900C

Since the reaction rate becomes higher at this temperature, the diffusion in

the graphite pores will control the reaction rate (transport of oxidant). The

oxidation corrosion becomes smaller in depth of the material and as a burn

off profile is formed. The kinetic expressions should then include diffusion

coefficient for graphite, and by comparison to regime I, the activation energy

is divided by half.

* Regime III: Mass transfer regime, T > 900C

The reaction rate at the surface of the graphite is so high that most of the oxi-

t
1.

Z



dant that penetrates the laminar sublayer of gas flowing past the hot graphite

is immediately consumed. The reaction rate in that case can be expressed in

terms of the superficial graphite area (not taking in account the pore area)

(kg.m-2.s - 1) and depends on external mass transfer.

4.2 Modeling chemistry in FLUENT

FLUENT has the ability to model mixing, transport and reaction of chemical species.

The solver solves conservation and diffusion equations as well as reaction sources for

each species.The conservation equation for the species molar quantity X takes the

following form[12]:

-(pX) + V(piVX) = -VJ + Rx + Sx (4.1)

where

* Rx the net rate of production of the specie X

* Sx the rate of creation by other means

* J the diffusion flux of specie X due to concentration gradients.

Reactions can be modeled to occur in the bulk phase, in porous regions and on walls.

4.2.1 Species transport

In order to model species transport several parameters and data must be input in

FLUENT. First, a "mixture" must be created, with all species available in the chem-

ical system. This list of components composes the fluid. The mixing laws dictating

how mixture properties are going to be derived must be chosen. Finally, diffusion

coefficients must be input. Zhai [1] in his work found that the kinetic model applies

well to this reaction system ,and that the "Full Multicomponent diffusion", although

very expensive computationally, gives accurate results. The species parameters are

calculated according to this theory using the Lennard-Jones potentials [20]. These

diffusion parameters are going to be used in the full multicomponent diffusion model



in FLUENT. The Fickian diffusion model cannot be used since we are far from hav-

ing one main species once the reactions have started producing CO and CO2, and

in the :return duct experiment, the flow is actually diffusion driven before the onset

of natural convection.

4.2.2 Chemistry model [12]

There are several ways to deal with chemical reactions using FLUENT. The most

suitable is the FLUENT finite rate model. In this model, FLUENT treats the in-

formation given on reaction rates as species source terms. The reaction rates are

expressed using an Arrhenius model, and the inputs are calculated in order to have

the best possible match between the experimental correlations and the Arrhenius

models. The flow in NACOK is laminar, and the turbulent mixing of species was

not modeled. This is an approximation since there are necessarily small localized

turbulences in the corners and geometrical complexities of the experimental config-

uration.

The net mass source (variation) of chemical species R due to the molar reaction

source R, (the molar variation of quantity of a species over time) is computed as

the sum of the Arrhenius reaction sources over the reactions in which the species X

participates.

Rx,mass = M * ERxr (4.2)

j=1 j=1

Rx, V* jkf,r [Cj,]""' - kb,r Cj,rI bj.r (4.3)
Nr Nr

The Arrhenius expression gives

kf,r = ArTe 8.314T (4.4)

The units are as follows::

* R in kg.s - 1

* A,, the rate constant

* Rx,r in kgmol.s - 1



* EA in J.kmol-1 and in that case, R = 8314.4J.kgmol-'K- 1

* M is the molecular weight of specie X in g.mol-1

* kf,r is the forward rate and kb,r is the backward reaction rate in kgmol.s- .

"* qj,r is the rate exponent for each reactant and product

* v is the overall stoichiometric coefficient of X in reaction r

* Cj,r is the molar concentration of the species r in the reaction j

* T the temperature is in K

o* f is a constant specific to the reaction

It can be seen that the reaction rate temperature dependence is an exponential.

Figure 4-2 shows the evolution of the graphite oxidation and Boudouard reaction

rate with respect to the temperature.

4.3 Graphite corrosion reaction rates

There are many research papers written over the last fifty years on graphite oxi-

dation. They usually describe a new correlation developed in the case of specific

experimental conditions, or present sensitivity studies on a specific parameter such

as burn off dependence, temperature dependence, water vapor concentration influ-

ence etc... Two different models that apply to graphite corrosion in regime II in

HTR and applicable to the NACOK will be presented in this section.

Arrhenius model correlations

The Arrhenius model is based on the principle that for the reactants to react, they

need to acquire enough energy to overcome the energy barrier in order to become

an activated complex. This energy needed is the activation energy, EA. The energy

available for the species system is based on the temperature which can be calculated

with Maxwell-Boltzman statistical physics. Therefore, the proportion of molecules

that can react is proportional to e RT. The proportionality constant is the reaction
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rate constant, k. It can be seen that increasing the temperature will increase the

rate of reaction.

r = k * e-RT (4.5)

The Arrhenius model can give a very good approximation of the reaction rates

but is rarely exact. However, its simple expression allows for the use of multiple

correlations. This model will be used in FLUENT for our chemistry modeling.

Hinshelwood-Langmuir correlation

In order to have a good insight on the complexity of the development of reaction

rates correlation, the Hinshelwood-Langmuir model is presented. This correlation

is the most appropriate kinetic model for the kind of surface reaction occurring in

graphite oxidation and takes into account the inhibition by reaction products, the



diffusion in the graphite pores and the burn-off. The HL model is a superposition

of second's Ficks law and the rate equation of regime I that follows an Arrhenius

kinetic model [15].

rregimel = kI * e- T* [02] * fregime(B) [mol.m-3.s - 1] (4.6)

rregimell = kzz * e-2T * [02] 2 * fregime(B) [mol.m-3.s - 1] (4.7)

and for regime II, the rate constant is going to depend on the burn-off and the

effective diffusion in the pores of the graphite.

kzi(B = 0) = kregimei D * Deff 2 (4.8)
n+l

In these equations:

* ko is the kinetic Arrhenius rate constant

* EA is the activation energy in J.kmol- 1

* R is the universal gas constant in J.kgmol-'K - 1

* [02] is the oxygen concentration in mol.m -3

* fregimeI is a function giving the dependence on graphite burn-off for regime I

* fregimer is a function giving the dependence on graphite burn-off for regime II

* Deff is the effective gas diffusivity within the graphite in m2.s-1

The values and correlations of the different parameters were established experimen-

tally and therefore have important uncertainties due to the experimental conditions

in which they were obtained and can be only applied to very specific experimental

conditions. However, this model provides a good insight on the complexity of the

reaction rate and the dependence on several parameters. The values for the rate

equations can vary for different materials by a factor of 20 for the rate constant ko

and by a factor of 2 for the activation energy EA.



4.4 Reaction rates input in FLUENT

4.4.1 Correlations chosen for the NACOK graphite oxidation

modeling

The Jillich center in Germany was not able to provide specific accurate data on the

type of graphite used in their experimental runs of March and July 2004. How-

ever, the very complete Kuhlmann report details the type of graphite set up in the

NACOK chimney. Unfortunately, the analytical reaction rates used for this first

NACOK study are based on the VELUNA experiments, that aimed at developing

graphite corrosion rate correlations for pebble packed beds. These correlations are

integrated and take in account all diffusion processes and flow patterns and there-

fore cannot be used as input in a FLUENT model since the software calculates this

phenomena. It would induce a repetition when taking in account some phenomena

such as. diffusion, mass transfers etc. Therefore, a new approach was needed. [8] [16]

[17]

Correlation model I, used by Lim and No [2] [3]

Lim and No performed similar studies on the JAERI and SANA experiments as

the ones described in this thesis. They developed a correlation for graphite IG-110

oxidation. The graphite IG-110 has been extensively studied in the literature and

has properties close to the ASR-1RS. The reaction rate as expressed by Lim and No

is:
218000 75

rc-o2 = 7500e- RT o (4.9)

and the dissipation/generation rates for each species are expressed as:

Ro2 = V02 * C-02 * kg.m-2.s -1 (4.10)
Mc

Mco 21 (4.11)
Rco = vco * rc-o2 * kg.m-2 (4.11)

Rco2 = C0 2rc-02 * M kg.m- - (4.12)

where



* vo2 is the stoichiometric coefficient of 02

* M the molar mass of each species in kg.kmol-1

* P the pressure is in Pa

This correlation is expressed as a function of the 02 partial pressure. Therefore,

adaptation of the parameters must be calculated in order to input them in FLUENT

which requires a reaction rate as a function of the concentration.

FLUENT reaction rate = experimental correlation reaction rate, and therefore,

based on the Arrhenius FLUENT expression of the reaction rate:

kFLUENT [02] ke (4.13)
Mc

and we know the ideal gas law: PV = nRT with R = 8314 J.kgmol-1K- 1 , [02] in

kgmol.m - 3 kg kFLUE kexperimental(RT)75 (4.14)

kFLUENT = (4.14)
Mc

For this correlation, the values are:

vo2 = 0.77

kexperimental = 7500, kFLUENT = (8314 * T). 75 kexperimental * "1

For T = 650C, kFLUENT = 9.113 * 107.

For T = 850C, kFLUENT = 1.056108

The activation energy is: EA = 2.18108J.kgmol-1

Correlation model II, used by Takeda and Hishida [4]

Takeda and Hishida performed air ingress experiments at the JAERI facilities. They

had a very good insight on the choice of reaction rates for graphite corrosion by

oxygen since they could actually do some related experiments on the graphite they

used. The correlations developed by Takeda and Hishida are as follow:

2.09*105
rc-_02 = 360 * e RT PO2s - 1 (4.15)



with R, in kJ.mol-'K - ' and the dissipation/generation rates for each species are

expressed as:

Ro2  o2 * rc-o2 * Pc * Mo2 kg.m-3.s - 1  (4.16)
Mc

Rco = co * rc-o2 * c Mco kg.m-3.s-1 (4.17)
Mc

Rco2 = CO2 * rc-o2 * PC * Mco 2 kg.m-3.s - 1  (4.18)
Mc

If we do the same calculations as previously, we obtain:

kFLUENT = kexperimental * RT * M c (4.19)
Mc

For this correlation, the values to put in FLUENT are therefore:

vo2 = 0.88

EA = 2.09 * 108J.kgmol-1

for T == 650C, kFLUENT = 3.517 * 1011

for T == 850C, kFLUENT = 4.28 * 1011.

It appears that the oxidation rate recommended by Takeda and Hishida is much

faster than the one recommended by Lim and No. This can be explained by dif-

ferent experimental conditions and sizes of experiments as well as by the different

types of graphite used.

Both correlations were applied to the NACOK model as a guidance to first results.

A correlation more adapted to this graphite was then developed based on the first

benchmarking results.

4.4.2 Carbon monoxide oxidation reaction rate

The reaction rate of this reaction can be found in FLUENT's database. It is de-

scribed as two reactions in order to take into account the water vapor concentration

impact on the rate. The inputs are therefore:

Reaction A :

CO + 0.502 --- C02 + (0)H 20



EA = 1.674 * 108J.kgmol-1

k = 2.24 * 1012

Reaction B:

C02 - CO + 0.502

EA = 1.674 * 108 J.kgmol- 1

k = 4.5 * 107

4.4.3 Boudouard reaction rate

The Boudouard reaction

A3-3 type graphite.

rate proposed here is the one known for the corrosion of

0.145 * e- 25000/ T * Pco21 + 3.4 * 10- 5 * e*OOo/T * P* 2 kg.m- 2 .s- 1 (4.20)

4.4.4 Stoichiometry variation of the graphite oxidation reac-

tion with temperature

Reactions 1 and 2 combined together can be written with stoichiometry coefficients

that vary with the temperature. At high temperatures, the oxidation reactions are

going to be fast, and as a result, the concentration of oxidant at the graphite surface

is very low. Since there is not enough oxidant, CO is going to be the main product

and only a few percentage of the CO will react with the few oxygen left again to

produce C02 before accessing the free stream transport zone.

C + z0 2 --- CO + yCO2
(4.21)

with = A(T) and therefore:

A
(A + 1)

(4.22)



A+2

Y 2(A + 1)

1

(A + 1)
It is generally accepted that A(T) has an Arrhenius like dependence of T.

A= kA e- EA = kA * e R

(4.23)

(4.24)

(4.25)

The values of kA and E vary for different graphites. Even for the same graphite,

experimentalists have produced different results. However, the values of the different

reaction rate parameters have a strong impact on the temperature distribution in the

NACOK experiment. Indeed, if more CO is produced, a highly exothermic oxidation

of CO will lead to a rise in temperature.
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Figure 4-3: Various correlations of stoichiometry
with respect to the temperature

coefficient ratio evolution

Figure 4-3 presents the variation of the ratio of -- with the temperature. It

appears that for the low range of temperatures where these correlations apply, the

results are comparable. The differences widen with higher temperatures. In order to



be conservative, it is recommended to use the correlation provided by Lim and No.

Its values are on the higher range of the average, and this will give an overestimation

of the amount of CO. The highest ratio is not chosen since it is very briefly described

in Takeda and Hishida and its range of application is unknown. Sensitivity studies

are presented in Chapter 5 on the choice of the ratio of CO and C02 correlation.

4.4.5 Importance of the burn-off on graphite oxidation rate

Activation energy values and Arrhenius rate constants vary with the graphite burn-

off at temperature higher than 600C. Below 600C, there is not enough burn-off to

take this issue in account, even though the burn-off profile in the graphite is constant

in depth. This means that there will be very little oxidation propagating in depth

of the graphite, perpendicular to its surface.

In regime II, due to the in-pore diffusion, the burn-off will vary exponentially in

depth, giving rise to a variation of reaction rates. The variation in oxidation rate

is due to the change of total surface reaction. This can be explained by the fact

that the reaction occurs at the wall of the pores. When the microstructure of the

material changes, closed pores open and micropores become greater, the reaction

surface increases, leading to an increase in reaction rate. At some point, the avail-

able reaction surface will reach a maximum, at approximately 40% burn-off. Beyond

this maximum, the pore walls join together and the surface available will decrease,

leading to a decrease in the reaction rate.

In regime III, the oxidation rate will decrease over time due to the reduction of

the surface reaction since the oxidation attack at the surface will cause a geometry

change of the graphite specimen. [22]

With this understanding of the phenomena taking place with burn-off, the varia-

tions of the Arrhenius rate parameters are more understandable. The Arrehenius

rate constant, A, is going to decrease, due to a smaller temperature dependence of

the rate with burn off. The activation energy is also going to decrease, due to the

increase of surface reaction. This factor was only considered as an integrated effect

which comes from experimental measurements of corrosion rate data.



Chapter 5

Sensitivity studies

5.1 Pressure loss in the pebble beds

Thermodynamically, the pebble bed is considered as a packed bed, meaning that

the pebbles are not in motion. In a pebble bed, a large amount of heat transfer

can occur in a small volume. For example, in the PBMR or other high temperature

gas reactors, the fuel pebble or fuel compact is at a high temperature and generates

decay heat. This is a major heat source. This is not the case in the NACOK, since

the pebbles are made of graphite or ceramics. The pebbles without fuel do not

generate any heat but store a considerable amount of energy. The pebbles help keep

the temperature in the chimney at the reference temperature of the experiment.

The flow in a packed bed is very complex, enhancing mixing and creating complex

flow patterns. Moreover, the fluid will follow a longer path along the pebbles than

if the flow pipe were empty. This deviation of the flow path induces a pressure loss.

There are two major ways to describe the pressure loss in a pebble bed. The first

one by considering the flow around each pebble and the second one by introducing

a hydraulic diameter. Many pressure drop correlations have been developed for

particles of different shapes and sizes and for different packing densities.

Jiilich work on pressure drop

Kuhlmann, at the Jiilich center in Germany, developed a pressure drop correlation

based on the previous KTA report and experiments. [8] [211. This correlation was



applied to FLUENT and the flow model benchmarked to the experiments described

in the Khulmann report.

The Khulmann correlation [81

The pressure loss AP prescribed by KTA is :

AP 1-E 1 1 mr42
AH d 2p 5.1)

And the parameter 0, for the NACOK experiment was found to be such that :

505 0.1

Re/(l - e) (Re/(l - ))O.1 (5.2)

These equations can be better understood when linked to the more general pressure

loss equation:

AP h * * v2 (5.3)
d 2

In these equations,

h or AH are the height of the pebble bed in m

E is the porosity (0.395)

d is the pebble diameter in m

A is the flow cross section area in m2

rh is the mass flow rate in g.s - '

v is the flow velocity in m.s-1

Re is the Reynolds number with Re = (n/A),d with r7 the fluid dynamic viscosity

S= * is a constant of the configuration

p is the gas density

This pressure loss cannot directly be input in FLUENT.



The pressure loss in a porous media in FLUENT can be modeled as an isotropic

phenomenon, following a power law pressure drop [12]:

S = -Co * IvHIc (5.4)

S is a source term in the momentum equation. S being constant in the pebble bed,

AP = h * S. Average values for the viscosity and density were chosen, and the

power law was fit to the Kuhlmann correlation. It can be seen on the Figure 5-1

that the power law model allows a good approximation of the complex Kuhlmann

correlation.
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Physical velocity vs. superficial velocity

FLUENT calculates the velocity in the porous media using the volumetric flow rate.

Therefore, the computed velocity, called superficial velocity is proportional to the

real velocity, called physical velocity. The physical velocity is the velocity of the gas

flowing past the actual pebble.

Vsuperfidal = Cphysical (5.5)

where E is the porosity of the media defined as the ratio of the volume occupied

by the fluid to the total volume. There is an increase of the real velocity in the

porous region, due to a smaller flow area available around the real pebbles. Since

we are interested by the real velocity of air across the pebbles, it is important in

our case to take in account this increase by selecting the physical velocity option

in FLUENT. Indeed, the chemical reactions particularly depend on diffusion and

transport of species, which is highly dependent on the velocity. Choosing this op-

tion adds some complexity in the adaptation of the pressure loss correlation, since

the empirical correlations are usually based on superficial velocity. FLUENT au-

tomatically converts the pressure loss coefficients into those compatible with the

physical velocity option when this option is turned on. Since the Kuhlmann correla-

tion is based on real velocity, its parameters were modified in order to have the right

pressure loss with the real velocity. The mass flow rates computed with physical

velocity and superficial velocity are very close, as can be seen on Figures 5-2 and

5-3. This gives confidence in the simplification of the complex reflector geometry

by developing porous media correlations. However, it appears that the superficial

velocity option calculations gave slightly better results than the physical velocity

option calculations. This can be explained by the fact that the parameters for the

physical velocity option were adapted to match mainly the range of mass flow rate

in which the NACOK experiments lie.
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Benchmarking of the natural flow in the NACOK experiment

In order to check the capacity of FLUENT to model natural convection flow and

pebble bed induced pressure drop, the natural flow experiments run in 2001 [8] were

used to benchmark the flow model. The pressure drop model presented needed to

be benchmarked since it was different than the one developed by Zhai [1] in that it

uses the physical velocity option instead of the superficial velocity for porous media

and that it adapts the Kuhlmann correlation to a power law model.

Test Configuration: The height of the pebble pile was h=5m; the total height

of the test stand, critical for the lift, was H = 7.3m. To create the broadest possible

data base, four temperature steps were chosen for the return pipe at an interval of

200 K each, up to the maximum temperature of 800C. The temperature in the ex-

perimental channel was at least 50 K higher and was then increased in 50 K steps up

to the maximum heating temperature. As expected, the convection flow developed

due to the balance between the buoyancy forces (density driven) and the pressure

drop in the pebble bed (function of the dynamic viscosity).

The FLUENT model used the physical velocity formulation based on the Kuhlman

pressure drop correlation for the pebble bed modeled as a porous media. Tempera-

ture dependence of the density and the viscosity were taken in account using the ideal

gas law and the kinetic theory. Figures 5-2 and 5-3 show a good agreement between

the experiments and the simulation, when comparing the physical and superficial

velocity, especially for lower mass flow rates. The discrepancy in the higher mass

flow rates might be due to the loss of flow reported in this experiment and turbu-

lences in the flow that were not modeled. However, the latest NACOK experiments

are in the range of mass flow rates where the model is in good agreement.

5.2 Modeling the reflector as a porous media

The NACOK experiments have three types of graphite reflectors. The smaller ones

have ninety-six 16 mm diameter channels. Creating the geometry and the mesh for

this level of detail when modeling a full scale experiment is computationally time



consuming. In addition to that, due to the difference of scales (16 mm vs 200 mm

height), the mesh created tends to be skewed and unreliable. Therefore, it was de-

cided to develop a model to deal with fine reflectors a a porous media. The issues

raised by this method are the establishment of the correct pressure loss, maintaining

the correct surface to volume ratio and calculating the correct porosity in the media

considered. Even though it appeared that the NACOK experiment could be run

in steady state with the full detailed reflector geometry, the porous assumption for

the fine reflector allows a faster and easier development of a model for a full scale

reactor with a little less accuracy.

The surface to volume ratio was calculated to be 53.58m - 1, based on basic geo-

metrical considerations in the NACOK experiment. The porosity of the media, also

based on geometrical considerations, was calculated to be 0.13. The pressure loss is

more complex to define. Since no specific experiment was conducted on finding the

pressure loss induced by the reflector, a correlation was established using FLUENT

to FLUENT benchmarking. This is not a procedure that can be used for full results

or benchmarking of a code. However, in this case, we only consider part of the

experiment and aimed at simplifying the model using the same code. The reflector

was modeled in detail and the pressure loss was computed for different velocities

and mass flow rates at the range of viscosities (temperatures) of the NACOK exper-

iment. Based on this data, a pressure loss following the power law FLUENT model

was fitted. The reflector was then modeled as a porous media with this correlation

and the flow rate for different experimental conditions was compared with the de-

tailed reflector model. The detailed reflector structure is shown on Figure 5-4

The pressure loss correlation developed is, for the NACOK fine 96 holes reflector:

S = 631vi1.72, with S the momentum pressure loss source term and v the velocity.

Figure 5-5 shows the comparison of the pressure loss for a detailed reflector model

and simplified porous media model.



Figure 5-4: Detailed 96 channels reflector as modeled for the sensitivity
studies
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5.3 Modeling diffusion mass transfer

Theory

Heat is transferred when there is a temperature difference in a system. The species

diffusion phenomenon is similar to the heat transfer by diffusion phenomenon. For

species, if there is a difference in the concentration of some chemical species in a

mixture, mass transfer will occur to establish an equilibrium. The species are going

to be displaced to compensate the concentration gradient. Eventually, this gradient

will be null. No effect of thermophoresis was considered in this study. For the

transfer of a species A in a binary mixture composed of species A and B, Fick's law

gives :

JA = -p * DAB * VmA (5.6)

, where

* jA is the mass flux of species A in kg.s-l.m 2

* p is the density of the mixture in kg.m-3

* DAB is the mass diffusivity in m 2.s- 1

* mriA is the species mass fraction

Fick's law is strictly valid when the total mixture composition is not changing, that is

when the system is not open. For Ficks law to be valid, the diffusion coefficient must

not be dependent on the species concentration, which is the case in a highly dilute

mixture. However, the NACOK experiments are a non dilute system. Therefore, the

use of the Fickian law would be only an approximation. However, FLUENT has the

ability to model the full multicomponent diffusion in a laminar flow. The software

uses the Maxwell Stefan equations, leading to a generalized Fick's law applicable

for multiple species. This method is more computationally expensive but should be

more accurate for the NACOK experiments. The kinetic theory model in FLUENT

provides a calculation of the diffusion coefficients suitable for a complex mixture

such as the one found in the NACOK experiments. [12]



Benchmarking the FLUENT diffusion model

In order to feel confident in the choice of the diffusion model and options, a small

model was develop to benchmark the diffusion process with a multicomponent mix-

ture comparable to the one used in the NACOK experiments. The system considered

here is a vertical tube of 2 m high and 125 mm diameter. The top half is filled with

helium and the bottom half is filled with nitrogen. Theoretical calculations for the

diffusion process over time were made at PBMR [33]. A model of this system was

solved by FLUENT using the kinetic theory model and multicomponent diffusion. It

appears on Figure 5-6 that the diffusion process modeled by FLUENT gives satisfy-

ing results. PBMR modeled the diffusion by using a User Defined Function with the

species diffusion equations. This gives a better fit of the theoretical curves. However,

using this theoretical approach does not allow FLUENT to take in account other

side effects such as wall effect (due to viscosity) or variations of the coefficients due

to temperature, etc. These factors might account for the small discrepancy between

the FLUENT model and the theoretical calculations. In conclusion, this benchmark-

ing model shows that the FLUENT diffusion model can be used to model diffusion

in the NACOK computational benchmarking.

Description of diffusion and flow features in the return duct experiment

As it has been described in Chapter 2, the inlet and outlet tubes to the channels of

the NACOK experiments are horizontal and at the same level. At t=0Os, they are

filled with helium. When both ducts are simultaneously opened to the atmosphere,

the helium in the horizontal tubes escapes through the openings due its low density.

The horizontal ducts then fill up quickly with air. The process taking place vertically

in the rest of the chimney is of a different nature and driven by both diffusion and

natural convection. Computations and sensitivity studies were done in order to

model this phenomena correctly. The boundary inlet and outlet conditions used for

the open chimney experiments were inadequate to model this flow sequence. The

pressure inlet boundary condition and outlet pressure boundary condition assume

the "outside" gas condition. FLUENT can not model correctly the boundary species

distribution with these boundary conditions since the species concentrations cannot

change at these boundaries. Sensitivity studies showed the necessity to add a volume
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Figure 5-6: Comparison between theoretical curves as calculated by PBMR
[33] and FLUENT kinetic model of the diffusion in a vertical tube

outside the channel from which air comes from and in which helium can flow. The

final model and conditions are described more specifically in Chapter 6. Figure 5-7

shows the model configuration. Figure 5-8 shows the evolution over a few seconds of

the outflow of helium from a horizontal tube open on both ends on a larger volume

filled with nitrogen. The helium escapes the tube rapidly and in a few seconds,

the equilibrium is reached. The process should take a longer time in the return

duct chimney since the horizontal ducts are opened only on one end, but the overall

phenomenon is similar and lasts a few minutes.
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Figure 5-7: Model configuration for diffusion sensitivity analysis

Figure 5-8: Evolution of the mass fraction of helium in an open horizontal

tube (in the center of the square) in a volume filled with nitrogen. Red

(dark) corresponds to a mass fraction of helium = 1 and blue (light) to

a mass fraction of helium = 0



5.4 Modeling steady state flow for the return duct

chimney

The procedure followed to model the return duct experiment is divided in several

stages:

* The diffusion process is modeled time dependent. The chemical reactions are

inactivated.

* The natural circulation stage is modeled steady state with the chemical reac-

tions activated.

Figure 5-9: Temperature distribution in Kelvins in the hot and cold leg

It is therefore of importance to validate this procedure, and more specifically, to

check whether a steady state is reached while modeling the transient diffusion and

onset of natural circulation. Figure 5-9 represents the model used. A hot and cold

leg of 500mm high and 2500mm2 cross section are heated at respectively 1123 K

and 500 K. Both legs are initially filled up with helium and the outside of the ducts



is nitrogen. At t=0s, the valves are open and nitrogen is let in. The time step is

equal to is. The diffusion process takes place during 127s until natural circulation

occurs. The mass flow rate at the pressure inlet is recorded over time.

Figure 5-10 presents the evolution of the mass flow rate at the pressure inlet as

a function of time. The diffusion process is characterized by an unstable flow since

this one is quite low and the pressure inlet boundary condition does not facilitate

convergence for this process. At t = 127s, the mass flow rates jumps to 4.3g/s and

stabilized in approximately 30 s. A steady state is then reached. The same model is

then run steady state, with the hot and cold leg initially filled up with nitrogen. The

computed mass flow rate is then 4.29 g/s. This validates the procedure followed,

namely, modeling the diffusion process time dependently and the natural circulation

in steady state.

Figure 5-10: Mass flow rate with respect to time steps. A steady state is

reached for a mass flow rate of 4.3g.s - 1



5.5 Chemistry Sensitivity studies

This section presents sensitivity studies on chemistry parameters, such as time de-

pendence, stoichiometry and reaction rates. The impact on the modeled system of

the variation of some critical parameters such as Arrhenius constant or stoichiomet-

ric coefficients of the chemical modeling are investigated. The sensitivity studies on

chemical reactions presented in this section were all based on the same geometrical

mesh and model. A section of the 96 channel reflector of 16 mm diameter holes

similar to the upper NACOK reflectors was studied. Only one single channel was

modeled with a mass inflow of 0.03541g.s - 1 at 650C going upwards as shown on

Figure 5-11. The inflow is composed of 5% oxygen, 0.0043% water vapor and ni-

trogen. This composition was chosen to represent approximately the composition

of the mixture reaching the higher reflectors. The composition of the inflow can be

modified depending on the features investigated. Several variations of models and

reactions rates are then applied to develop a better understanding of the phenomena

taking place during these reactions and how the FLUENT model deals with them.

These models are presented in the following sections.

Figure 5-11: Chemistry sensitivity studies model



Transient model of chemical reactions

In general, steady state is reached when all physical parameters are constant over

time. In this chemistry study, steady state is reached when the species concentra-

tions do not vary over time. The corrosion of the graphite and carbon monoxide

oxidation reach a steady state if the experimental conditions become steady and if

there is enough supply of graphite. However, the concentrations or mass fractions of

the different species present in the system are necessarily changing in the early part

of the experiment and before the steady state is reached. It is very computation-

ally expensive to model the transient chemical phenomena in the entire experiment.

Therefore, in order to develop a good understanding of the time dependence of reac-

tions taking place and the evolution of the species mass fractions, a simple transient

model was investigated. In order to check whether a steady state is reached, only

the slowest reaction was modeled, that is, the graphite corrosion due to oxygen.

The reaction of carbon monoxide with oxygen being much faster, its effects are close

to instantaneous. In this sensitivity study, the evolution of species fractions was

recorded over time. It appears that a time step of 0.1s is sufficient to assure conver-

gence of the chemistry model.

The evolution of the volume average of the species molar fraction with respect to

time in the single channel is shown on Figure 5-12. One can see that a steady state

is reached after 15 seconds of flow through the channel. This confirms therefore that

sensitivity studies run in steady state mode give meaningful results and that tran-

sient simulations are not necessary to compute the end state of a system. Moreover,

the ratio of carbon monoxide with respect to carbon dioxide is constant over time.

Any changes from this ratio in more complete models can therefore be attributed

without doubt to the reaction of oxygen with carbon monoxide and the Boudouard

reaction.
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Figure 5-12: Evolution of the species molar fraction with respect to time

Temperature and the stoichiometric coefficients

The dependence and different correlations for the stoichiometric coefficients as a

function of temperature were described in the Chapter 4. It also important to realize

that the stoichiometry of the reaction will have a strong impact on the temperature,

due to the different heat produced by the corrosion reactions and the carbon monox-

ide oxidation. A small sensitivity study was conducted to explore this question. The

stoichiometry of the graphite corrosion reaction was varied and the final state data

of the system were compared for the simple configuration. The results are presented

on Table 5-1.

One can see here that the variation of the initial stoichiometry greatly affects on

this model the end state. The computed final temperature rises when there is more

carbon dioxide produced. This makes sense since the heat emitted during the pro-

duction of carbon dioxide is more than three time the heat emitted during the

- -- ~`--
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production of carbon monoxide by graphite corrosion. In addition to that, the final

molar ratio of species in the channel follow the logical evolution of the stoichiometric

initial ratios. However, it appears that the more carbon dioxide is produced, the less

it will be present proportionally to the initial conditions. This can be explained by

the fact that there is less oxygen available when there is more carbon dioxide pro-

duced, and therefore, less carbon monoxide will react with oxygen to form carbon

dioxide. This can reach a point where few carbon monoxide molecules will react

with oxygen, inducing a slowdown in the rise of temperature with the variation of

initial stoichiometric parameters.

Table 5.1: Stoichiometry sensitivity study

Input ratio of CO 2.69 2.09 0.85C0 2

Computed final temperature in the chan- 1120C 1260C 1300C

nel

Computed final ratio of -C in the mix- 1.9 1.57 1.38

ture

Computed final ratio / Initial input sto- 1.55 1.33 0.61

ichiometry ratio

Corrosion Reaction rates

In order to study the impact on the final system of different graphite corrosion

reaction rates, a sensitivity study was conducted using the single channel model at

a mean initial temperature of 923 K (650C). The main variation in reaction rate is

due to the Arrhenius constant. The activation energy is known to be of the order

of 108kgmol.J - 1 but the range for the Arrhenius constant goes from 107 to 1013

[2] [4] [151. Therefore, the sensitivity studies were run with a variation only on the

Arrhenius constant. The higher this constant, the faster the graphite corrosion that

takes place. The results are presented on Table 5-2.



Table 5.2: Corrosion reaction rates

and initial temperatures of 923 K

sensitivity study for same flow rates

It appears here clearly that the Arrhenius constant and thus the reaction rate

has a large impact on the final state of the system. The major change in end state

temperatures in these models is due to the type of computational experiment run

(small channel and a lot of oxygen available). The range of differences will be smaller

in full size real life air ingress conditions experiments since less oxygen should reach

these reflectors. However, this extreme model clarifies the response of the system

to a change in reaction rate and confirms that the knowledge of corrosion reaction

rate of the graphite is of major importance in being able to predict other physical

parameters of the system such as temperature and mass loss.

Boudouard reaction

The Boudouard reaction was described in Chapter 3. It is a endothermic reaction,

that can help the cooling of the system where corrosion take place. A sensitivity

study was run with the one channel model described at the beginning of this section.

For this sensitivity study, the channel was set at 850C. One model was run with the

Boudouard reaction activated, the other without. The results are presented on Table

5.3.

Arrhenius constant as input 107  109  1011 1013

in FLUENT

Computed maximum final 924K 1310K 2100K 2520K

temperature in the channel

Computed average final tem- 923.5K 1130K 1537K 1780K

perature in the channel

Computed average surface 1.78 10- 4 0.0178 1.78 178

mass loss in the channel

(kg.s-l.m - 2 )



Table 5.3: Boudouard reaction sensitivity analysis

The results of this sensitivity study confirm the cooling impact of the Boudouard

reaction. Similarly to the graphite corrosion by oxygen, the Boudouard reaction rate

is not specifically known for these experimental conditions. Therefore, it is of interest

to see what are the impact of changes in the Boudouard reaction rate. A similar

model was run with a Boudouard reaction rates with the Arrhenius factor = 1000.

The final computed average temperatures is 1437K instead of 1455 K without the

Boudouard reaction. Therefore, in a 1123K environment, the Boudouard reaction

will not affect the end state temperature of the system but will provide additional

cooling.

Stoichiometry as a function of temperature

Various stoichiometry coefficients correlations and the dependence of the stoichiom-

etry coefficients on the temperature were presented in Chapter 4. The FLUENT

model use fixed stoichiometry coefficients, based on the main temperature of the

experiment, namely 650C and 850C. However, since the temperatures changes due

to air cooling and heat production by exothermic reactions, the stoichiometry co-

efficients in the graphite oxidation reaction are also changing. Therefore, a User

Defined Function (UDF) was created in order to take in account this phenomena.

This UDF is given in the Appendix 4.

FLUENT chemistry option is not set up to have a variation of stoichiometry co-

efficients with temperature even with the use of UDFs. Therefore, the following

Boudouard reaction activation On Off

Computed final maximum temperature in the 1840K 1850K

channel

Computed average final temperature in the 1437K 1455K

channel

Computed average surface mass loss in the chan- 2.280 2.281

nel (kg.s-l.m - 2)



procedure was used:

* Create 15 reactions of graphite oxidation in the FLUENT chemistry model.

The reactions are named r650, r675, ..., r900 as a reference to the temperature

at which they take place. For each reaction, the stoichiometry coefficient are

the ones from the Lim and No correlation on Figure 4-2

* A UDF is created that affects the surface reaction rates. For the reaction,

the rate is set to the graphite oxidation rate from the Lim and No correlation

(Section 4.4.1) if the temperature is in the range of T-25 and T+25. The rate

is set to zero otherwise.

* As a result, at each iteration, the UDF is applied to each cell. Only the reaction

with the stoichiometric coefficients corresponding to the right temperature

range has a non zero rate.

Table 5.4: Stoichiometry sensitivity study with UDF

Model UDF without UDF

Mole fraction of 02 9.15 * 10-U 9.146 * 10- '

Mole fraction of CO 0.087 0.088

Mole fraction of C02 0.901 0.901

Average temperature 850 C 850 C

The standard sensitivity analysis model described in this section was run steady state

with a low reaction rate in order to be able to observe the impact of a UDF without

having results taken to an extreme by the heat generation due to an important

quantity of oxygen introduced. Therefore, the Arrhenius factor was artificially set

to 109 . This way, only the impact of the use of a UDF on the graphite mass loss

is studied and not the heat production. The first one is run without the UDF

using FLUENT input stoichiometry of Lim and No at 850C [2] [31, the second one

with the user defined function activated. Table 5-4 shows the values of interest

to compare the impact of the UDF on the final state of the system. It appears

that there is no major difference in the species distribution or in the temperature

(T,,., [ T,,,1 I.



distribution in the channel. Therefore, the use of UDF could reduce uncertainty in

the computational results. However, using fixed stoichiometric coefficients does not

jeopardize the accuracy of the results.



Chapter 6

Results of the Benchmarking of the

Open Chimney Test, March 2004

The open chimney experiment was thoroughly described in Chapter 2. Therefore,

a very short overview of the experiment is given here. The FLUENT main model

used to model these experiments was thoroughly described in Chapter 3. Unless

mentioned otherwise, the results presented in this chapter were obtained with this

main model.

The NACOK open chimney experiment is made of an open chimney heated to a

uniform temperature of 650C. The lowest part of the channel is the reflector made

of graphite. Above the reflectors are two pebble beds of different size and material.

One is made of ceramic with a 10 mm diameter, while the other one is made of

graphite with a 60 mm diameter. The experiment proceeds as follows: initially, ni-

trogen at 650C is blown into the experimental apparatus for a sufficiently long time

to ensure that all components are at a thermal equilibrium of 650C. Once this occurs,

the pressure is equalized at atmospheric pressure. At the time t = Os, the entrance

duct is open and air from the building is let in. Sensors and measurement devices an-

alyze the flow, the temperature and the distribution of species all along the chimney.

This benchmarking of the open chimney experiment being blind, the main results

presented here come from the first blind run of the open chimney experiment. The

results of this run were then compared to information and data received from the



Jillich center in Germany and from PBMR in the Republic of South Africa. Several

sensitivity studies on the chemical reactions presented in Chapter 5 were inspired by

these results. Based on these sensitivity studies and the result comparisons, several

revisions to the model are also proposed.

6.1 The Blind Benchmark Model

6.1.1 Description

The basic model mainly corresponds to the various parameters and configurations

that have been described in the previous chapters (Chapter 3 and 4). The chemistry

model for this run was based on Takeda and Hishida [2] [3]. This model was cho-

sen since Takeda and Hishida had performed benchmarking using FLUENT. The

Boudouard reaction was not taken in account at first, since its impact is negligeable

at these temperatures. The small channels reflectors were modeled as porous media.

Figure 6-1 shows the FLUENT mesh of the model. The model was run steady state.

This can be justified by the transient chemistry studies on small reflectors presented

in Chapter 5 which showed that steady state is reached in a relatively short time.

Indeed, one can see the evolution of the gas species concentration graphs (Figure

5-9). It appears that at constant mass flow, a species concentration steady state

is reached. The experiments at the NACOK facility lasted for 480 min. In order

to shorten the computational time and benchmark the experiment, the model was

run steady state and the results compared to the steady state (after 300 min) to

experimental data. Chapter 9 shows the key variables of the model.

6.1.2 First estimate of graphite loss

In order to obtain a preliminary estimate of the mass flow rate and velocity in the

NACOK experiments, simulations were run without the chemical reactions option

in FLUENT activated. This implies that no heat was being added by the graphite

corrosion and the temperature stayed at 650 degrees Celsius. The mass flow rate

calculated is in the right order of magnitude, since it was shown in the Kuhlmann

experiments [8] that a delta temperature of 600 C induces only a multiplication by



Figure 6-1: Mesh of the lower part of the experiment

3 of the mass flow rate. Therefore, the good range of mass flow rate is known.

According to the specifications on the NACOK experimental setting, temperature is

limited to 1500 C. Therefore the experimental flow rate should be in the same range

as the one computed even without taking in account any heat production.

For the open chimney, at a temperature of 650 C without chemical reactions, the

mass flow rate computed is approximately, after convergence of the steady state,
3.54g.s -1 . Over 480 min, the quantity of air entering the channel is:

Th * TQair = (6.1)

A/fair

Where Alir = 29g.mol-1 is the molar mass of air at 20C, T = 480 * 60 = 28800s

and rh = 3.54. The quantity of air entering during the experiment is 3515 mol. The



air entering is composed of 23% mass of 02. Therefore, the total quantity of oxygen

entering the channel is Qo2 = 808mol. In order to make a very conservative estimate

of the maximum mass of graphite corroded during the experiment, one can consider

that all the oxygen will react with the graphite with a stoichiometric coefficient of

0.77 (Chapter 3). Therefore, the graphite loss will be of 1049 mol,which corresponds

to a mass loss of Qgraphite = lMc * 808 = 12.5kg. The high estimate of graphite that

can be corroded in 480 minutes is 12.5 kg. This way to predict an over estimate of

the mass of graphite corroded is very convenient. Indeed, without having to run a

complex chemistry model with high uncertainties, a good conservative estimation of

the loss of graphite can be found. It is strongly recommended to use this method

before running any complete model. The graph on Figure 6-2 shows a quick estimate

of the maximum graphite loss in 480 minutes, that is 8 hours as a function of the

temperature and the air ingress mass flow rate. One has to bear in mind that

this is the maximum estimate, and that the overestimation is even larger at higher

temperatures. Moreover, this estimate is in the right range if the mass flow rate

computed is correct. In case of high uncertainties on the mass flow rate due to poor

knowledge of the flow configuration, this method would provide an estimate of the

graphite mass loss that could be off by a factor 3.

6.1.3 Results

This section presents the results obtained for the open chimney experiment. Further

analysis of the discrepancies and interpretations are in the following section.

Presentation

The results are compared with the data provided by the JULICH center after the

analysis was complete. The data provided included axial temperature at different

axial locations, mass flow rates and gross mass loss. Table 6.1 provides key pa-

rameters of interest in air ingress events: mass flow rates, graphite loss and outlet

species fraction. The interpretation of the results helps understanding where the

discrepancies come from and will be done using raw data provided by PBMR.
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Figure 6-2: Estimate of the maximum graphite loss in 8 hours

Table 6.1: Open chimney computation and experiment key results

Parameter FLUENT NACOK

run

Time (min) 480 480

Mass flow rate (g.s - 1) 3.54 3.4

Air entry (Kmol) 3.416 3.515

Graphite Loss (Kg) 9.302 kg 9.05 kg

Outlet 02 molar fraction 0.005 < 0.1

Outlet CO molar fraction 0.01 < 0.1

Outlet CO2 molar fraction 0.206 0.21

There is an excellent agreement with the mass

graphite corroded.

flow rate and the amount of

H
lR



Temperature distribution

Figure 6-3 shows the distribution of temperature varying vertically in the chimney.

Please note that the scale on the figure is about 2 meters There is no change of

temperature or species concentrations within the last 5 m of the channel. There is

a good qualitative agreement for the distribution of temperature and the absolute

values. The maximum temperature for the FLUENT blind model recorded at a

sensor point is 920 C. The experimental maximum temperature is 870C. There is

therefore a discrepancy of 50C. The FLUENT model overestimates the maximum

temperature and can therefore provide a conservative evaluation of the distribution

of heat produced.
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Figure 6-3: Flow Temperature distribution in the open chimney test

Species distribution

Figures 6-5 and 6-4 show the FLUENT calculated distribution of species mass frac-

tions in the channel. One can see that the majority of the oxygen is consumed in

the lower reflector, either by the graphite corrosion reaction or the CO oxidation.

FLUENT computations show also a small increase in the molar fraction of CO at

the outlet. This can be explained by the Boudouard reaction, very slow at this tem-
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perature, that produces a small amount of CO. This CO can not react with oxygen

since all of it is consumed in the lower parts of the channel.

Species molar fraction distribution in the chimney
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Figure 6-4: Computed molar fractions in the open chimney test. Experi-

mental data not available

Velocity

An overview of the velocity distribution in the channel is interesting. The species

transport and diffusion in the graphite pores will depend on the speed at which

the air flows. The maximum velocity does not exceed 1.5m.s - 1 and the maximum

Reynolds number does not exceed 1200. This confirms that the flow is globally

laminar at these mass flow rates. However, it is likely that some small turbulences

will take place at major changes of geometry, at the entrance of the reflectors and

the pebbles. The small turbulences will have an impact on the reactions at the

boundary layer of the graphite since the reaction rate is limited by the transfer of



species to the graphite . This layer was not meshed in detail in this model since its

thickness is of the order of the millimeter.

Figure 6-5: Mass fractions of C02 on the left, CO in the middle and 02 on

the right

Figure 6-6 shows the velocity vectors and the Reynolds number distribution in

steady state calculations for the open chimney experiment.
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Figure 6-6: Velocity distribution in the lower part of the channel in m.s- i
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6.1.4 Further analysis of the experimental results

The results are very good considering the conditions (blind benchmarking) under

which the model was created.

Flow modeling

The mass flow rate is off only by 4.1%. Apart from the blind benchmark model whose

results were described in the previous section, a natural convection flow model with

detailed reflectors was run to compare the mass flow rate. This detailed model gave

similar results for the flow properties. The mass flow rate computed with this de-

tailed reflector model is 33.8g. -". This confirms that the method developed to model

detailed reflectors and pebble beds by porous media work not only on the separate

effects as the sensitivity studies in Chapter 4 showed, but also on integral models

such as the whole NACOK experiment. This results will allow future simplicity in

the development of models for the Pebble Bed Reactor.

A good estimate of the mass flow rate was known based on calculations provided

by the Jiilich center [13]. These studies done at the Jillich center predicted an ex-

act mass flow rate of 34.4g.s - 1. Moreover, the flow model on the pebble bed was

benchmarked based on the Khulmann report [8] as described in Chapter 4. These

two parameters allowed good confidence in the flow model before the blind results

were compared with experimental data.

Temperature distribution

The FLUENT model overestimates the temperature distribution.

* At first inspection, it appears that the graphite reaction rate assumed was too

high, which resulted in the heat accumulating in the lower part of the reflec-

tor which would explain the discrepancy in the temperature distribution in

the lower part of the channel. More precisely, if the reactions occurred more

slowly, the total amount of heat produced would be the same, but oxygen would

have time to travel further up the chimney before reacting with the graphite.

Therefore the heat generated would be "diluted" and spread out higher in the



chimney. The chemical models were modified as described in the following sec-

tions in order to obtain a better agreement. The chemistry of the reactions was

thoroughly described in previous chapters as well as several sensitivity studies.

It is suggested that the Arrhenius factor in the graphite corrosion rate equation

[Equation 4-5] was over estimated. The value used at the blind benchmarking

in the FLUENT model was 3.6 * 1012. A more appropriate value should be in

the range of [108 to 10111. This problem can be solved for further complete

modeling with some specifically designed benchmarking corrosion experiments

that will provide applicable Arrhenius factors or more complex reaction rate

correlation models. Global gross correlations for the PBMR should be devel-

oped on simple models. For instance, this could be done by recording the mass

of graphite of a reflector corroded at a specific temperature when exposed to

oxygen. A better understanding and modeling of the chemistry taking place

in this event could be done using atomic multi scale modeling and microscopic

modeling. The complexity of the reactions and the multiplicity of parameters

call indeed for a combination of first principle modeling and experiments.

An example of an experiment to run to obtain the parameters necessary to

model the corrosion reactions in FLUENT could be to have a pebble bed

(6*6*6 pebbles), a small channel (16 mm diameter) and a larger channel (40

mm diameter) at fixed temperature (ranging from 650 to 1000C) in a closed

environment. Air should be blown on these structures and species concentra-

tion recorded at the exit of the experiment. After 60 min, which is a long

enough time to obtain a thorough corrosion of the experiments, the amount

of graphite loss should be calculated by weighing the pieces. Putting together

data of graphite mass loss, and species concentration evolution over time,

Arrhenius equation parameters EA, A and n can be obtained for these ex-

perimental conditions by fitting the species concentration evolution over the

following equations:
_EA

rc-02 = k e RT PR 2 (6.2)

d[2] = 2 * C-2 * eC * Mo2 kg.m - 3.s (6.3)
dt Mc



d[CO] pd Vco * TC-02 * • Mco kg.m-3.s 1  (6.4)
dt Mlc

d[C02]
V= CO2 * rc-o2 * - Mco2 kg.m-3.s-1 (6.5)

dt Mc

In order to have different correlations for reflector grade graphite and pebble

graphite, the experiment would have to be separated and done twice, once

with the reflectors and ceramic pebbles, the other one with ceramic reflectors

and graphite pebbles.

* A second explanation for the slight inaccuracy in temperature distribution as

well as the overestimate of maximum temperature could be the under esti-

mate of the ratio of carbon monoxide over carbon dioxide. If there is more

carbon dioxide produced, more heat is generated since this reaction is the most

exothermic one (3 times more heat produced than for the production of carbon

monoxide by graphite corrosion). This aspect however is balanced by the fact

that with less carbon monoxide, the oxidation of the carbon monoxide will

take place less extensively. This reaction being highly exothermic, the amount

of heat produced will be lower and counterbalance the amount of extra heat

produced by a higher ratio of carbon dioxide produced.

* This blind FLUENT model of the NACOK open channel experiment was cre-

ated without considering heat losses occurring in the experimental facility.

Since the entire channel is initially at a uniform temperature of 650 C, this

modeling of the heat storage and transfer in the graphite or aluminum walls

is not essential. The heat transfer from the reacting graphite to the gas is

however modeled. The experimental conditions are rarely idealistic and there

could be discrepancies between the theoretical and real initial temperature

distributions. Therefore, in order to treat this uncertainty, one would have

to modify over time the boundary conditions of the model based on actual

experimental data.

The overall result on the graphite mass loss is very good since it is off only by

1.5%. The Jiilich center scientists also considered the crumbly pieces found at the

bottom of the chimney as a graphite loss. Since the graphite mass loss is computed

from surface mass loss in FLUENT, the crumbly pieces at the bottom of the channel



should not be accounted for in the mass loss to compare results. In that case, the

NACOK mass loss is 9.05 kg. The computational results are off then by 2.8%.

The location distribution of the corrosion is not as satisfying. It appears, as can

be seen on Table 6-2, that the reactions in the NACOK occur higher than expected

from FLUENT computations. This confirms the previous hypothesis that the reac-

tions rates used were too high. However, the good agreement on the overall mass

loss confirms that the stoichiometry is right. An additional explanation for this dis-

crepancy is the idealized experimental conditions modeled. FLUENT inputs a wall

temperature of 650C from the very bottom of the channel. However, in reality, the

heating wires might not go this low and the temperature at the entrance is lower

at the beginning of the experiments. This factor might also contribute to this dis-

crepancy in mass loss location. Finally, one should notice that there is a mass loss

of .788 kg in the pebble area. This means that the oxygen was able to reach the

pebbles. It confirms that the reactions are slow enough to let time for the air to rise

up to this level.

Table 6.2: Graphite corrosion location for the blind model

Location FLUENT mass loss NACOK mass loss

(Kg) (Kg)

lower columns 2.585 0.16

Lower reflector 4.84 0.29

Middle reflector 0.89 5.724

Upper reflector 0.984 2.346

Pebbles 0.0027 0.788

Crumbly pieces NA 0.258

Total 9.307 9.05



6.2 Other models and runs

6.2.1 Temperature of 900C

The chemical reactions are highly dependent on the temperature. As described

in the previous section, a higher temperature leads to a higher fraction of carbon

monoxide produced during graphite corrosion, which leads to a rise in the amount

of heat produced. Sensitivity studies have been described in Chapter 5, but it is of

interest to assess the impact on the temperature distribution on the full scale model.

The higher temperatures will lead to a higher flow rate, which by negative feedback

will induce a cooling of the channel. This additional cooling is somehow counter

balanced by the extra heat produced due to the extra 02 entering the channel. A

computational model similar to the blind model for an open chimney was run for an

initial channel temperature of 900C (instead of 650C).

The mass flow rate calculated is 3.81g.s - 1, that is, a rise of 12% over the 650 C

mass flow rate. An aproximate run (convergence reached only on a first order basis)

gives a maximum temperature of 1150C. Despite an increase of 250C in the core

structure, the temperature rise over the 650C case was only of 300C suggesting that

the cooling effect of higher air ingress is effective, limiting the temperature rise in

the pebble bed.

6.2.2 Modified chemistry model

The analysis of the blind model showed the following imperfections in the blind

assumptions:

* Over estimate of the maximum temperature in the chimney.

* Inaccurate location of this maximum temperature in the experimental channel.

* Inaccurate distribution of the graphite mass loss locations

It is postulated that the main reasons for these discrepancies lie in the chemistry

model. Therefore, in order to show that the model can be modified to provide a

better match of the experimental data, a new model was developed at steady state.



This model was developed by running several models with different reaction rate

parameters. The results were then compared to the experimental data and the

rate parameters accordingly modified. The modified model is identical to the blind

model except for the chemistry formulation. In order to reach a better match of

experimental and computational data, this model was run with a fixed mass flow

rate of 3.4g.s - 1. Once a better match of data was reached, the model was run again

with free flow to check the overall consistency of the modified model.

Modifications in the chemistry

After several runs and trials, it appears that a more accurate (but still not perfect)

chemical modeling of the graphite should be as follows:

k = 1011

nco
= 1.86

nco2

where k represents the Arrhenius factor in equation 6.2. As a reminder, in the blind

model, k was chosen to be

kblind = 3.6 * 1012

and
blind = .86

nco 2

Therefore, for this modified model, the reaction rate is slower and there is more car-

bon monoxide produced, as suggested in the interpretations of the blind results. The

ratio of carbon monoxide and carbon dioxide stoichiometric coefficients is changed

by 112'%. This can seem quite high. However, as explained in Chapter 4, it is still

in the range for this ratio. Indeed, this range goes from 0.6 to 6 depending on the

correlation considered.

Temperature distribution results

The temperature distribution of this modified model is compared with the experi-

mental data. The comparison is presented in Table 6-3. The experimental data were

taken at specific points. In some part of the experimental channel, the temperature



variations over a small distance can be of several degrees Celsius and several dozen

of degrees in different parts of a same channel reflector. This is due to the high

gradient of temperature between the wall (at fixed temperature) and the flow in

the lower parts of the channel. In order to avoid additional discrepancies between

computational and experimental data that would be due to a different location of

the temperature sensor, the computed temperature presented in the table are the

averaged temperatures over the specified volume. The experimental data is still

point specific.

Table 6.3: Comparison

the adapted and blind

of computed and experimental temperatures for

FLUENT open chimney model

Location FLUENT FLUENT NACOK

blind tem- adapted tem- temperature

perature perature (C)

(C) (C)
lower columns 506 C 502 C 450 C

Lower reflector 920 C 762 C 650 C

Middle reflector 651 C 844 C 870 C

Upper reflector 650 C 740 C 720 C

Pebbles 650 C 660 C 690C

Upper Channel 650 C 650 C 650 C

The maximum temperature is no longer over estimated and the maximum point

is correctly localized in the middle reflector. There is still a slight over estimate of

the overall average temperature. There are some discrepancies in the values of the

temperature due to the fact that the computed values are average based and the

experimental ones a point measure. There is however a much better prediction of the

temperature distributions except for the lower reflector. The temperature increase

is too low in the channel compared to the experimental results. An explanation for

this phenomena is proposed in the interpretation section.



Graphite corrosion results

The graphite corrosion distribution obtained with the adapted model is presented

in Table 6-4.

Table 6.4: Graphite corrosion location for the blind and adapted model

Location FLUENT FLUENT NACOK

blind mass adapted mass mass loss

loss (Kg) loss (Kg) (Kg)

lower columns 2.585 0.882 0.16

Lower reflector 4.84 1.986 0.29

Middle reflector 0.89 2.46 5.724

Upper reflector 0.984 2.02 2.346

Pebbles 0.0027 1.4 0.788

Crumbly pieces NA NA 0.258

Total 9.307 8.78 9.05

Similarly to the temperature distribution, the agreement between computational

and experimental data is better for the adapted model than the blind model. There

is a slight under prediction of the total mass loss of graphite (2.9%) due to the

change in the ratio of CO and CO2 stoichiometry coefficients. This discrepancy lies

in the -range of the computational and experimental uncertainty range (estimated

to be about 10%). The distribution of graphite corrosion locations is more accurate

but still shows significant discrepancies for the lower reflector, the middle reflector

and the pebble area.

Interpretation of the modified model results

The results for this model are better than the blind model but still show discrep-

ancies, especially around the lower reflector for the temperatures and the pebble

region as well for the graphite mass loss. It seems that the graphite corrosion mod-

eled is still too fast. However, studies showed that if this reaction is slowed further,

then oxygen is not consumed in the lower part of the channel and can reach the
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pebble bed area. This explains the overestimate of graphite corroded in the pebbles

area. The reaction rate was reduced in order to optimize the distribution of the

graphite corrosion and as a result, some oxygen had access to the pebbles. This

discrepancy suggests therefore that the graphite corrosion rate is too low. There is

a contradiction in these conclusions since the reaction rates cannot be too fast and

too slow simultaneously. That leads us to believe that there is another reason for

the mis-distribution of graphite corrosion mass loss.

Two explanations make sense in this case:

* The graphite corrosion specifications (stoichiometry and rate) are not the same

for different geometries, surface reaction and graphite porosity (surface charac-

teristics). These graphite specifications vary not only with the type of graphite

but also with its configuration. For instance, there will be faster corrosion of

the small channel reflectors due to the larger surface of reaction. Therefore

a higher burn off is achieved in the small reflector than for the larger one.

According to Fuller and Okoh [22], a burn off of 40% can lead to an increase

in the corrosion rate by a factor 10. The reaction rate is also very sensitive

to pore geometry and structural parameters. Therefore, this information and

the comparison between computational and experimental data confirm that

the reaction rate might be higher for the 96 channels reflectors than for the 12

channel one and the columns. This strengthens the need to perform experi-

ments to measure graphite corrosion rates in specific PBMR like experimental

conditions.

* The imperfection of the experimental configurations and more specifically the

non-homogeneity of the channel heating is another explanation for the discrep-

ancies recorded. Due to the inlet tube and other experimental settings, wires

can not be homogeneously spread out around the channel in its lower section.

The first wire temperature control device is located above the middle reflector.

This one tends to be hotter and can be surrounded by more wires than the

lower ones. There is no overheating of the entry space and lower reflector to

account for this. Therefore, it makes sense to expect the entry space and lower

reflector to be less heated and cooler. This will slow down the reactions in this
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part of the channel, partly explaining the discrepancies between experimental

and computational results.
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Chapter 7

Results of the Benchmarking of the

Return Chimney Test, July 2004

The return chimney experiment is very similar to the open chimney experiment.

Both were described thoroughly in Chapter 2 and the general FLUENT model was

described in Chapter 3. Therefore, this chapter solely presents the modifications

made to the standard model. Unless specified otherwise, the model and experimen-

tal set up mentioned are the same as the open chimney model.

The return chimney experiment was run in July 2004. The main characteristics

of the experiment are repeated here. The main experimental channel is heated to

850 C and closed at the top. A return duct is heated to around 200 C. The height

of the large pebbles bed is 280 mm. It is also of importance to mention that the

inlet and outlet ducts are all at the same level, providing a quick entry of air in the

lower part of the channels. The test facility is initially filled with helium. At time

t=0s, the inlet and outlet duct that were closed for the helium filling are open to

the atmosphere. The experiment takes place for 25 hours. The complete sequence

of events taking place in an air ingress accident occurs in this experiment: diffusion,

onset of natural convection and graphite corrosion.

The procedure to model this experiment is slightly different than the open chimney

one. Running just a steady state model would not account for the initial diffusion

process and the onset of natural convection which are highly time dependent. But

as it was mentioned earlier, it would be too computationally expensive to run a
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full transient model. Therefore, a staged modeling strategy was adopted. First,

the diffusion process is modeled time dependently without activating the chemistry

options. This provides an approximation of the time of onset of natural convection

and allows a good understanding of the diffusion process. This model is then used

to calculate an estimate of the mass flow rate in the channels. The second stage con-

sists in running the modified model at a temperature of 850C, using results from the

open chimney benchmark. Modifications are added in particular to the chemistry

model in order to take in account the change of temperature and insights gained

from the open chimney modeling. In this second model, the mass flow is imposed

to be the natural convection one calculated with the transient model. This second

model is run steady state and provides results on the final state of the experiment.

A third stage of the complete modeling would be to check this approximation by

running the full return duct transient model with chemical reactions activated. This

work was not performed in this thesis and will be carried on in collaboration with

PBMR. Shown in Chapter 9 are also the main variables for this model.

This chapter describes the blind benchmarking of the return duct experiments in

two stages. Based on the results analysis, a modified model and further work is

proposed.

The blind benchmarking of the return duct experiment was developed after the

blind benchmarking of the open chimney experiment. As a result, one could call

this benchmarking not as blind. Indeed, some knowledge was gained from the first

experiment on the scales and range of parameters to expect. Moreover, it provided a

better understanding of the discrepancies between experiment and modeling. How-

ever, the diffusion process, the flow with a return duct, the chemical reaction at 850

C with addition of the Boudouard reaction are new to this experiment. As a conse-

quence, the main lessons that can be learned from this experiment are the result of

a truly blind modeling.
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7.1 Stage one of Blind Benchmarking : the diffusion

process and onset of natural convection

This stage of modeling aims at studying the diffusion process after the inlet and

outlet ducts were open to the atmosphere, as well as the time of onset of convection.

The results obtained from this model are an approximation of the experiment. In

addition to the uncertainties and approximations due to modeling, which is a ideal-

ized representation of real conditions, there are two other sources of inaccuracy in

the modeling stage of this experiment.

The first source of error is due to lack of chemistry modeling in this model. There-

fore, there is no rise in the temperature due to the exothermic graphite corrosion.

Higher temperatures enhance the diffusion process and provide a lower density to

the incoming air. Therefore, not taking in account the chemical reactions in the

return duct transient model induces an over estimate of the time of onset of natural

convection.

The second source of error is due to uncertainties in the experimental configura-

tion. The inlet and outlet tubes are at the same heights, but their length and

configuration is not accurately known. This might have a very small impact on

the result. A bigger source of uncertainty is the state of temperatures of the main

channel and return duct. As mentioned in the previous chapter, the heating of the

channels walls is not be totally homogeneous. Moreover, the NACOK scientists

mentioned that chaotic reactions in the entry of the channels required them to lower

the temperatures after 8 hours. This procedure was not documented in the exper-

imental configuration description provided. As a result, it was not known for the

blind benchmarking process. This lack of knowledge on the experimental procedure

adds a large uncertainty to the model and to the time of onset of natural convection

computed.
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7.1.1 The transient diffusion model

Sensitivity studies described in Chapter 5, section 3 showed that in order to model

correctly the exchange of species at the outlet of the experimental channels, the

surrounding medium should be modeled as well. Doing so provides the ability to

model the interface between atmosphere and ducts by a FLUENT interior condition.

As opposed to pressure boundary conditions, this type of interface allows one to take

in account the exit of helium in the atmosphere. Figure 7-1 presents the geometry

meshed of this model. The diffusion process was studied using nitrogen and not air.

Since the chemical reactions are not modeled, The approximation in the modeling

of diffusion process induced by using only nitrogen is smaller than the fact that

the chemical reactions are not modeled and the temperature variations not taken in

account. Moreover, all the oxygen that diffuses reacts early with the graphite and

therefore, only nitrogen will play a major role in the onset of natural convection.

Figure 7-1: Geometry and mesh and of the main channel, return ducts and
surroundings

The overall model is initialized with the following conditions:
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* Main channel at 850C, return duct at 200C and surroundings at 20C.

* Main channel and Return duct helium mass fraction = 1, Surroundings nitro-

gen mass fraction = 1.

* Time steps range between 0.01s and 5s.

7.1.2 Results

Diffusion process

As predicted, the diffusion occurs as follows:

* The helium in the horizontal inlet and outlet pipes exits rapidly and is replaced

by nitrogen ( approximately 70s). (Figure 7-2)

Figure 7-2: Diffusion process in the return duct experiment at 80 seconds

and 163 min. The scale represents the nitrogen mass fraction.

* This process is followed by a slight natural convection of the helium itself in

the reverse U tube configuration due to the fact that there is a lighter density

of the helium in the hot leg compared to the cold leg. This natural convection
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cannot be completely initiated because the air at the inlet and outlet is of

higher density than the helium. It does create a slight over pressure that slows

down the entry of air in the outlet duct compared to the speed of entry of air

by diffusion and convection process in the inlet duct.

* Diffusion takes place in both channels, and is enhanced in the main hot channel

by the temperature. (Figure 7-2 and 7-3 )

* Sufficient air reached the top of the experimental set up. Natural convection

then takes place very rapidly. (Figure 7-3)

Figure 7-3: Diffusion process in the return duct experiment at 4.4 hours

and onset of natural convection. The scale represents the nitrogen mass

fraction.

Onset of natural convection

The time of onset of convection, that is, the time at which the channel is filled up

with air and all helium expelled, is calculated by FLUENT to be approximately

22800s or 6.3 hours. The data provided by the Jiilich center gives a time of onset

of natural convection of 5h30min, that is 19800s. The blind FLUENT prediction is
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therefore off by 15% and slightly over predicts this time, as it was expected due to

no chemical reactions modeled in stage 1 of this analysis.

Once the natural circulation takes place, the mass flow rate stabilizes at 0.00168Kg.s-1 .

The NACOK flow data is given as a quantity of air entering over the entire experi-

ment during 25 hours: 3515 mol of air. This is equivalent, over 19.5 hours of flow,

to an average mass flow rate of 0.00145Kg.s- 1 . The FLUENT computed prediction

is off by 15.8% but does not account for the lowering of temperature. The natural

convection flow rate might actually be higher in the experiment. Since the tempera-

ture was lowered after 9 hours as described in the next section, the flow might must

have slowed down and the mass flow rate is not a constant over the remaining 19.5

hours.

7.2 Stage two of Blind Benchmarking: Steady state

calculation of the hot channel final state

7.2.1 The steady state model

Once natural convection has started, the phenomena taking place in the hot channel

are similar to the ones in the open chimney experiment. Therefore, the model devel-

oped for the open chimney benchmarking is used with the return duct experiment

boundary conditions and different chemical reactions:

* The pressure inlet is replaced by a mass flow inlet with a specified mass flow

rate of 1.68g.s - 1 .

* The Arrhenius constant for the graphite corrosion by oxygen is set to 5 * 1010

based oil the previous open chimney experiment.

* The Arrhenius constant for the Boudouard corrosion is set to be equal to 1000,

with the activation energy equal to 2.6 * 10s .

* The height of the 60 mm diameter pebble bed is set to 280 mm.

* The hot leg walls are set to have a fixed temperature of 850C.
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7.2.2 Results

The temperature distributions and the graphite corrosion are the main results of

interest in the benchmarking process of FLUENT as a code able to predict the final

state of the return duct experiment.

Word on the results provided by the Jiilich center

After having received results from the blind benchmarking computations, the Jiilich

center provided experimental data on this experiment. These results were provided

in several forms: a power point presentation giving the outline of the main results

(Temperature distribution over time, mass flow, graphite corrosion) and Excel files

presenting data recorded by sensors during the experiment. These files and results

showed discrepancies between the announced experimental and boundary conditions

and the real conditions. More particularly, the temperature of the main channel was

supposedly maintained at 850 C over the whole period of the experiment. Results

show that this temperature was lowered to 650 C after 9 hours, that is, approxi-

mately 3.5 hours after the onset of natural convection. For the lower parts of the

channel particularly, the change in experimental settings is quite important com-

pared to what was used for the blind benchmarking. As a result, the final state of

the experiment does not correspond to the computed final state. Since the change

in experimental conditions was done only after the onset of natural convection, the

first part of the blind benchmarking (stage one) is valid.

In order to be able to use the results from the stage 2 of the blind benchmarking,

the computational FLUENT results were compared with the state of the system at

time 8 hours for the temperature distribution. The time of 8 hours is chosen be-

cause a steady state seems to have been reached at that point and the experimental

conditions have not been yet modified. The graphite corrosion is experimentally

measured over the total experimental time. Therefore, the graphite loss comparison

does not yield much useful information due to the change of experimental conditions.

It will be necessary to rely on the open chimney experiment for the evaluation of

the FLUENT's ability in this domain.
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Explanations for this experimental procedure modification was provided by PBMR.

The main goal of the return duct experiment was to measure the onset of natural

convection and the flow under natural convection. Therefore, after 5.5 hours, the

first goal of the experiment had been reached. At 9 hours, flow and temperatures

distributions were at steady state. Therefore, the experiment was stopped and the

temperatures allowed to come down. The reason for this is that at that time, given

the loss of carbon in the system, more corrosion could have caused movements in

the structure and thus jeopardized the evaluation of the test. Figure 7-4 shows the

experimental temperature profile as a function of time with the wire heaters on the

exterior walls of the channel.

Temperature setting of exterior main channel walls with respect to time

,i 1,

Top of the
main channel

Main channel
", l

Big pebbles bed

Top Reflector
Loi ReflectorIo-ee tor t -

Time (hours)

Figure 7-4: Temperature Experimental conditions of the external walls of
the main channel

Temperature distributions

Figure 7-5 shows results provided by the Jiilich center for the temperature distri-

bution in the channel. [13]. The comparison between experimental data at 8 hours

and the steady state blind benchmark model results is presented in Table 7-1 and
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Figure 7-6. The experimental temperatures are point measures. The FLUENT data

are also point measures except for the entry space. The temperature gradient there

is quite important and the temperatures range from 20 to 870C. Therefore, the ex-

perimental point estimate was compared with the computed temperature average in

this volume.

1

C
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Figure 7-5: Experimental Gas Temperature at different height levels.

hXXX corresponds to the height in mm and the names refer to the in-

struments in the return duct experiment.

The maximum temperature was well predicted to be around 900 C. The temper-

atures computed with FLUENT are however too low compared to the experimental

data in the lower region of the channel and in the upper region as well.

Interpretation of the results

The underestimate of the temperature in the lower section of the main channel can be

easily explained by the fact that the graphite corrosion rate was set to low. The blind

model was launched after the reception of results from the open chimney experiment

but before the correction to the reaction rate model. The Arrhenius constant in

this model is 5 * 1010 but it should be more around 5 * 1011 ( As the open chimney
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Table 7.1: Comparison of computed and experimental temperatures for
the blind FLUENT return duct experiment

Location FLUENT blind NACOK tempera-
temperature (C) ture (C) point mea-
point measures sure after 8 hours
from steady state
calculations

Entry space 494 C (average) 820 C
Low section of the 780 C 880 C
lower reflector
High section of the 901 C 890 C
low reflector
Empty chamber be- 878 C 870 C
tween low and mid-
dle reflector
High section of the 850 C 860 C
middle reflector
High section of the 850 C 850 C
top reflector
Big pebble bed 750 C 850 C
Above first pebble 760 C 840 C
pebble
Small pebble bed 800 C 840 C
Top chimney 850 C 840 C

modified model recommended a value of 1011 for a temperature of 650C). Concerning

the higher part of the main channel, the cooling down in the FLUENT model is

due to a high reaction rate for the Boudouard reaction (endothermic). Therefore,

the important fraction of carbon dioxide in the pebble bed (21%) allows for the

Boudouard reaction to take place in a non negligeable manner at this temperature.

This phenomenon accounts for the cooling of this area in the FLUENT model.

The experimental data suggests that the impact of the Boudouard reaction at this

temperature should not be as strong and the model needs to be modified.

7.3 The modified model

A modified model is run after having compared the blind results with the experi-

mental data. As a result of the interpretation of the discrepancies, the Arrhenius
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Comparison of computed and experimental temperatures for the blind return duct experiment

* FLUENT blind model temperature distributio
m NACOK temperature distribution I

2
E

* 1.5

1"

0.5

0oo-
0 100 200 300 400 500 600

Temperature (Celsius)
800 900 1000

Figure 7-6: Comparison of computed and experimental temperatures for
the blind FLUENT return duct experiment at 8 hours

constant for the graphite oxidation is set to 1012 to take in account the higher temper-

atures in the hot leg due to reactions during the diffusion. The Boudouard reaction's

Arrhenius constant is set to 200. The results are compared with the experimental

data at, 8 hours after the start of the experiment.

Temperature distributions

Table 7-2 presents the comparison of the temperatures measured or computed in

different parts of the main channel. The computed results appear to have a bet-

ter agreement with the experimental data. The maximum of temperature is over

predicted (as in the open chimney test). This can be explained once again by the

fact that the channel exterior walls temperatures may be less than 850 C in the

lower part of the experiment set up. Also, the corrosion rate might be slightly over

predicted and should be different for different types of geometries and reflectors due

to complex chemistry parameters (diffusion processes, atomistic surface area, burn
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off of the graphite, etc.). Once again, as in the open chimney experiment modeling,

specific experiments are needed to develop a good knowledge of the graphite corro-

sion rate for these experimental conditions.

The blind under estimate of the temperature in the higher parts of the main channel

are corrected with this model thanks to the Boudouard reaction rate correction.

Table 7.2: Comparison of computed and experimental temperatures for
the blind FLUENT return duct experiment

Location FLUENT blind NACOK tempera-
temperature (C), ture (C) after 8
steady state calcu- hours
lations

Entry space 847 C (average) 820 C
Low section of the 877 C 880 C
lower reflector
High section of the 928 C 890 C
low reflector
Empty chamber be- 903 C 870 C
tween low and mid-
dle reflector
High section of the 850 C 860 C
middle reflector
High section of the 850 C 850 C
top reflector
Big pebble bed 846 C 850 C
Above first pebble 848 C 840 C
pebble
Small pebble bed 850 C 840 C
Top chimney 850 C 840 C

Graphite corrosion and species fractions

The molar fraction of species at the top of the chimney (before entering the return

duct) is: 0.1%02, 0.46%CO and 20.5%CO2. Therefore, even though the Boudouard

reaction produces CO while consuming carbon dioxide, there will be a very small

fraction of carbon monoxide exiting the experimental channel.

It was mentioned that the graphite corrosion comparison can not be made since
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the experimental conditions were changed after 9 hours but the experiment went on

for another 16 hours. The graphite corrosion is measured by weighing the graphite

pieces at the end of the experiment. Therefore, only the whole corrosion process

occurring during the experiment can be compared. The computed data is obtained

by multiplying the rate of graphite corrosion by the time length of the experiment.

This procedure assumes a constant rate which was not the case in this experiment.

Due to these reasons, this data comparison is mainly qualitative and quantitative

benchmarking conclusions can't be drawn from it.

Table 7-3 presents the graphite loss distribution. The total graphite loss is over

estimated by 6.2%. This can be understood by the fact that the temperature have

been taken down after 9 hours. Therefore, the corrosion rates must have slowed

down and less graphite was corroded. Overall, the graphite loss prediction is in the

right order of magnitude. As it was the case for the open chimney experiment, the

graphite corrosion location is more distributed in the FLUENT model than in the

experiment while still being in the right order of magnitude. The same explanations

can be proposed (different rates and corrosion behavior for different geometries).

Table 7.3: Graphite corrosion location for the adapted model of the return
duct experiment

Location FLUENT mass loss NACOK mass loss
(Kg) (Kg)

lower columns 1.07 0.606
Lower reflector 3.21 2.534

Middle reflector 3.47 8.03
Upper reflector 1.738 0.385

Pebbles 0.717 0.055
Crumbly pieces NA 1.998

Total 10.21 9.612
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Chapter 8

Conclusions and Future Work

Summary and conclusions

The purpose of the work presented in this thesis was to develop an analytical ca-

pability to model NACOK air ingress corrosion experiments run in March and July

2004 at the Jiilich Research Center in Germany using the FLUENT CFD tool in a

blind benchmarking process.

The Chapter 1 of the thesis described the progression of an air ingress event in a

pebble bed reactor and provided a summary of previous benchmarking work of the

JAERI experiments conducted at MIT. The NACOK experimental facility was then

described for both the open chimney and return duct experiments. Information

from several sources was assembled in order to develop a good understanding of

the experimental characteristics (materials used and experimental procedures) and

the experimental data acquired. The FLUENT code and the standard FLUENT

model used in this project were then explained in detail. Chapter 4 focused on the

chemistry models used to model the experiments. The reactions and theory were

introduced as well as a discussion on the many reaction rate correlations that are

available. Chapter 5 discussed insights on the different phenomena taking place

during an air ingress event. Sensitivity studies on pressure loss correlations, porous

media modeling, diffusion and chemistry modeling were detailed. Chapters 6 and 7

present the results of the blind benchmarking of the open chimney and return duct

experiment. Blind computed results were then compared to experimental data. The

initial results of the blind benchmark for the open chimney showed quite good agree-
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ment on peak temperature and amount of graphite consumed. For the return duct

experiment, the comparative results were not as good due in part to significant but

unknown changes in the experimental procedure which were not identified until the

benchmark analysis was completed. Discrepancies were interpreted and recommen-

dations for improvement were made. An updated model was developed based on

the comparison of the experimental results to obtain a better agreement with the

experimental data as appropriate. It was found that FLUENT can accurately repre-

sent the fundamental processes in air ingress phenomena: diffusion, onset of natural

convection, chemical reactions and flow.

It was found that the system undergoing an air ingress event eventually reaches

a steady state. This final state can be computed using FLUENT in steady state

mode. The diffusion process and onset of natural convection can be modeled with

FLUENT in transient mode. It appears that approximations employed to reduce

computation time in the chemistry and the geometry of the structures still yield

good results.

The main source of uncertainty in the analysis of an air ingress event and more

particularly in the benchmarking process of the NACOK experiments, is the uncer-

tainty on graphite corrosion behavior and rates. This corrosion phenomenon is very

sensitive to many parameters such as the type of graphite used, the degree of burn

off, the temperature, diffusion flow layers. etc. Therefore, in order to accurately pre-

dict the rate of corrosion and the ratio of species (CO/CO2) produced in different

parts of the reactor, specific experiments under reactor conditions must be carried

out.

It was observed that the temperature in the 650 C channel reaches a peak of 860 C.

The rise is proportionally smaller for a hotter channel (900C) which rises to 1150C.

Therefore, one can expect the temperature rise in the case of an air ingress event to

be lower at higher initial temperatures. At 650 C and 850 C, the main gas exiting

the experimental channel is carbon dioxide. Carbon monoxide is released but in

small quantities. The ratio of CO released increases with increasing temperature

due to the Boudouard reaction.
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Less computationally expensive ways to model the NACOK experiments were inves-

tigated. Geometry simplifications by modeling fine reflectors as porous media were

validated. Fixed stoichiometric coefficients were shown to yield a good approxima-

tion compared to more temperature dependent coefficients implemented with user

defined functions.

The most significant finding were the importance of graphite characterization on

the in-situ corrosion of graphite. Without good specific data, the correlations avail-

able in the literature vary so widely, that good predictions of the results of air ingress

events will be difficult at best. The other important factor to assess, which was be-

yond the scope of this thesis but evidenced in the results, is the affect of the loss of

graphite as a structural support due to the corrosion taking place at high tempera-

ture in a localized phenomenon. It was found that little air reached the fuel pebbles

due to aggressive attack in the lower reflector regions and the peak temperature

reached in the pebble zone was well below the limiting temperatures for the silicon

carbide degradation (neglecting decay heat). Finally, computational fluid dynamics

tools such as FLUENT can be used to effectively benchmark air ingress events using

approximations confirmed by this work.

8.0.1 Future work

Experimental characterization of the graphite corrosion behavior in very specific

situation must be conducted. Correlations developed can then be applied with

confidence to FLUENT models. The pebble bed modular reactor should then be

modeled with FLUENT in order to predict the consequences of air ingress events.

This work will require modeling simplifications of the PBMR geometry and modeling

such factors as decay heat, radiative heat transfer in the reflectors and in the fuel.
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Chapter 9

Summary of the main variables in

FLUENT models

Table 9.1: Modifiable variables in FLUENT models

Variable/Model Blind Modified Blind Modified
model model model for model for
for open for open return return
chimney chimney duct duct

k Graphite Corrosion 3.6 * 1012 1011 5 * 1010 1012

EA Graphite corrosion 2.09 * 10* 2.09 * 10* 2.09 * 10* 2.09 * 10*
x/y Stoichiometry 0.86 1.86 1.5 1.5

k Boudouard reaction N.A. N.A. 1000 200
E, Boudouard reaction N.A. N.A. 2.6 * 108 2.6 * 108

Pressure outlet pressure gauge -27.4 Pa -27.4 Pa 0 Pa 0 Pa
k CO oxidation 2.8 * 1012 2.8 * 1012 2.8 * 1012 2.8 * 1012

EA CO oxidation 1.7 * 108 1.7 * 108 1.7 * 108 1.7 * 108
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Nomenclature Table

121

Parameter Meaning Units
A Cross sectional flow area m 2

Ar Arrhenius constant Consistent units
Co and C1  Porous modia pressure loss coefficients N.A.

CP Heat capacity J.Kg-1 .K - 1

Cj,r Molar concentration of species j in reaction r kmol.m -

d Pebble diameter mm
Deff Effective gas diffusivity m2 .s- 1

EA Activation Energy J.kmol- 1

fn Fan boundary pressure loss coefficient N.A.
fregime Function giving the dependance on graphite N.A.

burn off
h Height of pebble bed mm
H Enthalpy J.Kg- 1

J Diffusion flux Kg.m- 2.s- 1

k Arrhenius constant Consistent units
M Molecular weight kmol
rh Mass flow rate kg.s - 1

P Pressure Pa

Qx Quantity of species X entering the channel dur- mol
ing a time t

R Universal gas constant J.kgmol- '.K-1
S Source term (variation of Pressure, species quan- N.A.

tity, etc...)



Parameter Meaning Units
Ox Rate of creation of species X mol

by other means than reactions
Rx Net production of species X mol.s- 1 or Kg.m-2.s - 1 or Kg.s-

Rx,r Molar production of a species mol
X due to the reaction r

Rx.mass Mass production of X Kg
Re Reynolds Number N.A.
t time s or hours
T Temperature Kelvin or Celsius
v Flow velocity m.s - 1

X Mole quantity of the species X mol
x, y and z Stoichiometric coefficients of N.A.

02, CO and C02 in graphite
corrosion

eta Fluid dynamic viscosity Pa.s

rlj,r Rate exponent for the species N.A.
j in reaction r

_ E Porosity N.A.
V'x Stoichiometric coefficient of X N.A.

Khulmann correlation param- N.A.
eter

p Density of gas mixture kg.m - 3
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APPENDIX 1: Open Chimney Blind Model

FLUENT
Version: 3d, dp, segregated, spe, lam (3d, double precision, segregated, species,
laminar)
Release: 6.2.16
Title:

Models

Model Settings

Space
Time
Viscous
Heat Transfer
Solidificanion and Melting
Radiation
Species Transport
Coupled Dispersed Phase
Pollutants
Soot

3D
Steady
Laminar
Enabled
Disabled
None
Reacting (5 species)
Disabled
Disabled
Disabled

Boundary Conditions

Zones

name id type

chimney 2 fluid
entree reflecktor 3 fluid
entree has 4 fluid
inlet 5 fluid
solid.47 6 solid
peb2 7 fluid
intpeb 8 fluid
pebl 9 fluid
ref2 10 fluid
interref 11 fluid
refl 12 fluid
porous jump.63 14 fan
wall-shadow 61 wall
wall entree:047-shadow 60 wall
wall 13 wall
symmetry 15 symmetry
pressure outlet.61 16 pressure-outlet
pressure inlet.60 17 pressure-inlet
interior 18 interior
wall chimey 19 wall
wall peb2 20 wall
wall interpeb 21 wall
wall_peol 22 wall
wall ref2 23 wall
wall interef 24 wall
wall refl 25 wall
wall libre 1 26 wall
wall ref bas 27 wall
wall entree 28 wall
wall inlet 29 wall
default-interior 31 interior
symmetry:001 1 symmetry
symmetry:030 30 symmetry
symmetry:032 32 symmetry



symmetry:033 33 symmetry
symmetry:034 34 symmetry
symmetry:035 35 symmetry
symmetry:036 36 symmetry
symmetry:037 37 symmetry
symmetry:038 38 symmetry
interior :039 39 interior
interior :040 40 interior
interior :041 41 interior
interior :042 42 interior
interior :043 43 interior
interior :044 44 interior
interior :045 45 interior
wall entree:046 46 wall
wall entree:047 47 wall
default-interior:048 48 interior
default-interior:049 49 interior
default-interior:050 50 interior
default-interior:051 51 interior
default-interior:052 52 interior
default-interior:053 53 interior
default-interior:054 54 interior
default-interior:055 55 interior
default-interior:056 56 interior
default-interior:057 57 interior
default-interior:058 58 interior

Boundary Conditions

chimney

Condition Value

Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

S0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum

(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (species-l (inactive
S#f) (constant . 0) (profile )) (species-2 (inactive . #f) (constant . 0) (profile ))
(species-3 (inactive . #f) (constant . 0) (profile )) (energy (inactive . #f) (constant
S0) (profile )))

Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant
S0) (profile )) (species-l (inactive . #f) (constant . 0) (profile )) (species-2
(inactive . #f) (constant . 0) (profile )) (species-3 (inactive . #f) (constant . 0)
(profile )) (temperature (inactive . #f) (constant . 0) (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component of Direction-I Vector 1



Y-Component of Direction-i Vector 0
Z-Component of Direction-i Vector 0
X-Component of Direction-2 Vector 0
Y-Conmponent of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-i Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-i Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Porosity 1
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 0

entreereflecktor

Condition Value

Material Name mixture-template
Spec:_fy source terms? no
Source Terms ((mass (inactive . #f) (constant

0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (energy (inactive . #f) (constant . 0) (profile )))

Specify fixed values? no
Loca: Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0: (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (temperature (inactive . #f)
(constant . 0: (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Or:gin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component of Direction-i Vector 1
Y-Component of Direction-i Vector 0
Z-Component of Direction-i Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-i Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-i Inertial Resistance 0
Direction-2 Inertial Resistance 0



Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Porosity 1
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 0

entreebas

Condition Value

Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

. 0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (species-l (inactive
* #f) (constant . 0) (profile )) (species-2 (inactive . #f) (constant . 0) (profile ))
(species-3 (inactive . #f) (constant . 0) (profile )) (energy (inactive . #f) (constant
. 0) (profile )))

Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant
. 0) (profile )) (species-l (inactive . #f) (constant . 0) (profile )) (species-2
(inactive . #f) (constant . 0) (profile )) (species-3 (inactive . #f) (constant . 0)
(profile )) (temperature (inactive . #f) (constant . 0) (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component of Direction-l Vector 1
Y-Component of Direction-i Vector 0
Z-Component of Direction-I Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-i Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-I Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Porosity 1
Solid Material Name aluminum
Reaction Mechanism 0



Activate reaction mechanisms? yes
Surface-Volume-Ratio 0

inlet

Condition Value

Material Name mixture-template
Spec:~.fy source terms? no
Source Terms ((mass (inactive . #f) (constant

. 0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (species-l (inactive
* #f) (constant . 0) (profile )) (species-2 (inactive . #f) (constant . 0) (profile ))
(species-3 (inactive . #f) (constant . 0) (profile )) (energy (inactive . #f) (constant

M 0) (profile )))
Specify fixed values? no
LocaL Coordinate System for Fixed Velocities no
Fixed Valueass(x-velocity (inactive . #f)

(constant . 0: (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant
. 0) (profile )) (species-l (inactive . #f) (constant . 0) (profile )) (species-2
(inactive . #f) (constant . 0) (profile )) (species-3 (inactive . #f) (constant . 0)
(profile )) (temperature (inactive . #f) (constant . 0) (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component of Direction-I Vector 1
Y-Component of Direction-I Vector 0
Z-Component of Direction-I Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-I Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-I Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Porosity 1
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? no
Surface-Volume-Ratio 0

solid.47

Condition Value



Material Name graphite-south-africa
Specify source terms? no
Source Terms ((energy (inactive . #f) (constant . 0) (profile

Specify fixed values? no
Fixed Values ((temperature (constant . 900) (profile )))
Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no

peb2

Condition Value

Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

S0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (species-l (inactive

. #f) (constant . 0) (profile )) (species-2 (inactive . #f) (constant . 0) (profile ))
(species-3 (inactive . #f) (constant . 0) (profile )) (energy (inactive . #f) (constant

S0) (profile )))
Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant

* 0) (profile )) (species-l (inactive . #f) (constant . 0) (profile )) (species-2

(inactive . #f) (constant . 0) (profile )) (species-3 (inactive . #f) (constant . 0)
(profile )) (temperature (constant . 900) (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0

Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? yes
Conical porous zone? no
X-Component of Direction-I Vector 1
Y-Component of Direction-i Vector 0
Z-Component of Direction-i Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0



Half Angle of Cone Relative to its Axis 0
Direction-l Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-l Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 341
Cl Coefficient for Power-Law 1.6107
Porosity 0.39500001
Solid Material Name graphite-south-africa
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 363

intpeb

Condition Value

Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

S0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (species-l (inactive
S#f) (constant . 0) (profile )) (species-2 (inactive . #f) (constant . 0) (profile ))
(species-3 (inactive . #f) (constant . 0) (profile )) (energy (inactive . #f) (constant
S0) (profile )))

Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0: (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant

.0) (profile )) (species-l (inactive . #f) (constant . 0) (profile )) (species-2
(inactive . #f) (constant . 0) (profile )) (species-3 (inactive . #f) (constant . 0)
(profile )) (temperature (inactive . #f) (constant . 0) (profile )))

Motion Type 0
X-VeLocity Of Zone 0
Y-Velocity Of Zone 0
Z-VeLocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Or:_gin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Conponent of Direction-I Vector 1
Y-Component of Direction-i Vector 0
Z-Component of Direction-i Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-I Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-i Inertial Resistance 0
Direction-2 Inertial Resistance 0



Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Porosity 1
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 0

pebl

Condition Value

Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum

(inactive . #f) (constant . 0) (profile )) (z-momentum (profile udf big inzmom source)
(constant . 0)) (species-0 (inactive . #f) (constant . 0) (profile )) (species-l
(inactive . #f) (constant . 0) (profile )) (species-2 (inactive . #f) (constant . 0)
(profile )) (species-3 (inactive . #f) (constant . 0) (profile )) (energy (inactive .

#f) (constant . 0) (profile )))
Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant

S0) (profile )) (species-l (inactive . #f) (constant . 0) (profile )) (species-2

(inactive . #f) (constant . 0) (profile )) (species-3 (inactive . #f) (constant . 0)
(profile )) (temperature (constant . 900) (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis C
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no

Porous zone? yes
Conical porous zone? no
X-Component of Direction-i Vector 0

Y-Component of Direction-i Vector 0
Z-Component of Direction-i Vector 1
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-i Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-i Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 36.688
C1 Coefficient for Power-Law 1.7599
Porosity 0.39500001
Solid Material Name graphite-south-africa
Reaction Mechanism 0



Activate reaction mechanisms? yes
Surface-Volume-Ratio 60.5

ref2

Condz:tion Value

Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

. 0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (species-i (inactive
. #f) (constant . 0) (profile )) (species-2 (inactive . #f) (constant . 0) (profile ))
(species-3 (inactive . #f) (constant . 0) (profile )) (energy (inactive . #f) (constant
. 0) (profile )))

Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant
. 0) (profile )) (species-I (inactive . #f) (constant . 0) (profile )) (species-2
(inactive . #f) (constant . 0) (profile )) (species-3 (inactive . #f) (constant . 0)
(profile )) (temperature (constant . 900) (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? yes
Conical porous zone? no
X-Component of Direction-i Vector 0
Y-Component of Direction-i Vector 0
Z-Component of Direction-i Vector 1
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-i Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-i Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 63
C1 Coefficient for Power-Law 1.72
Porosity 0.13
Solid Material Name graphite-south-africa
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 53.580002

interref

Condition Value



Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

- 0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (species-l (inactive
S#f) (constant . 0) (profile )) (species-2 (inactive . #f) (constant . 0) (profile ))
(species-3 (inactive . #f) (constant . 0) (profile )) (energy (inactive . #f) (constant
. 0) (profile )))

Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant
- 0) (profile )) (species-l (inactive . #f) (constant . 0) (profile )) (species-2
(inactive . #f) (constant . 0) (profile )) (species-3 (inactive . #f) (constant . 0)
(profile )) (temperature (inactive . #f) (constant . 0) (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component of Direction-I Vector 1
Y-Component of Direction-i Vector 0
Z-Component of Direction-I Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-i Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-i Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Porosity 1
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 0

refl

Condition Value



Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

* 0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (species-1 (inactive
. #f) (constant . 0) (profile )) (species-2 (inactive . #f) (constant . 0) (profile ))
(species-3 (inactive . #f) (constant . 0) (profile )) (energy (inactive . #f) (constant
* 0) (profile )))

Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant
. 0) (profile )) (species-I (inactive . #f) (constant . 0) (profile )) (species-2
(inactive . #f) (constant . 0) (profile )) (species-3 (inactive . #f) (constant . 0)
(profile )) (temperature (constant . 900) (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? yes
Conical porous zone? no
X-Component of Direction-i Vector 0
Y-Component of Direction-i Vector 0
Z-Component of Direction-i Vector 1
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-i Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-I Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 63
C1 Coefficient for Power-Law 1.72
Porosity 0.13
Solid Material Name graphite-south-africa
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 53.580002

porous jump.63

Condition Value

Flow Direction (-1,0,1) 1
Calculate Pressure-Jump from Average Conditions? yes
Pressure-Jump ((polynomial normal-velocity

0 0 30))
Limit Polynomial Velocity Range? no
Polynomial Range: Minimum Velocity Magnitude 0
Polynomial Range: Maximum Velocity Magnitude le+10
Profile Specification of Pressure-Jump? no
Pressure Jump Profile



Swirl-Velocity Specification? no
Radial-Velocity Polynomial Coefficient ()
Tangential-Velocity Polynomial Coefficient ()
Fan Hub Radius le-06
X-Coordinate of Fan Origin 0
Y-Coordinate of Fan Origin 0
Z-Coordinate of Fan Origin 0
X-Component of Fan Axis 1
Y-Component of Fan Axis 0
Z-Component of Fan Axis 0
Profile Specification of Tangential Velocity? no
Tangential Velocity Profile 0
Profile Specification of Radial Velocity? no
Radial Velocity Profile 0

wall-shadow

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name graphite-south-africa
Thermal BC Type 3
Temperature 900
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
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 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no
X-Component of Wall Translation 0
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Activate Reaction Mechanisms no
Rotation Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0
Reaction Mechanisms 0
Specularity Coefficient 0

wall entree:047-shadow

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name graphite-south-africa
Thermal BC Type 3
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0



Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms
Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

wall

Condition

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant
)))

Rotation Speec
X-Position of
Y-Position of
Z-Position of
X-Component of
Y-Component of
Z-Component of
X-component of
Y-component of

0) (profile ))

0
graphite-south-africa
3
900
0
0
300
no
0
0
yes
no
0
1
0
0
no

0
0
0
1
300
yes
(0 0 C 0)
(((constant . 0) (profile

((constant . 0) (profile

Rotation-Axis Origin
Rotation-Axis Origin
Rotation-Axis Origin
: Rotation-Axis Direction
: Rotation-Axis Direction
Rotation-Axis Direction
shear stress
shear stress

0
yes
no
0
1
0
o
no
o
o
o
1
300
no
o
C
o
o
o
o
1
o
o
0
0
0
o

Value



Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

symmetry

Condition Value

pressure outlet.61

Condition Value

Gauge Pressure
Radial Equilibrium Pressure Distribution
Backflow Total Temperature
Backflow Direction Specification Method
Coordinate System
X-Component of Flow Direction
Y-Component of Flow Direction
Z-Component of Flow Direction
X-Component of Axis Direction
Y-Component of Axis Direction
Z-Component of Axis Direction
X-Coordinate of Axis Origin
Y-Coordinate of Axis Origin
Z-Coordinate of Axis Origin
Backflow

)) ((constant . 0.233) (profile )) ((constant

is zone used in mixing-plane model?
Specify targeted mass-flow rate
Targeted mass-flow

pressure inlet.60

Condition Value

Gauge Total Pressure 0
Supersonic/Initial Gauge Pressure 0
Total Temperature 293.14999
Direction Specification Method 1
Coordinate System 0
X-Component of Flow Direction 1
Y-Component of Flow Direction 0
Z-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 0
Y-Coordinate of Axis Origin 0
Z-Coordinate of Axis Origin 0

((constant . 0.23) (profile )) ((constant
) ))

-30
no
923
1
0
1
0
0
1
0
0
0
0
0
(((constant . 0.0043000001) (profile

0) (profile )) ((constant . 0) (profile

no
no

(((constant . 0.0043000001) (profile
0) (profile )) ((constant . 0) (profile

is zone used in mixing-plane model? no

interior

Condition Value

wallchimey

Condition Value



Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant
)))

0) (profile

0
0
aluminum
0
923.15002
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0)
(((constant . 0) (profile

((constant . 0) (profile

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

wall peb2

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation

0
0
aluminum
0
923.15002
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0

) )



Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Activate Reaction Mechanisms no

(0 0 0 0)
(((constant . 0) (profile

)) ((constant . 0) (profile )) ((constant . 0) (profile )) ((constant . 0) (profile

Rotation Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0
Reaction Mechanisms 0
Specularity Coefficient 0

wall interpeb

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 0
Temperature 923.15002
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
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 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no
X-Component of Wall Translation 0
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Activate Reaction Mechanisms no

(0 0 0 0)
(((constant . 0) (profile

)) ((constant . 0) (profile )) ((constant . 0) (profile )) ((constant . 0) (profile

Rotation Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0
Reaction Mechanisms 0
Specularity Coefficient 0

wall pebl



Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 0
Temperature 923.15002
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0
Shea.r Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall? no
Velocity Magnitude 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no
X-Component of Wall Translation 0
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Activate Reaction Mechanisms no

(0 0 0 0)
(((constant . 0) (profile

)) ((constant . 0) (profile )) ((constant . 0) (profile )) ((constant . 0) (profile
)))

Rotanion Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0
Reacrion Mechanisms 0
Specularity Coefficient 0

wall ref2

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 0
Temperature 923.15002
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0
Shea: Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall? no
Velocity Magnitude 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no



X-Component of Wall Translation 0
Y-Component of Wall Translation 0

Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Activate Reaction Mechanisms no

(0 o 0 0)
(((constant . 0) (profile

)) ((constant . 0) (profile )) ((constant . 0) (profile )) ((constant . 0) (profile

Rotation Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0
Reaction Mechanisms 0
Specularity Coefficient 0

wall interef

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 0
Temperature 923.15002
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
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 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no
X-Component of Wall Translation 0
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Activate Reaction Mechanisms no

(0 0 0 0)
(((constant . 0) (profile

)) ((constant . 0) (profile )) ((constant . 0) (profile )) ((constant . 0) (profile

Rotation Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0
Reaction Mechanisms 0
Specularity Coefficient 0



wall refl

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

((constant . 0) (profile )) ((constant . 0)

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

(profile )

wall libre 1

Condition

0
0
graphite-south-africa
0
923.15002
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0)
(((constant . 0) (profile

((constant . 0) (profile

Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation

aluminum
0
923.15002
0
0
300
no
0
0
yes
no
0



Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant . 0)

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

(profile ) )

0
no
0
0
0
1
300
no

(0 0 0 0)
(((constant . 0) (profile

((constant . 0) (profile

wall ref bas

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

((constant . 0) (profile )) ((constant . 0) (profile ))

Rotation Speed
X-Position of Rotation-Axis Origin

Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient

graphite-south-africa
0
923.15002
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0
0
1
300
yes
(0 0 0 0)
(((constant . 0) (profile
((constant . 0) (profile

0
0
0
0
0
0
1
0
0
0
0



Reaction Mechanisms
Specularitv Coefficient

wall entree

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Sheavr Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant . 0) (profile )
) ))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-conmponent of shear stress
Z-conmponent of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

wall inlet

0
0
aluminum
0
923.15002
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0)
(((constant . 0) (profile

((constant . 0) (profile

0
0
0
0
0
0
1
0
0

Condition Value----~--------------------------------------------------------

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude

0
0
aluminum
0
293.14999
0
0
300
no
0
0
yes
no



X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant . 0) (profile ))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

1
0
0
no
0
0
0
1
300
no
(0 0 0 0)
(((constant . 0) (profile

((constant . 0) (profile

0
0
0
0
0
0
1
0
0
0
0
0
0

default-interior

Condition Value

symmetry:001

Condition Value

symmetry:030

Condition Value

symmetry:032

Condition Value

symmetry:033

Condition Value

symmetry:034

Condition Value

symmetry:035

Condition Value

symmetry:036

Condition Value

symmetry:037

Condition Value



symmetry:038

Condition Value

intericr :039

Condition Value

interior :040

Condition Value

interior :041

Condition Value

interior :042

Condition Value

interior :043

Condition Value

interior :044

Condition Value

interior :045

Condition Value

wall entree:046

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 1
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
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 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no
X-Component of Wall Translation 0
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Activate Reaction Mechanisms no
Rotation Speed 0



X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

wallentree:047

Condition

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent
Apply a rotational velocity to this wal.
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

((constant . 0) (profile )) ((constant . 0)

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

Value

0
0
graphite-south-africa
3

no
0
0

cell zone? yes
1? no

0
1
0
0
no
0
0
0
1
300
yes
(0 0 0 0)
(((constant . 0) (profile

(profile )) ((constant . 0) (profile

0
0
0
0
0
0
1
0
0
0
0
0
0

default-interior:048

Condition Value

default-interior:049

Condition Value



default-interior:050

Condition Value

default-interior:051

Condition Value

default-interior:052

Condition Value

default-interior:053

Condition Value

default-interior:054

Condition Value

default-interior:055

Condition Value

default-interior:056

Condition Value

default-interior:057

Condition Value

default-interior:058

Condition Value

Solver Controls

Equations

Equation Solved

Flow yes
h2o yes
02 yes
co yes
co2 yes
Energy yes

Numerics

Numeric Enabled

Absolute Velocity Formulation no

Relaxation

Variable Relaxation Factor

Pressure 0.60000002
Density 0.40000001



Body Forces 0.40000001
Momentum 0.001
h2o 0.02
o2 0.02
co 0.02
co2 0.02
Energy 0.001

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
Z-Momentum Flexible 0.1 0.7
h2o Flexible 0.1 0.7
02 Flexible 0.1 0.7
co Flexible 0.1 0.7
co2 Flexible 0.1 0.7
Energy Flexible 0.1 0.7

Discretization Scheme

Variable Scheme

Pressure Body Force Weighted
Density First Order Upwind
Momentum First Order Upwind
h2o First Order Upwind
o2 First Order Upwind
co First Order Upwind
co2 First Order Upwind
Energy First Order Upwind

Solution Limits

Quantity Limit

Minimum Absolute Pressure 1
Maximum Absolute Pressure 4.9999999e+10
Minimum Temperature 20
Maximum Temperature 1500

Material Properties

Material: boudouard (mixture)

Property Units Method Value(s)

Mixture Species names ((h2o 02 co co2
n2) (c<s>) ())

Reaction finite-rate ((reaction-l
((o2 0.70999998 1 1) (c<s> 1 0 1)) ((co 0.57999998 0 1) (co2 0.41999999 0 1)) ((h2o 0 1)
(n2 0 1)) (stoichiometry 0.70999998o2 + Ic<s> -- > 0.57999998co + 0.41999999co2)
(arrhenius 3.6e+12 209000 0) (mixing-rate 4 0.5) (use-third-body-efficiencies? . #f)
(surface-reaction? . #t)) (reaction-2 ((o2 0.5 0.25 1) (co 1 1 1)) ((co2 1 0 1) (h2o 0 0
1)) ((n2 0 1)) (stoichiometry 0.5o2 + Ico -- > ico2 + Oh2o) (arrhenius 2.24e+12 167400 0)
(mixing-rate 4 0.5) (use-third-body-efficiencies? . #f)) (reaction-3 ((c<s> 1 0 1) (co2 1
1 1)) ((co 2 0 1)) ((h2o 0 1) (o2 0 1) (n2 0 1)) (stoichiometry Ic<s> + lco2 -- > 2co)



(arrhenius 0.145 2.0785e+08 0) (mixing-rate 4 0.5) (use-third-body-efficiencies? . #f)
(surface-reaction? . #t)))

Mechanism
(reaction-type . all) (reaction-list

Density
Cp (Specific Heat)
Thermal Conductivity
Viscosity
Mass Diffusivity
Thermal Diffusion Coefficient
Thermal Expansion Coefficient

reaction-mechs
reaction-3 reaction-2 reaction-l)
kg/m3 ideal-gas
j/kg-k mixing-law
w/m-k ideal-gas-mixing-law
kg/m-s mass-weighted-mixing-law
m2/s kinetic-theory
kg/m-s kinetic-theory
1/k constant

((mechanism-i
(site-info)))

#f

Material: (carbon-solid . boudouard) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k constant
w/m-k constant
kg/m-s constant
kg/kgmol constant
j/kgmol constant
j/kgmol-k constant
c constant
angstrom constant
c constant

constant
m/s none

Material: (nitrogen . boudouard) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
c
angstrom
c

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

1040.67
0.0242
1.663e-05
28.013399
0
191494.78
24.99999
3.7490001
-193.35
0
#f

Material: (carbon-dioxide . boudouard) (fluid)

Property Units Method Value(s)
-------'----------------------------------------------
Cp (Specific Heat)
Thermal Conductivity
Viscositry
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
c
angstrom
c

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

840.37
0.0145
1.37e-05
44.009949
-3.9353235e+08
213720.2
24.99999
3.941
-77.95
0
#f

Material: (carbon-monoxide . boudouard) (fluid)

Property Units Method Value(s)

Cp (Specific Heat) j/kg-k constant 1043
Thermal Conductivity w/m-k constant 0.025
Viscosity kg/m-s constant 1.75e-05
Molecular Weight kg/kgmol constant 28.01055
Standard State Enthalpy j/kgmol constant -1.1053956e+08
Standard State Entropy j/kgmol-k constant 197531.64
Reference Temperature c constant 24.99999

1220
0.045400001
1.72e-05
12.01115
-101.268
5731.7471
24.85
2
-263.15
0
#f



L-J Characteristic Length angstrom
L-J Energy Parameter c
Degrees of Freedom
Speed of Sound m/s

Material: (oxygen . boudouard) (fluid)

constant
constant
constant
none

3.5899999
-185.15
0
#f

Property Units Method Value(s)

Cp (Specific Heat) j/kg-k constant 919.31
Thermal Conductivity w/m-k constant 0.024599999
Viscosity kg/m-s constant 1.919e-05
Molecular Weight kg/kgmol constant 31.9988
Standard State Enthalpy j/kgmol constant 0
Standard State Entropy j/kgmol-k constant 205026.86
Reference Temperature c constant 24.99999
L-J Characteristic Length angstrom constant 3.5409999
L-J Energy Parameter c constant -185.15
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: (water-vapor . boudouard) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
c
angstrom
c

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

2014
0.0261
1.34e-05
18.01534
-2.418379e+08
188696.44
25
2.605
299.25
0
#f

Material: (carbon-solid . mixture-template) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
c
angstrom
c

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

1220
0.045400001
1.72e-05
12.01115
-101.268
5731.7471
24.85
2
-263
0
#f

Material: (carbon-dioxide . mixture-template) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k constant
w/m-k constant
kg/m-s constant
kg/kgmol constant
j/kgmol constant
j/kgmol-k constant
c constant
angstrom constant
c constant

constant
m/s none

840.37
0.0145
1.37e-05
44.009949
-3.9353235e+08
213720.2
24.99999
3.8970001
-60.15
0
#f

Material: (carbon-monoxide . mixture-template) (fluid)



Units Method Value(s)

Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k constant
w/m-k constant
kg/m-s constant
kg/kgmol constant
j/kgmol constant
j/kgmol-k constant
c constant
angstrom constant
c constant

constant
m/s none

1043
0.025
1.75e-05
28.01055
-1.1053956e+08
197531.64
24.99999
3.5899999
-185.15
0
#f

Material: carbon-dioxide (fluid)

Property Units Method Value(s)

Density kg/m3 constant 1.7878
Cp (Specific Heat) j/kg-k constant 840.37
Thermal Conductivity w/m-k constant 0.0145
Viscosity kg/m-s constant 1.37e-05
Molecular Weight kg/kgmol constant 44.00995
Standard State Enthalpy j/kgmol constant -3.9353235e+08
Standard State Entropy j/kgmol-k constant 213720.2
Reference Temperature c constant 25
L-J Characteristic Length angstrom constant 3.941
L-J Energy Parameter c constant -77.95
Thermal Expansion Coefficient 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: carbon-monoxide (fluid)

Property Units Method Value(s)

Density
Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Thermal Expansion Coefficient
Degrees of Freedom
Speed of Sound

Material: carbon-solid (fluid)

kg/m3
j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
c
angstrom
c
1/k

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

1.1233
1043
0.025
1.75e-05
28.01055
-1.1053956e+08
197531.64
25
0
-273.15
0
0
#f

Property Units Method Value(s)

Density kg/m3 constant 2000
Cp (Specific Heat) j/kg-k constant 1220
Thermal Conductivity w/m-k constant 0.0454
Viscosity kg/m-s constant 1.72e-05
Molecular Weight kg/kgmol constant 12.01115
Standard State Enthalpy j/kgmol constant -101.268
Standard State Entropy j/kgmol-k constant 5731.747
Reference Temperature c constant 24.85
L-J Characteristic Length angstrom constant 0
L-J Energy Parameter c constant -273.15
Thermal Expansion Coefficient 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: mixture-template (mixture)

Units Method

Property

Property Value(s)



Mixture Species names ((h2o 02 co co2
n2) (c<s>) ())

Reaction finite-rate ((reaction-I
((02 0.76999998 1 1) (c<s> 1 0 1)) ((co 0.46000001 0 1) (co2 0.54000002 0 1)) ((h2o 0 1)
(n2 0 1)) (stoichiometry 0.7699999802 + Ic<s> -- > 0.46000001co + 0.54000002co2)
(arrhenius 3.6e+12 2.09e+08 0) (mixing-rate 4 0.5) (use-third-body-efficiencies? . #f)
(surface-reaction? . #t)) (reaction-2 ((02 0.5 0.25 1) (co 1 1 1)) ((co2 1 0 1) (h2o 0
0.5 1)) ((n2 0 1)) (stoichiometry 0.502 + Ico -- > Ico2 + Oh2o) (arrhenius 2.24e+12
1.674e+08 0) (mixing-rate 4 0.5) (use-third-body-efficiencies? . #f)) (reaction-3 ((co2 1
1 1)) ((co 1 0 1) (02 0.5 0 1)) ((h2o 0 1) (n2 0 1)) (stoichiometry ico2 -- > ico + 0.5o2)
(arrhenius 45000000 1.674e+08 0) (mixing-rate 4 0.5) (use-third-body-efficiencies? . #f))
(reaction-4 ((c<s> 1 0 1) (co2 1 1 1)) ((co 2 0 1)) ((h2o 0 1) (02 0 1) (n2 0 1))
(stoichiometry Ic<s> + Ico2 -- > 2co) (arrhenius 0.145 2e+08 0) (mixing-rate 4 0.5) (use-
third-body-efficiencies? . #f) (surface-reaction? . #t)))

Mechanism reaction-mechs ((mechanism-I
(reaction-type . all) (reaction-list reaction-4 reaction-3 reaction-2 reaction-i) (site-
info)))

Density kg/m3 ideal-gas #f
Cp (Specific Heat) j/kg-k mixing-law #f
Thermal Conductivity w/m-k ideal-gas-mixing-law #f
Viscosity kg/m-s mass-weighted-mixing-law #f
Mass Diffusivity m2/s kinetic-theory #f
Thermal Diffusion Coefficient kg/m-s kinetic-theory #f
Thermal Expansion Coefficient 1/k constant 0

Material: (nitrogen . mixture-template) (fluid)

Property Units Method Value(s)

Cp (Specific Heat) j/kg-k constant 1040.67
Thermal Conductivity w/m-k constant 0.0242
Viscosity kg/m-s constant 1.663e-05
Molecular Weight kg/kgmol constant 28.013399
Standard State Enthalpy j/kgmol constant 0
Standard State Entropy j/kgmol-k constant 191494.78
Reference Temperature c constant 24.99999
L-J Characteristic Length angstrom constant 3.7490001
L-J Energy Parameter c constant -193.35
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: nitrogen (fluid)

Property Units Method Value(s)

Density kg/m3 constant 1.138
Cp (Specific Heat) j/kg-k constant 1040.67
Thermal Conductivity w/m-k constant 0.0242
Viscosity kg/m-s constant 1.663e-05
Molecular Weight kg/kgmol constant 28.0134
Standard State Enthalpy j/kgmol constant 0
Standard State Entropy j/kgmol-k constant 191494.78
Reference Temperature c constant 25
L-J Characteristic Length angstrom constant 3.621
L-J Energy Parameter c constant -175.62
Thermal Expansion Coefficient I/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f



Material: (oxygen . mixture-template) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
c
angstrom
c

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

919.31
0.024599999
1.919e-05
31.9988
0
205026.86
24.99999
3.5409999
-185.15
0
#f

Material: oxygen (fluid)

Property Units Method Value(s)

Density kg/m3 constant 1.2999
Cp (Specific Heat) j/kg-k constant 919.31
Thermal Conductivity w/m-k constant 0.0246
Viscosity kg/m-s constant 1.919e-05
Molecular Weight kg/kgmol constant 31.9988
Standard State Enthalpy j/kgmol constant 0
Standard State Entropy j/kgmol-k constant 205026.86
Reference Temperature c constant 25
L-J Characteristic Length angstrom constant 3.458
L-J Energy Parameter c constant -165.75
Thermal Expansion Coefficient 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: (water-vapor . mixture-template) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

Material: water-vapor (fluid)

j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
c
angstrom
c

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

2014
0.0261
1.34e-05
18.01534
-2.418379e+08
188696.44
25
2.605
299.25
0
#f

Property Units Method Value(s)
----------------------------------------- ---------- ---
Density
Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Thermal Expansion Coefficient
Degrees of Freedom
Speed of Sound

kg/m3
j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
c
angstrom
c
1/k

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

0.5542
2014
0.0261
1.34e-05
18.01534
-2.418379e+08
188696.44
25
2.605
299.25
0
0
#f

Material: graphite-south-africa (solid)

Units Method Value(s)Property



Density kg/m3 constant 2240
Cp (Specific Heat) j/kg-k constant 710
Thermal Conductivity w/m-k constant 168

Material: air (fluid)

Property Units Method Value(s)

Density kg/m3 ideal-gas #f
Cp (Specific Heat) j/kg-k polynomial (-0.15 1005) (199.85 1026)

(399.85 1068) (599.85 1114) (799.85 1156) (1099.85 1197)
Thermal Conductivity w/m-k polynomial (-0.15 0.0244) (199.85

0.039299998) (399.85 0.052099999) (599.85 0.062199999) (799.85 0.071800001) (1099.85
0.085000001)

Viscosity kg/m-s polynomial (-0.15 1.7e-05) (199.85
2.6e-05) (399.85 3.3e-05) (599.85 3.9099999e-05) (799.85 4.4299999e-05) (1099.85
5.1200001e-05)

Molecular Weight kg/kgmol constant 28.966
Standard State Enthalpy j/kgmol constant 0
Standard State Entropy j/kgmol-k constant 0
Reference Temperature c constant 25
L-J Characteristic Length angstrom constant 3.711
L-J Energy Parameter c constant -194.55
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



APPENDIX 2: Return Duct Model

FLUENT
Version: 3d, dp, segregated, spe, lam, unsteady (3d, double precision, segregated,
species, laminar, unsteady)
Release: 6.2.16
Title:

Models

Model Settings

Space
Time
Viscous
Heat Transfer
Solidification and Melting
Radiation
Species Transport
Coupled Dispersed Phase
Pollutants
Soot

3D
Unsteady, 1st-Order Implicit
Laminar
Enabled
Disabled
None
Reacting (6 species)
Disabled
Disabled
Disabled

Boundary Conditions

Zones

name id type

outside 2 fluid
inlet2 3 fluid
outletl 4 fluid
inletl 5 fluid
outlet 6 fluid
chimney 7 fluid
return 8 fluid
entree reflecktor 9 fluid
entree bas 10 fluid
solid.47 11 solid
peb2 12 fluid
intpeb 13 fluid
pebl 14 fluid
ref2 15 fluid
interref 16 fluid
refl 17 fluid
porous_ jump.67 24 interior
porous_ jump.63 25 interior
wallerreur-shadow 84 wall
wall-shadow 83 wall
wall entree:061-shadow 82 wall
wall 18 wall
weallout 19 wall
walloutletl 20 wall
wallerreur 21 wall
wall outlet 22 wall
wallreturn 23 wall
symmetry 26 symmetry
interior_ 27 interior
wall_chimey 28 wall
wall_peb2 29 wall
wall_interpeb 30 wall
wall pebl 31 wall
wall ref2 32 wall
wall interef 33 wall



wall refl 34 wall
wall libre 1 35 wall
wall-ref bas 36 wall
wall entree 37 wall
wall inlet 38 wall
default-interior 40 interior
symmetry:001 1 symmetry
symmetry:039 39 symmetry
symmetry:041 41 symmetry
symmetry:042 42 symmetry
symmetry:043 43 symmetry
symmetry:044 44 symmetry
symmetry:045 45 symmetry
symmetry:046 46 symmetry
symmetry:047 47 symmetry
symmetry:048 48 symmetry
symmetry:049 49 symmetry
symmetry:050 50 symmetry
interior :051 51 interior
interior :052 52 interior
interior :053 53 interior
interior :054 54 interior
interior :055 55 interior
interior :056 56 interior
interior :057 57 interior
interior :058 58 interior
interior :059 59 interior
interior :060 60 interior
wall entree:061 61 wall
wall entree:062 62 wall
wall inlet:063 63 wall
default-interior:064 64 interior
default-interior:065 65 interior
default-interior:066 66 interior
default-interior:067 67 interior
default-interior:068 68 interior
default-interior:069 69 interior
default-interior:070 70 interior
default-interior:071 71 interior
default-interior:072 72 interior
default-interior:073 73 interior
default-interior:074 74 interior
default-interior:075 75 interior
default-interior:076 76 interior
default-interior:077 77 interior
default-interior:078 78 interior
default-interior:079 79 interior
default-interior:080 80 interior

Boundary Conditions

outside

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

----- --------------------------------------------------------------------------------

----- --------------------------------------------------------------------------------

----- --------------------------------------------------------------------------------

Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum

(inactive #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)

(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (energy (inactive

#f) (constant . 0) (profile )))
Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-



velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant
0) (profile )) (temperature (inactive . #f) (constant . 0) (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component of Direction-I Vector 1
Y-Component of Direction-I Vector 0
Z-Component of Direction-I Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-I Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-1 Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Porosity 1
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 0

inlet2

Condition Value

Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

. 0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (energy (inactive
#f) (constant . 0) (profile )))

Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant
* 0) (profile )) (temperature (inactive . #f) (constant . 0) (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rota ion speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0



Z-Component of Rotation-Axis
Deactivated Thread
Porous zone?
Conical porous zone?
X-Component of Direction-i Vector
Y-Component of Direction-i Vector
Z-Component of Direction-i Vector
X-Component of Direction-2 Vector
Y-Component of Direction-2 Vector
Z-Component of Direction-2 Vector
X-Coordinate of Point on Cone Axis
Y-Coordinate of Point on Cone Axis
Z-Coordinate of Point on Cone Axis
Half Angle of Cone Relative to its Axis
Direction-i Viscous Resistance
Direction-2 Viscous Resistance
Direction-3 Viscous Resistance
Direction-i Inertial Resistance
Direction-2 Inertial Resistance
Direction-3 Inertial Resistance
CO Coefficient for Power-Law
C1 Coefficient for Power-Law
Porosity
Solid Material Name
Reaction Mechanism
Activate reaction mechanisms?
Surface-Volume-Ratio

outletl

Condition

Material Name
Specify source terms?
Source Terms
Specify fixed values?
Local Coordinate System for Fixed Velocities
Fixed Values
Motion Type
X-Velocity Of Zone
Y-Velocity Of Zone
Z-Velocity Of Zone
Rotation speed
X-Origin of Rotation-Axis
Y-Origin of Rotation-Axis
Z-Origin of Rotation-Axis
X-Component of Rotation-Axis
Y-Component of Rotation-Axis
Z-Component of Rotation-Axis
Deactivated Thread
Porous zone?
Conical porous zone?
X-Component of Direction-i Vector
Y-Component of Direction-i Vector
Z-Component of Direction-i Vector
X-Component of Direction-2 Vector
Y-Component of Direction-2 Vector
Z-Component of Direction-2 Vector
X-Coordinate of Point on Cone Axis
Y-Coordinate of Point on Cone Axis
Z-Coordinate of Point on Cone Axis
Half Angle of Cone Relative to its Axis
Direction-i Viscous Resistance
Direction-2 Viscous Resistance
Direction-3 Viscous Resistance
Direction-i Inertial Resistance
Direction-2 Inertial Resistance
Direction-3 Inertial Resistance
CO Coefficient for Power-Law
C1 Coefficient for Power-Law
Porosity

1
no
no
no
1
0
0
0
1
0
1
0
0
0
0
0
0
0
0
0
0
0
1
aluminum
0
yes
0

Value

mixture-template
no
()
no
no

()
0
0
0
0
0
0
0
0
0
0
1
no
no
no
1
0
0
0
1
0
1
0
0
0
0
0
0
0
0
0
0
0
1



Solid Material Name
Reaction Mechanism
Activate reaction mechanisms?
Surface-Volume-Ratio

inletl

Condition

aluminum
0
yes
0

Value

Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (

. 0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-mom
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constan
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (energy (ina
#f) (constant . 0) (profile )))

Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive

(constant . C) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f)
. 0) (profile )) (temperature (inactive . #f) (constant . 0) (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component of Direction-I Vector 1
Y-Component of Direction-I Vector 0
Z-Component of Direction-I Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-I Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-I Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Porosity 1
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 0

constant
entum
t . 0)
ctive

#f)
)) (z-
(constant

outlet

Condition Value----~------------------------------------------------
Material Name mixture-template
Specify source terms? no
Source Terms ()



Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ()
Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component of Direction-I Vector 1
Y-Component of Direction-I Vector 0
Z-Component of Direction-I Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-I Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-I Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Porosity 1
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 0

chimney

Condition Value

Material Name
Specify source terms?
Source Terms
Specify fixed values?
Local Coordinate System for Fixed Velocities
Fixed Values
Motion Type
X-Velocity Of Zone
Y-Velocity Of Zone
Z-Velocity Of Zone
Rotation speed
X-Origin of Rotation-Axis
Y-Origin of Rotation-Axis
Z-Origin of Rotation-Axis
X-Component of Rotation-Axis
Y-Component of Rotation-Axis
Z-Component of Rotation-Axis
Deactivated Thread
Porous zone?
Conical porous zone?
X-Component of Direction-I Vector
Y-Component of Direction-1 Vector
Z-Component of Direction-i Vector
X-Component of Direction-2 Vector
Y-Component of Direction-2 Vector
Z-Component of Direction-2 Vector

mixture-template
no
()
no
no
()
0
0
0
0
0
0
0
0
0
0
1
no
no
no
1
0
0
0
1
0



X-Coordinate of Point on Cone Axis
Y-Coordinate of Point on Cone Axis
Z-Coordinate of Point on Cone Axis
Half Angle of Cone Relative to its Axis
Direction-i Viscous Resistance
Direction-2 Viscous Resistance
Direction-3 Viscous Resistance
Direction-i Inertial Resistance
Direction-2 Inertial Resistance
Direction-3 Inertial Resistance
CO Coefficient for Power-Law
C1 Coefficient for Power-Law
Porosity
Solid Material Name
Reaction Mechanism
Activate reaction mechanisms?
Surface-Volume-Ratio

return

1
0
0
0
0
0
0
0
0
0
0
0
1
aluminum
0
yes
0

Condition Value

Material Name mixture-template
Specify source terms? no
Source Terms ()
Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ()
Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component of Direction-i Vector 1
Y-Component of Direction-i Vector 0
Z-Component of Direction-i Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-i Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-i Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Porosity 1
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 0

entree reflecktor

Condition Value
Material Name mixture-template
Material Name mixture-template



Specify source terms? no
Source Terms ()
Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ()
Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component of Direction-I Vector 1
Y-Component of Direction-I Vector 0
Z-Component of Direction-i Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-I Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-1 Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Porosity 1
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 0

entree bas

Condition Value

Material Name mixture-template
Specify source terms? no
Source Terms ()
Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ()
Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component of Direction-I Vector 1
Y-Component of Direction-I Vector 0
Z-Component of Direction-I Vector 0
X-Component of Direction-2 Vector 0



Y-Ccmponent of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-i Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-i Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Porcsity 1
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 0

solid.47

Condition Value

Material Name aluminum
Specify source terms? no
Source Terms ()
Specify fixed values? no
Fixed Values ()
Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no

peb2

Condition Value

Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

. 0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (species-I (inactive
. #f) (constant . 0) (profile )) (species-2 (inactive . #f) (constant . 0) (profile ))
(species-3 (inactive . #f) (constant . 0) (profile )) (species-4 (inactive . #f)
(constant . 0) (profile )) (energy (inactive . #f) (constant . 0) (profile )))

Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant
. 0) (profile )) (species-l (inactive . #f) (constant . 0) (profile )) (species-2
(inactive . #f) (constant . 0) (profile )) (species-3 (inactive . #f) (constant . 0)
(profile )) (species-4 (inactive . #f) (constant . 0) (profile )) (temperature
(inactive . #f) (constant . 0) (profile )))

Motion Type 0



X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? yes
Conical porous zone? no
X-Component of Direction-i Vector 1
Y-Component of Direction-i Vector 0
Z-Component of Direction-i Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-i Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-i Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 341
C1 Coefficient for Power-Law 1.6107
Porosity 0.39500001
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? no
Surface-Volume-Ratio 0

intpeb

Condition Value

Material Name mixture-template
Specify source terms? no
Source Terms ()
Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ()
Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component of Direction-i Vector 1
Y-Component of Direction-i Vector 0
Z-Component of Direction-i Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0



Direction-i Viscous Resistance
Direction-2 Viscous Resistance
Direction-3 Viscous Resistance
Direction-i Inertial Resistance
Direction-2 Inertial Resistance
Direction-3 Inertial Resistance
CO Coefficient for Power-Law
C1 Coefficient for Power-Law
Porosity
Solid Material Name
Reaction Mechanism
Activate reaction mechanisms?
Surface-Volume-Ratio

pebl

Condition

0
0
0
0
0
0
0
0
1
aluminum
0
yes
0o
0

Value

Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

. 0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (species-I (inactive
. #f) (constant . 0) (profile )) (species-2 (inactive . #f) (constant . 0) (profile ))
(species-3 (inactive . #f) (constant . 0) (profile )) (species-4 (inactive . #f)
(constant . 0) (profile )) (energy (inactive . #f) (constant . 0) (profile )))

Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant
. 0) (profile )) (species-I (inactive . #f) (constant . 0) (profile )) (species-2
(inactive . #f) (constant . 0) (profile )) (species-3 (inactive . #f) (constant . 0)
(profile )) (species-4 (inactive . #f) (constant . 0) (profile )) (temperature
(inactive . #f) (constant . 0) (profile )))

Mot:.on Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? yes
Conical porous zone? no
X-Component of Direction-1 Vector 1
Y-Component of Direction-1 Vector 0
Z-Component of Direction-1 Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-i Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-i Inertial Resistance 0
Direction-2 Inertial Resistance 0



Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 36.688
C1 Coefficient for Power-Law 1.7599
Porosity 0.39500001
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 60.5

ref2

Condition Value

Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

* 0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (species-I (inactive
. #f) (constant . 0) (profile )) (species-2 (inactive . #f) (constant . 0) (profile ))
(species-3 (inactive . #f) (constant . 0) (profile )) (species-4 (inactive . #f)
(constant . 0) (profile )) (energy (inactive . #f) (constant . 0) (profile )))

Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant
. 0) (profile )) (species-l (inactive . #f) (constant . 0) (profile )) (species-2
(inactive . #f) (constant . 0) (profile )) (species-3 (inactive . #f) (constant . 0)
(profile )) (species-4 (inactive . #f) (constant . 0) (profile )) (temperature
(inactive . #f) (constant . 0) (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? yes
Conical porous zone? no
X-Component of Direction-i Vector 1
Y-Component of Direction-i Vector 0
Z-Component of Direction-i Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-i Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-i Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 63
C1 Coefficient for Power-Law 1.72
Porosity 0.13
Solid Material Name aluminum



Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 53.580002

interref

Condition Value

Material Name mixture-template
Specify source terms? no
Source Terms ()
Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ()
Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component of Direction-I Vector 1
Y-Component of Direction-1 Vector 0
Z-Component of Direction-I Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-l Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-l Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C1 Coefficient for Power-Law 0
Porosity 1
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 0

refl

Condition Value

Material Name mixture-template
Specify source terms? no
Source Terms ((mass (inactive . #f) (constant

S0) (profile )) (x-momentum (inactive . #f) (constant . 0) (profile )) (y-momentum
(inactive . #f) (constant . 0) (profile )) (z-momentum (inactive . #f) (constant . 0)
(profile )) (species-0 (inactive . #f) (constant . 0) (profile )) (species-l (inactive
* #f) (constant . 0) (profile )) (species-2 (inactive . #f) (constant . 0) (profile ))
(species-3 (inactive . #f) (constant . 0) (profile )) (species-4 (inactive . #f)
(constant . 0) (profile )) (energy (inactive . #f) (constant . 0) (profile )))



Specify fixed values? no
Local Coordinate System for Fixed Velocities no
Fixed Values ((x-velocity (inactive . #f)

(constant . 0) (profile )) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-
velocity (inactive . #f) (constant . 0) (profile )) (species-0 (inactive . #f) (constant
. 0) (profile )) (species-1 (inactive . #f) (constant . 0) (profile )) (species-2
(inactive . #f) (constant . 0) (profile )) (species-3 (inactive . #f) (constant . 0)
(profile )) (species-4 (inactive . #f) (constant . 0) (profile )) (temperature
(inactive . #f) (constant . 0) (profile )))

Motion Type 0
X-Velocity Of Zone 0
Y-Velocity Of Zone 0
Z-Velocity Of Zone 0
Rotation speed 0
X-Origin of Rotation-Axis 0
Y-Origin of Rotation-Axis 0
Z-Origin of Rotation-Axis 0
X-Component of Rotation-Axis 0
Y-Component of Rotation-Axis 0
Z-Component of Rotation-Axis 1
Deactivated Thread no
Porous zone? yes
Conical porous zone? no
X-Component of Direction-i Vector 1
Y-Component of Direction-i Vector 0
Z-Component of Direction-i Vector 0
X-Component of Direction-2 Vector 0
Y-Component of Direction-2 Vector 1
Z-Component of Direction-2 Vector 0
X-Coordinate of Point on Cone Axis 1
Y-Coordinate of Point on Cone Axis 0
Z-Coordinate of Point on Cone Axis 0
Half Angle of Cone Relative to its Axis 0
Direction-i Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-i Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 63
C1 Coefficient for Power-Law 1.72
Porosity 0.13
Solid Material Name aluminum
Reaction Mechanism 0
Activate reaction mechanisms? yes
Surface-Volume-Ratio 53.580002

porous jump.67

Condition Value

porousjump.63

Condition Value

wallerreur-shadow

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 3
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0



Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms
Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

0
yes
no
0
1
0
0
no
0
0
0
1
300
no
0
0
0
0
0
0
1
0
0
0
0
0
0

wall-shadow

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 3
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
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 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no
X-Corponent of Wall Translation 0
Y-Component of Wall Translation 0
Z-Corponent of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Activate Reaction Mechanisms no
Rotation Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0
Reaction Mechanisms 0
Specularity Coefficient 0

wall entree:061-shadow



Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 3
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
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 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no
X-Component of Wall Translation 0
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Activate Reaction Mechanisms no
Rotation Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0
Reaction Mechanisms 0
Specularity Coefficient 0

wall

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 3
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
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 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no
X-Component of Wall Translation 0
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Activate Reaction Mechanisms no

(0)



(((constant . 0) (profile

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

weallout

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant . 0) (profile
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

walloutletl

0
0
aluminum
1
300
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile

) ((constant . 0) (profile

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

Wall Thickness

)



Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent
Apply a rotational velocity to this wal
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direct
Y-Component of Rotation-Axis Direct
Z-Component of Rotation-Axis Direct
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

wallerreur

ion
ion
ion

0
aluminum
1
300
0
0
300
no
0
0

cell zone? yes
1? no

0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile

(profile )) ((constant . 0) (profile ))

0
0
0
0
0
0
1
0
0
0
0
0
0

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

0
0
aluminum
3
300
0
0
300
no

0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0)



(((constant . 0) (profile

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Ccmponent of Rotation-Axis Direction
Z-Ccmponent of Rotation-Axis Direction
X-ccmponent of shear stress
Y-ccmponent of shear stress
Z-ccmponent of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

wall outlet

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direct
Y-Component of Rotation-Axis Direct.
Z-Cocmponent of Rotation-Axis Direct.
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

0) (profile

0
0
aluminum
0
300
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile
((constant . 0) (profile

ion
ion
ion

wall return

Condition Value

Wall Thickness

)



Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent
Apply a rotational velocity to this wal
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direct
Y-Component of Rotation-Axis Direct
Z-Component of Rotation-Axis Direct
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

ion
ion
ion

0
aluminum
0
500
0
0
300
no
0
0

cell zone? yes
1? no

0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile

(profile )) ((constant . 0) (profile

0
0
0
0
0
0
1
0
0
0
0
0
0

symmetry

Condition Value

interior

Condition Value

wallchimey

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude

0
0
aluminum
0
1123
0
0
300
no
0
0
yes
no



X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direct
Y-Component of Rotation-Axis Direct
Z-Component of Rotation-Axis Direct
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

0) (profile

1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile

)) ((constant . 0) (profile

ion
ion
ion

wall_peb2

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direct.
Y-Conmponent of Rotation-Axis Direct.
Z-Conmponent of Rotation-Axis Direct.
X-component of shear stress
Y-component of shear stress

0) (profile

0
0
aluminum
0
1123
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile

) ((constant . 0) (profile ))

ion
ion
ion

)



Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

wall interpeb

Condition

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
2-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direct
Y-Component of Rotation-Axis Direct
Z-Component of Rotation-Axis Direct
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

ion
ion
ion

0
0
aluminum
0
1123
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile

(profile )) ((constant . 0) (profile

0
0
0
0
0
0
1
0
0
0
0
0
0

wall_pebl

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?

0
0
aluminum
0
1123
0
0
300
no
0

yes

Value



Apply a rotational velocity to this wal
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direct
Y-Component of Rotation-Axis Direct
Z-Component of Rotation-Axis Direct
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

ion
ion
ion

I? no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile

(profile )) ((constant . 0) (profile

0
0
0
0
0
0
1
0
0
0
0
0
0

wall ref2

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant . 0) (profile
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction

0
0
aluminum
0
1123
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile

((constant . 0) (profile ))

0
0
0
0
0
0
1

)



X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

wall interef

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direct
Y-Component of Rotation-Axis Direct
Z-Component of Rotation-Axis Direct
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

0) (profile ))

0
0
aluminum
0
1123
0
0

no0

0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile
((constant . 0) (profile

ion
ion
ion

wall refl

Condition

Wall Thickness
Heat Generation Rate
Material Name

Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion

Value

aluminum
0
1123
0
0
300
no



Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant . 0) (profile
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile
((constant . 0) (profile

wall libre 1

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant . 0) (profile
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction

0
0
aluminum
0
1123
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile

((constant . 0) (profile ))

)

))



Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient 0

wall ref bas

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direct
Y-Component of Rotation-Axis Direct
Z-Component of Rotation-Axis Direct
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

0) (profile

0
0
aluminum
0
1123
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0
0
1
300
yes
(0 0 0 0 0)
(((constant . 0) (profile

((constant . 0) (profile

ion
ion
ion

wall entree

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature

aluminum
0
900

)



Enable shell conduction? no
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 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no
X-Component of Wall Translation 0
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Activate Reaction Mechanisms no

(0 0 0 0 0)
(((constant . 0) (profile

)) ((constant . 0) (profile )) ((constant . 0) (profile )) ((constant . 0) (profile ))
((constant . 0) (profile )))

Rotation Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0
Reaction Mechanisms 0
Specularity Coefficient 0

wall inlet

Condition Value

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shea:r Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Corponent of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Conmponent of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant . 0) (profile )
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin

0
0
aluminum
0
300
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile

((constant . 0) (profile ))

0
0
0



Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0
Reaction Mechanisms 0
Specularity Coefficient 0

default-interior

Condition Value

symmetry:001

Condition Value

symmetry:039

Condition Value

symmetry:041

Condition Value

symmetry:042

Condition Value

symmetry:043

Condition Value

symmetry:044

Condition Value

symmetry:045

Condition Value

symmetry:046

Condition Value

symmetry:047

Condition Value

symmetry:048

Condition Value

symmetry:049

Condition Value



symmetry: 050

Condition Value

interior :051

Condition Value

interior :052

Condition Value

interior :053

Condition Value

interior :054

Condition Value

interior :055

Condition Value

interior :056

Condition Value

interior_ :057

Condition Value

interior :058

Condition Value

interior :059

Condition Value

interior :060

Condition Value

wall entree:061

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 3
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion



Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant
((constant . 0) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direct
Y-Component of Rotation-Axis Direct
Z-Component of Rotation-Axis Direct
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

0) (profile ))

ion
ion
ion

0
yes
no
o
1
o
o
no
o
o
o
1
300
yes
(0 0 0 0 0)
(((constant . 0) (profile

((constant . 0) (profile ))

0
0
0
0
0
0
1
0
0
0
0
0
0

wall entree:062

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 0
Temperature 900
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
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 0
X-Component of Wall Translation 1
Y-Component of Wall Translation 0
Z-Component of Wall Translation 0
Define wall velocity components? no
X-Component of Wall Translation 0
Y-Component of Wall Translation C
Z-Component of Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Activate Reaction Mechanisms no
Rotation Speed 0
X-Position of Rotation-Axis Origin 0
Y-Position of Rotation-Axis Origin 0
Z-Position of Rotation-Axis Origin 0
X-Component of Rotation-Axis Direction 0
Y-Component of Rotation-Axis Direction 0
Z-Component of Rotation-Axis Direction 1
X-component of shear stress 0
Y-component of shear stress 0
Z-component of shear stress 0
Surface tension gradient 0



Reaction Mechanisms
Specularity Coefficient

wall inlet:063

Condition

Wall Thickness
Heat Generation Rate
Material Name
Thermal BC Type
Temperature
Heat Flux
Convective Heat Transfer Coefficient
Free Stream Temperature
Enable shell conduction?
Wall Motion
Shear Boundary Condition
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?
Velocity Magnitude
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
Define wall velocity components?
X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation
External Emissivity
External Radiation Temperature
Activate Reaction Mechanisms

)) ((constant . 0) (profile )) ((constant . 0) (profile
((constant . 3) (profile )))

Rotation Speed
X-Position of Rotation-Axis Origin
Y-Position of Rotation-Axis Origin
Z-Position of Rotation-Axis Origin
X-Component of Rotation-Axis Direction
Y-Component of Rotation-Axis Direction
Z-Component of Rotation-Axis Direction
X-component of shear stress
Y-component of shear stress
Z-component of shear stress
Surface tension gradient
Reaction Mechanisms
Specularity Coefficient

0
0
aluminum
0
300
0
0
300
no
0
0
yes
no
0
1
0
0
no
0
0
0
1
300
no
(0 0 0 0 0)
(((constant . 0) (profile

((constant . 0) (profile ))

default--interior:064

Condition Value

default--interior:065

Cond:.tion Value

default-interior:066

Condition Value

default--interior:067

Condition Value

Value

)



default-interior:068

Condition Value

default-interior:069

Condition Value

default-interior:070

Condition Value

default-interior:071

Condition Value

default-interior:072

Condition Value

default-interior:073

Condition Value

default-interior:074

Condition Value

default-interior:075

Condition Value

default-interior:076

Condition Value

default-interior:077

Condition Value

default-interior:078

Condition Value

default-interior:079

Condition Value

default-interior:080

Condition Value

Solver Controls

Equations

Equation Solved



Flow yes
n2 yes
co2 yes
co yes
o2 yes
h2o yes
Energy yes

Numerics

Numeric Enabled

Absolute Velocity Formulation yes

Unsteady Calculation Parameters

Time Step (s) 1
Max. Iterations Per Time Step 55

Relaxation

Variable Relaxation Factor

Pressure 0.30000001
Density 1
Body Forces 1
Momentum 0.050000001
n2 0.1
co2 1
co 1
o2 1
h2o 1
Energy 0.001

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
Z-Momentum Flexible 0.1 0.7
n2 Flexible 0.1 0.7
co2 Flexible 0.1 0.7
co Flexible 0.1 0.7
o2 Flexible 0.1 0.7
h2o Flexible 0.1 0.7
Energy Flexible 0.1 0.7

Discretization Scheme

Variable Scheme

Pressure Second Order
Density First Order Upwind
Momentum First Order Upwind
n2 First Order Upwind
co2 First Order Upwind
co First Order Upwind
o2 First Order Upwind
h2o First Order Upwind
Energy First Order Upwind

Solution Limits

Quantity Limit



Minimum Absolute Pressure
Maximum Absolute Pressure
Minimum Temperature
Maximum Temperature

1
5e+10
1
5000

Material Properties

Material: (carbon-solid . mixture-template) (fluid)

Property Units

Cp (Specific Heat)
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k
kg/kgmol
j/kgmol
j/kgmol-k
k
angstrom
k

m/s

Method Value(s)

constant
constant
constant
constant
constant
constant
constant
constant
none

1220
12.01115
-101.268
5731.7471
298
2
10
0
#f

Material: (water-vapor . mixture-template) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k
kg/kgmol
j/kgmol
j/kgmol-k
k
angstrom
k

m/s

constant
constant
constant
constant
constant
constant
constant
constant
none

2014
18.01534
-2.418379e+08
188696.44
298.15
2.605
572.4
0
#f

Material: (oxygen . mixture-template) (fluid)

Property Units Method Value(s)

Cp (Specific Heat) j/kg-k constant 919.31
Molecular Weight kg/kgmol constant 31.9988
Standard State Enthalpy j/kgmol constant 0
Standard State Entropy j/kgmol-k constant 205026.86
Reference Temperature k constant 298.15
L-J Characteristic Length angstrom constant 3.458
L-J Energy Parameter k constant 107.4
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: (carbon-monoxide . mixture-template) (fluid)

Property Units Method Value(s)

Cp (Specific Heat) j/kg-k constant 1043
Molecular Weight kg/kgmol constant 28.01055
Standard State Enthalpy j/kgmol constant -1.1053956e+08
Standard State Entropy j/kgmol-k constant 197531.64
Reference Temperature k constant 298.14999
L-J Characteristic Length angstrom constant 3.5899999
L-J Energy Parameter k constant 88
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: (carbon-dioxide . mixture-template) (fluid)

Property Units Method Value(s)

Cp (Specific Heat) j/kg-k constant 840.37
Molecular Weight kg/kgmol constant 44.00995
Standard State Enthalpy j/kgmol constant -3.9353235e+08



Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

Material: carbon-solid (fluid)

j/kgmol-k constant
k constant
angstrom constant
k constant

constant
m/s none

Property Units Method Value(s)

Density kg/m3 constant 2000
Cp (Specific Heat) j/kg-k constant 1220
Thermal Conductivity w/m-k constant 0.0454
Viscosity kg/m-s constant 1.72e-05
Molecular Weight kg/kgmol constant 12.01115
Standard State Enthalpy j/kgmol constant -101.268
Standard State Entropy j/kgmol-k constant 5731.747
Reference Temperature k constant 298
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: carbon-monoxide (fluid)

Property- Units Method Value(s)

Density
Cp (Specific Heat)
Thermal Conductivity
Viscosicy
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Thermal Expansion Coefficient
Degrees of Freedom
Speed of Sound

kg/m3
j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
k
angstrom
k
1/k

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

1.1233
1043
0.025
1.75e-05
28.01055
-1.1053956e+08
197531.64
298.15
0
0
0
0
#f

Material: carbon-dioxide (fluid)

Property Units Method Value(s)

Density
Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Thermal Expansion Coefficient
Degrees of Freedom
Speed of Sound

kg/m3
j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
k
angstrom
k
1/k

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

1.7878
840.37
0.0145
1.37e-05
44.00995
-3.9353235e+08
213720.2
298.15
3.941
195.2
0
0
#f

Material: (oxygen . mixture-template-new) (fluid)

Property Units Method Value(s)

Density kg/m3 constant 1.2999
Cp (Specific Heat) j/kg-k constant 919.31
Thermal Conductivity w/m-k constant 0.0246
Viscosity kg/m-s constant 1.919e-05
Molecular Weight kg/kgmol constant 31.9988
Standard. State Enthalpy j/kgmol constant 0

213720.2
298.15
3.941
195.2
0
#f



Standard State Entropy j/kgmol-k constant 205026.86
Reference Temperature k constant 298.15
L-J Characteristic Length angstrom constant 3.458
L-J Energy Parameter k constant 107.4
Thermal Expansion Coefficient 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: (water-vapor . mixture-template-new) (fluid)

Property Units Method Value(s)

Density kg/m3 constant 0.5542
Cp (Specific Heat) j/kg-k constant 2014
Thermal Conductivity w/m-k constant 0.0261
Viscosity kg/m-s constant 1.34e-05
Molecular Weight kg/kgmol constant 18.01534
Standard State Enthalpy j/kgmol constant -2.418379e+08
Standard State Entropy j/kgmol-k constant 188696.44
Reference Temperature k constant 298.15
L-J Characteristic Length angstrom constant 2.605
L-J Energy Parameter k constant 572.4
Thermal Expansion Coefficient 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: (helium . mixture-template) (fluid)

Property Units Method Value(s)

Cp (Specific Heat) j/kg-k constant 5193
Molecular Weight kg/kgmol constant 4.0026002
Standard State Enthalpy j/kgmol constant -3117.7102
Standard State Entropy j/kgmol-k constant 126029.45
Reference Temperature k constant 298.15
L-J Characteristic Length angstrom constant 2.54
L-J Energy Parameter k constant 10.2
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: helium (fluid)

Property Units Method Value(s)

Density kg/m3 constant 0.1625
Cp (Specific Heat) j/kg-k constant 5193
Thermal Conductivity w/m-k constant 0.152
Viscosity kg/m-s constant 1.99e-05
Molecular Weight kg/kgmol constant 4.0026
Standard State Enthalpy j/kgmol constant -3117.7102
Standard State Entropy j/kgmol-k constant 126029.45
Reference Temperature k constant 298.15
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: mixture-template (mixture)

Property Units Method Value(s)



Mixture Species names ((n2 co2 co o2 h2o he)
(c<s>) ())

Reaction finite-rate ((reaction-i ((c<s> 1 0
1) (02 0.69999999 1 1)) ((co2 0.40000001 0 1) (co 0.60000002 0 1)) ((n2 0 1) (h2o 0 1)
(he 0 1)) (stoichiometry lc<s> + 0.69999999o2 --> 0.40000001co2 + 0.60000002co)
(arrhenius 9.9999998e+10 2.09e+08 0) (mixing-rate 4 0.5) (use-third-body-efficiencies?
#f) (surface--reaction? . #t)) (reaction-2 ((o2 0.5 0.25 1) (co 1 1 1)) ((co2 1 0 1) (h2o
0 0.5 1)) ((n2 0 1) (he 0 1)) (stoichiometry 0.5o2 + ico --> Ico2 + Oh2o) (arrhenius
2.24e+12 1.7e+08 0) (mixing-rate 4 0.5) (use-third-body-efficiencies? . #f)) (reaction-3
((co2 1 1 1)) ((co 1 0 1) (o2 0.5 0 1)) ((n2 0 1) (h2o 0 1) (he 0 1)) (stoichiometry Ico2
--> Ico + 0.5o2) (arrhenius 45000000 1.7e+08 0) (mixing-rate 4 0.5) (use-third-body-
efficiencies? . #f)) (reaction-4 ((c<s> 1 0 1) (co2 1 1 1)) ((co 2 0 1)) ((n2 0 1) (02 0
1) (h2o 0 1) (he 0 1)) (stoichiometry ic<s> + Ico2 --> 2co) (arrhenius 200 2.6e+08 0)
(mixing-rate 4 0.5) (use-third-body-efficiencies? . #f) (surface-reaction? . #t)))

Mechanism reaction-mechs ((mechanism-i (reaction-
type . all) (reaction-list reaction-4 reaction-3 reaction-2 reaction-1) (site-info)))

Density kg/m3 ideal-gas #f
Cp (Specific Heat) j/kg-k mixing-law #f
Thermal Conductivity w/m-k constant 0.045400001
Viscosity kg/m-s constant 1.72e-05
Mass Diffusivity m2/s kinetic-theory #f
Thermal Expansion Coefficient 1/k constant 0



Appendix 3: Model for UDF chemistry
sensitivity study

Material Properties

Material: udf (mixture)

Property Units Method Value(s)
Mixture Species names ((h2o o2

co co2 n2) (c<s>) ())
Reaction finite-rate ((r650 ((o2

0.76999998 1 1) (c<s> 1 0 1)) ((co 0.46000001 0 1) (co2 0.54000002 0 1)) ((h2o 0 1) (n2 0
1)) (stoichiometry 0.7699999802 + Ic<s> --> 0.46000001co + 0.54000002co2) (arrhenius
2.9999999e+11 2.09e+08 0) (mixing-rate 4 0.5) (use-third-body-efficiencies? . #f)
(surface-reaction? . #t)) (reaction-2 ((02 0.5 0.25 1) (co 1 1 1)) ((co2 1 0 1) (h2o 0
0.5 1)) ((n2 0 1)) (stoichiometry 0.502 + Ico --> ico2 + Oh2o) (arrhenius 2.24e+12
1.674e+08 0) (mixing-rate 4 0.5) (use-third-body-efficiencies? . #f)) (reaction-3 ((co2 1
1 1)) ((co 1 0 1) (02 0.5 0 1)) ((h2o 0 1) (n2 0 1)) (stoichiometry lco2 --> Ico + 0.5o2)
(arrhenius 45000000 1.674e+08 0) (mixing-rate 4 0.5) (use-third-body-efficiencies? . #f))
(r675 ((o2 0.74000001 1 1) (c<s> 1 0 1)) ((co 0.51999998 0 1) (co2 0.47999999 0 1)) ((h2o
0 1) (n2 0 1)) (stoichiometry 0.7400000102 + Ic<s> --> 0.51999998co + 0.47999999co2)
(arrhenius 2.9999999e+11 2.09e+08 0) (mixing-rate 4 0.5) (use-third-body-efficiencies?
#f) (surface-reaction? . #t)) (r700 ((o2 0.71249998 1 1) (c<s> 1 0 1)) ((co 0.57499999 0
1) (co2 0.42500001 0 1)) ((h2o 0 1) (n2 0 1)) (stoichiometry 0.71249998o2 + lc<s> -->
0.57499999co + 0.42500001co2) (arrhenius 2.9999999e+11 2.09e+08 0) (mixing-rate 4 0.5)
(use-third-body-efficiencies? . #f) (surface-reaction? . #t)) (r725 ((o2 0.685 1 1) (c<s>
1 0 1)) ((co 0.63 0 1) (co2 0.37 0 1)) ((h2o 0 1) (n2 0 1)) (stoichiometry 0.68502 +
Ic<s> --> 0.63co + 0.37co2) (arrhenius 2.9999999e+11 2.09e+08 0) (mixing-rate 4 0.5)
(use-third-body-efficiencies? . #f) (surface-reaction? . #t)) (r750 ((02 0.66000003 1 1)
(c<s> 1 0 1)) ((co2 0.32499999 0 1) (co 0.67000002 0 1)) ((h2o 0 1) (n2 0 1))
(stoichiometry 0.6600000302 + lc<s> --> 0.32499999co2 + 0.67000002co) (arrhenius
2.9999999e+11 2.09e+08 0) (mixing-rate 4 0.5) (use-third-body-efficiencies? . #f)
(surface-reaction? . #t)) (r775 ((02 0.64249998 1 1) (c<s> 1 0 1)) ((co 0.71499997 0 1)
(co2 0.285 0 1)) ((h2o 0 1) (n2 0 1)) (stoichiometry 0.6424999802 + Ic<s> -->
0.71499997co + 0.285co2) (arrhenius 2.9999999e+11 2.09e+08 0) (mixing-rate 4 0.5) (use-
third-body-efficiencies? . #f) (surface-reaction? . #t)) (r800 ((o2 0.625 1 1) (c<s> 1 0
1)) ((co 0.75 0 1) (co2 0.25 0 1)) ((h2o 0 1) (n2 0 1)) (stoichiometry 0.625o2 + ic<s> --
> 0.75co + 0.25co2) (arrhenius 2.9999999e+11 le+08 0) (mixing-rate 4 0.5) (use-third-
body-efficiencies? . #f) (surface-reaction? . #t)) (r825 ((o2 0.60500002 0 1) (c<s> 1 0
1)) ((co2 0.215 0 1) (co 0.77999997 0 1)) ((h2o 0 1) (n2 0 1)) (stoichiometry
0.6050000202 + Ic<s> --> 0.215co2 + 0.77999997co) (arrhenius 2.9999999e+11 2.09e+08 0)
(mixing-rate 4 0.5) (use-third-body-efficiencies? . #f) (surface-reaction? . #t)) (r850
((o2 0.59500003 1 1) (c<s> 1 0 1)) ((co 0.81 0 1) (co2 0.19 0 1)) ((h2o 0 1) (n2 0 1))
(stoichiometry 0.59500003o2 + Ic<s> --> 0.81co + 0.19co2) (arrhenius 2.9999999e+11
2.09e+08 0) (mixing-rate 4 0.5) (use-third-body-efficiencies? . #f) (surface-reaction?
#t)) (r875 ((o2 0.58249998 1 1) (c<s> 1 0 1)) ((co 0.83499998 0 1) (co2 0.16500001 0 1))
((h2o 0 1) (n2 0 1)) (stoichiometry 0.58249998o2 + lc<s> --> 0.83499998co +
0.16500001co2) (arrhenius 2.9999999e+11 2.09e+08 0) (mixing-rate 4 0.5) (use-third-body-
efficiencies? . #f) (surface-reaction? . #t)) (r900 ((o2 0.57249999 1 1) (c<s> 1 0 1))
((co 0.85500002 0 1) (co2 0.145 0 1)) ((h2o 0 1) (n2 0 1)) (stoichiometry 0.5724999902 +
lc<s> --> 0.85500002co + 0.145co2) (arrhenius 2.9999999e+11 2.09e+08 0) (mixing-rate 4
0.5) (use-third-body-efficiencies? . #f) (surface-reaction? . #t)))

Mechanism reaction-mechs ((mechanism-I
(reaction-type . all) (reaction-list r850 r825 r800 r775 r750 r725 r700 r675 r650
reaction-2 reaction-3 r875 r900) (site-info)))

Density kg/m3 ideal-gas #f
Cp (Specific Heat) j/kg-k mixing-law #f
Thermal Conductivity w/m-k ideal-gas-mixing-law #f
Viscosity kg/m-s mass-weighted-mixing-law #f
Mass Diffusivity m2/s constant-dilute-appx (2.88e-05)
Thermal Expansion Coefficient 1/k constant 0

Material: (carbon-solid . udf) (fluid)

Units Method Value(s)Property



Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
k
angstrom
k

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

1220
0.0454
1.72e-05
12.01115
-101.268
5731.747
298
0
0
0
#f

Material: (nitrogen . udf) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
k
angstrom
k

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

1040.67
0.0242
1.663e-05
28.0134
0
191494.78
298.15
3.621
97.53
0
#f

Material: (carbon-dioxide . udf) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
k
angstrom
k

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

840.37
0.0145
1.37e-05
44.00995
-3.9353235e+08
213720.2
298.15
3.941
195.2
0

Material: (carbon-monoxide . udf) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
k
angstrom
k

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

1043
0.025
1.75e-05
28.01055
-1.1053956e+08
197531.64
298.14999
2
10
0
#f

Material: (oxygen . udf) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy

j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k

constant
constant
constant
constant
constant
constant

919.31
0.0246
1.919e-05
31.9988
0
205026.86



Reference Temperature k constant 298.15
L-J Characteristic Length angstrom constant 3.458
L-J Energy Parameter k constant 107.4
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: (water-vapor . udf) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
k
angstrom
k

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

2014
0.0261
1.34e-05
18.01534
-2.418379e+08
188696.44
298.15
2.605
572.4
0
#f

Material: (carbon-solid . mixture-template) (fluid)

Property Units Method Value(s)

Cp (Specific Heat) j/kg-k constant 1220
Molecular Weight kg/kgmol constant 12.01115
Standard State Enthalpy j/kgmol constant -101.268
Standard State Entropy j/kgmol-k constant 5731.7471
Reference Temperature k constant 298
L-J Characteristic Length angstrom constant 2
L-J Energy Parameter k constant 10
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: (carbon-dioxide . mixture-template) (fluid)

Property Units Method Value(s)

Cp (Specific Heat) j/kg-k constant 840.37
Molecular Weight kg/kgmol constant 44.00995
Standard State Enthalpy j/kgmol constant -3.9353235e+08
Standard State Entropy j/kgmol-k constant 213720.2
Reference Temperature k constant 298.15
L-J Characteristic Length angstrom constant 3.941
L-J Energy Parameter k constant 195.2
Degrees of Freedom constant 0
Speed of Sound m/s none #f

Material: (carbon-monoxide . mixture-template) (fluid)

Property Units Method Value(s)

Cp (Specific Heat)
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Degrees of Freedom
Speed of Sound

j/kg-k
kg/kgmol
j/kgmol
j/kgmol-k
k
angstrom
k

m/s

constant
constant
constant
constant
constant
constant
constant
constant
none

1043
28.01055
-1.1053956e+08
197531.64
298.14999
3.5899999
88
0
#f

Material: carbon-solid (fluid)

Property Units Method Value(s)

Density kg/m3 constant 2000
Cp (Specific Heat) j/kg-k constant 1220
Thermal Conductivity w/m-k constant 0.0454



Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Thermal Expansion Coefficient
Degrees of Freedom
Speed cf Sound

kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
k
angstrom
k
1/k

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
none

1.72e-05
12.01115
-101.268
5731.747
298
0
0
0
0
#f

Material: carbon-monoxide (fluid)

Property Units Method Value(s)

Density
Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Thermal Expansion Coefficient
Degrees of Freedom
Speed of Sound

kg/m3 constant 1.1233
j/kg-k
w/m-k
kg/m-s
kg/kgmol
j/kgmol
j/kgmol-k
k
angstrom
k
1/k

m/s

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
none

1043
0.025
1.75e-05
28.01055
-1.1053956e+08
197531.64
298.15
0
0
0
0
#f

Material: carbon-dioxide (fluid)

Property Units Method Value(s)

Density
Cp (Specific Heat)
Thermal Conductivity
Viscosity
Molecular Weight
Standard State Enthalpy
Standard State Entropy
Reference Temperature
L-J Characteristic Length
L-J Energy Parameter
Thermal Expansion Coefficient
Degrees of Freedom
Speed of Sound

kg/m3 constant
j/kg-k constant
w/m-k constant
kg/m-s constant
kg/kgmol constant
j/kgmol constant
j/kgmol-k constant
k constant
angstrom constant
k constant
1/k constant

constant
m/s none

1.7878
840.37
0.0145
1.37e-05
44.00995
-3.9353235e+08
213720.2
298.15
3.941
195.2
0
0
#f



Appendix 4: UDF for chemistry sensitivity
study

I> --

-_include "udf.h"
#de ine W 02 32.

Jdefine W C 12.
#define W CO2 44.
#define W CO 28.
# efLne W H20 18.
#define W N2 28.
define CONST R 8.3144

#define PRE EXP 3.6e+12
#defLne ACTIVE 2.09e+08
#define BETA 0.0

ble n02, nH20, nCO, nCO2, nN2;
double Mtot;

I oube rho;
real concenO2;

#defi.ne 02 EXP 1.0

DEFINE SRRATE( name,f,t,r,mw,yi,rr)

f (!strcmp(r->name, "r650"))

if ( F T(f,t) < 948 )

n02 = ( yi[l] / W 02 ) * (1 /
) + ( yi[l] / WH20 ) + ( yi[ 4 ]
nH20 = ( yi[O] / W H20 ) * (1 /
) + ( yi[l] / WH20 ) + ( yi[41
nCO = ( yi[2] / W CO ) * (1 / (
) + ( yi[l] / WH20 ) + ( yi[4]
nCO2 = ( yi[3] / W_C02 ) * (1 /
) + ( yi[l] / W H20 ) + ( yi[4]
nN2 = ( yi[4] / W_N2 ) * (1 / (
) + ( yi[l] / W_H20 ) + ( yi[4]

yi[l] / W_02 ) +
/ W N2 )) );

( yi[l] / W 02
/ W N2 ) ) );

yi[l] / W_02 ) +
/ W N2 ) ) );

( yi[l] / W 02
/ W N2 ) ) );

yi[l] / W_02 ) +
/ W N2 ) ) );

( yi[2] / W_CO ) +

+ ( yi[2] / WCO ) +

( yi[2] / WCO ) +

+ ( yi[2] / W CO ) +

( yi[2] / WCO ) +

Mtot = (n02 * W 02) + (nCO * WCO) + (nN2 * W N2) + (nH20 * W H20) + (nCO2

rho = 288.16/F T(f,t)*pow(10,(-1/18000))*1.2255;

(yi[3]

(yi[3]

(yi[3]

(yi[3]

(yi[3]

/ W C02

/ W C02

/ W C02

/ W C02

W-C 02

* W CO2);



concen02 = rho*yi[l]/mw[l];

*rr == PRE EXP*exp((-1*ACTIVE)/(8314.*FT(f,t)))*pow(concenO2,02_EXP);
}

*rr = 0

else if (!strcmp(r->name, "r675"))
i

it (F T(f,t) >= 50)
f

n02 = ( yi[l] / W 02 ) * (1 /
) + ( yi[l] / W H20 ) + ( yi[ 4]
nH20 = ( yi[0] / W H20 ) * (1 /
) + ( yi[l] / W H20 ) + ( yi[ 4 ]
nCO = ( yi[2] / W CO ) * (1 / (
) + ( yi[l] / W H20 ) + ( yi[4]
nCO2 = ( yi[3] / W C02 ) * (1 /
) + ( yi[l] / W H20 ) + ( yi[4]
nN2 = ( yi[4] / W N2 ) * (1 / (
) + ( yi[l] / W H20 ) + ( yi[4]

yi[l] / W 02 ) +
/ W N2 ) ) );

( yi[l] / W 02
/ W N2 ) ) );

yi[l] / W 02 ) +
/ W N2 ) ) );
( ( yi[l] / W 02
/ W N2 ) ) );

yi[l] / W 02 ) +
/ W N2 ) ) );

( yi[2] / W CO ) +

+ ( yi[2] / W CO ) +

( yi[2] / W CO ) +

+ ( yi[2] / W CO ) +

( yi[2] / W CO ) +

Mtot = (nO2 * W 02) + (nCO * W CO) + (nN2 * W N2) + (nH20 * W H20) + (nC02

rho = 288.16/F T(f,t)*pow(10,(-1/18000))*1.2255;

concen02 = rho*yi[l]/mw[l];

*rr = PRE EXP*exp((-l*ACTIVE)/(8314.*F T(f,t)))*pow(concenO2,02 EXP);
I

*rr = 0;

else if (!strcmp(r->name, "r700"))

if (F T(f,t) >= 973 && F T(f,t) < 998)
I

n02 = ( yi[l] / W 02 ) * (1 /
/ W_C02 ) + ( yi[l] / W H20 ) + ( yi[4]

nH20 = ( yi[O] / W H20 ) * (1 /
/ W_C02 ) + ( yi[l] / W H20 ) + ( yi[ 4 ]

nCO = ( yi[2] / W CO ) * (1 / (
/ W_C02 ) + ( yi[l] / W H20 ) + ( yi[4]

nCO2 = ( yi[3] / W CO2 ) * (1 /
/ W_C02 ) + ( yi[l] / W H20 ) + ( yi[4]

nN2 = ( yi[4] / W N2 ) * (1 / (
/ W_CO2 ) + ( yi[l] / W H20 ) + ( yi[4]

yi[l] / W 02
/ W N2 ) ) );

( yi[l] / W 02
/ W N2 ) ) );

yi[l] / W 02
/ W N2 ) ) );

( yi[l] / W 02
/ W N2 ) ) );

yi[l] / W 02
/ W N2 ) ) );

+ ( yi[2] / W CO ) +

) + ( yi[2] / W CO ) +

+ ( yi[2] / W CO ) +

) + ( yi[2] / W CO ) +

+ ( yi[2] / W CO ) +

Mtot = (n02 * W_02) + (nCO * W CO) + (nN2 * W N2) + (nH20 * W H20) + (nCO2

rho = 288.16/F T(f,t)*pow(10,(-1/18000))*1.2255;

concenO2 = rho*yi[l]/mw[l];

(yi[3]

(yi[3]

(yi[3]

(yi[3]

(yi[3]

/ W C02

/ W CO2

/ W C02

/ w C02

* W C02);

(yi[3]

(yi[3]

(yi[3]

(yi[3]

(yi[3]

* W C002);



*rr = PRE EXP*exp((-1*ACTIVE)/(8314.*FT(f,t)))*pow(concenO2,02 EXP);

*rr = 0;

else if (!strcmp(r->name, "r725"))

if (F T(f,t) >= 998 && F T(f,t) < 1023)
{

/ W C02

/ W CO2

/ W C02

/ W C02

/ W C02

n02 = ( yi[l] / W 02 ) * (1 / ( ( yi[l] / W 02 ) + ( yi[2] / W CO ) +
) + ( yi[l] / W H20 ) + ( yi[4] / W N2 ) ) );
nH20 = ( yi[O] / W H20 ) * (1 / ( ( yi[l] / W 02 ) + ( yi[2] / W CO ) +
) + ( yi[l] / W H20 ) + ( yi[4] / W N2 ) ) );
nCO = ( yi[2] / W CO ) * (1 / ( ( yi[l] / W 02 ) + ( yi[2] / W CO ) +
) + ( yi[1] / W H20 ) + ( yi[4] / WN2 ) ) );
nCO2 = ( yi[3] / W CO2 ) * (1 / ( ( yi[l] / W 02 ) + ( yi[2] / W_CO ) +
) + ( yi[l] / W H20 ) + ( yi[4] / W N2 ) ) );
nN2 = ( yi[4] / W N2 ) * (1 / ( ( yi[l] / W 02 ) + ( yi[2] / W CO ) +

+ ( yi[l] / W H20 ) + ( yi[4] / W N2 ) ) );

Mtot = (n02 * W 02) + (nCO * W CO) + (nN2 * W N2) + (nH20 * W H20) + (nC02

rho = 288.16/F T(f,t)*pow(10, (-1/18000))*1.2255;

concenO2 = rho*yi[l]/mw[l];

*rr = PRE EXP*exp((-1*ACTIVE)/(8314.*FT(f,t)))*pow(concenO2,O2 EXP);
}-

*rr = 0;

else It (!strcmp(r->name, "r750"))

it (F T(f,t) >= 1023 && F T(f,t) < 1048)
{

n02 = ( yi[l] / W 02 ) * (1 /
) + ( yi[l] / W H20 ) + ( yi[4]
nH20 = ( yi[O] / W H20 ) * (1 /
) + ( yi[l] / W H20 ) + ( yi[4]
nCO = ( yi[2] / W CO ) * (1 / (
) + yi[l] / W H20 ) + ( yi[4]
nCO2 = ( yi[3] / W C02 ) * (1 /
) + ( yi[l] / WH20 ) + ( yi[ 4 ]
nN2 = ( yi[4] / W N2 ) * (1 / (
) + ( yi[l] / WH20 ) + ( yi[ 4 ]

yi[l] / W 02
/ w N2 ) ) );

( yi[l] / W02
/ W N2 ) ) );

yi[l] / W_02
/ W N2 ) ) );

( yi[l] / W 02
/ W N2 ) ) );

yi[l] / W_02 )
/ W N2 ) ) );

+ ( yi[2] / WCO ) +

) + ( yi[2] / WCO ) +

+ ( yi[2] / WCO ) +

) + ( yi[2] / WCO ) +

+ ( yi[2] / W_CO ) +

Mtot = (n02 * W 02) + (nCO * W CO) + (nN2 * WN2) + (nH20 * W H20) + (nCO2

rho = 288.16/F T(f,t)*pow(10, (-1/18000))*1.2255;

concenO2 = rho*yi[l]/mw[l];

*rr = PRE EXP*exp((-1*ACTIVE)/(8314.*F T(f,t)))*pow(concenO2,02 EXP);
I

(yi[3]

(yi[3]

(yi[3]

(yi[3]

(yi[3]

* W C02);

(yi[3]

(yi[3]

(yi[3]

(yi[3]

(yi[3]

/ w C02

/ w C02

/ w C02

/ w C02

/ w C02

* W C02);



else

*rr = 0;

else if (!strcmp(r->name, "r775"))

if (FT(f,t) >= 1048 && F T(f,t) < 1073)

/* Calcu-late Arrhenius eactioL.-n rte

• " 31ia- fractios o of ea,,h sch ie.
n02 = ( yi[1] / W 02 ) * (1 / ( ( yi[1] / W 02 ) +
) + ( yi[l] / W H20 ) + ( yi[4] / WN2 ) ) );
nH20 = ( yi[0] / W H20 ) * (1 / ( ( yi[l] / W 02
) + ( yi[1] / W H20 ) + ( yi[4] / W N2 ) ) );
nCO = ( yi[2] / W CO ) * (1 / ( ( yi[l] / W 02 ) +
) + ( yi[l] / W H20 ) + ( yi[4] / W N2 ) ) );
nCO2 = ( yi[3] / W CO02 ) * (1 / ( ( yi[l] / W 02 )
) + ( yi[l] / W H20 ) + ( yi[4] / W N2 ) ) );
nN2 = ( yi[4] / W N2 ) * (1 / ( ( yi[l] / W 02 ) +
) + ( yi[l] / WH20 ) + ( yi[4] / W N2 ) ) );

( yi[2] / W CO ) +

+ ( yi[2] / W CO ) +

( yi[2] / W CO ) +

+ ( yi[2] / W CO ) +

( yi[2] / WCO ) +

Mtot = (n02 * W_02) + (nCO * W CO) + (nN2 * W N2) + (nH20 * W H20) +
* W CO2);

*t:* h: i- th- e .dnsi

rho = 288.16/F_T(f,t)*pow(10,(-1/18000))*1.2255;

concenO2 = rho*yi[l]/mw[l];

*rr = PRE EXP*exp((-1*ACTIVE)/(8314.*FT(f,t)))*pow(concenO2,02 EXP);

else

(nCO2

*rr = 0;

else if (!strcmp(r->name, "r800"))

if (F T(f,t) >= 1073 && FT(f,t) < 1098)
{

Ai" rhen~lusi- -rearti n? ralte

/ W C02

/ W C02

/ W C02

/ WC02

/ W CO2

,-molar fractions o0 each s, cecie*,
n02 = ( yi[l] / W 02 ) * (1 / ( ( yi[1] / W 02 ) +
) + ( yi[l] / W H20 ) + ( yi[4] / W N2 ) );
nH20 = ( yi[O] / W_H20 ) * (1 / ( ( yi[l] / W 02 )
) + ( yi[l] / W_H20 ) + ( yi[4] / W N2 ) ) );
nCO = ( yi[2] / W_CO ) * (1 / ( ( yi[l] / W 02 ) +
) + ( yi[l] / W H20 ) + ( yi[4] / W N2 ) ) );
nCO2 = ( yi[3] 7 WC02 ) * (1 / ( ( yi[1] / W 02
) + ( yi[l] / W H20 ) + ( yi[4] / W N2 ) ) );
nN2 = ( yi[4] / W N2 ) * (1 / ( ( yi[l] / W 02 ) +
) + ( yi1l] / W H20 ) + ( yi[4] / W N2 ) ) );

( yi[2] / WCO ) +

+ ( yi[2] / W CO ) +

( yi[2] / W CO ) +

+ ( yi[2] / W CO ) +

( yi[2] / W CO ) +

"tot = is the molar eilgh of the xixture**
Mtot = (n02 * W_02) + (nCO * WCO) + (nN2 * W N2) + (nH20 * WNH20) + (nC02

i. rh cs the de-sityv*
rho = 288.16/F_T(f,t)*pow(10,(-1/18000))*1.2255;

concenO2 = rho*yi[l]/mw[l];

*rr = PRE_EXP*exp((-1*ACTIVE)/(8314.*FT(f,t)))*pow(concenO2,02_EXP);

else

(yi[3]

(yi[3]

(yi[3]

(yi[3]

(yi[3]

/ w C02

/ w C02

/ w C02

/ w C02

/ w _C02

(yi[3]

(yi[3]

(yi[3]

(yi[3]

(yi[3]

* W C02);



*rr = 0;

else if (!strcmp(r->name, "r825"))

if (FT(f,t) >= 1098 && FT(f,t) < 1123)

n02 = ( yi[l] / W 02 ) * (1 / (
) + ( yi[l] / W H20 ) + ( yi[4]
nH20 = ( yi[0] / W H20 ) * (1 /
) + ( yi[1] / W H20 ) + ( yi[4]
nCO = ( yi[2] / WCO ) * (1 / (
) + ( yi[l] / W H20 ) + ( yi[4]
nCO2 = ( yi[3] 7 W CO2 ) * (1 /
) + ( yi[l] / W H20 ) + ( yi[4]
nN2 = ( yi[4] / WN2 ) * (1 / (
) + ( yi[l] / WH20 ) + ( yi[4]

( yi[1] / W 02 ) + (
/ W N2 ) ) );

( yi[l] / W 02 ) +
/ W N2 ) ) );
( yi[1] / W02 ) + (
/ W N2 ) ) );
( ( yi[l] / W 02 ) +
/ WN2 ) ) );
( yi[1] / W 02 ) +
/ W N2 ) ) );

yi[2] / W CO ) +

( yi[2] / WCO ) +

yi[2] / WCO ) +

( yi[2] / W CO ) +

yi[2] / WCO ) +

Mtot = (n02 * W 02) + (nCO * W CO) + (nN2 * W N2) + (nH20 * W H20) + (nCO2
* WCO02);

rho = 288.16/FT(f,t)*pow(10,(-1/18000))*1.2255;

concenO2 = rho*yi[l]/mw[l];

*rr = PRE EXP*exp((-1*ACTIVE)/(8314.*FT(f,t)))*pow(concenO2,02 EXP);

else

*rr = 0;

else if (!strcmp(r->name, "r850"))

if (FT(f,t) >= 1123 && FT(f,t) < 1148)

' C3 ae *:zheni; I:at .n Se "

n02 = ( yi[l] / W 02 ) * (1 / ( ( yi[l] / W 02 ) +
) + ( yi[l] / W H20 ) + ( yi[4] / W_N2 ) ) );
nH20 = ( yi[0] / W H20 ) * (1 / ( ( yi[l] / W_02
) + ( yi[l] / W H20 ) + ( yi[4] / WN2 ) ) );
nCO = ( yi[2] / W CO ) * (1 / ( ( yi[l] / W 02 ) +
) + ( yi[1] / W H20 ) + ( yi[4] / WN2 ) ) );
nCO2 = ( yi[3] / WCO2 ) * (1 / ( ( yi[l] / W_02
) + ( yi[l] / WH20 ) + ( yi[4] / W N2 ) ) );
nN2 = ( yi[4] / W fN2 ) * (1 / ( ( yi[l] / W 02 ) +
) + ( yi[l] / W_H20 ) + ( yi[4] / WN2 ) ) );

( yi[2] / WCO ) +

+ ( yi[2] / W CO ) +

( yi[2] / WCO ) +

+ ( yi[2] / W CO ) +

( yi[2] / W CO ) +

.'t:-. t is the :clz ;jei~h zt she mi.xLtJre

Mtot = (n02 * W 02) + (nCO * W CO) + (nN2 * W N2) + (nH20 * W_H20) + (nCO2
* WCO02);

rho = 288.16/FT(f,t)*pow(10,(-1/18000))*1.2255;

concenO2 = rho*yi[l]/mw[l];

*rr = PRE EXP*exp((-l*ACTIVE)/(8314.*FT(f,t)))*pow(concenO2,02_EXP);

else
{

(yi[3]

(yi[3]

(yi[3]

(y i[3]

(yi[3]

/ W C02

/ W C02

/ W C02

/ WCO02

/ WCO22

(yi[3]

(yi[3]

(y i[3]

(yi[3]

(yi[3]

/ W C02

/ w CO2

/ w C02

/ w C02

/ w _C02

?.` ···'-n Li;3



*rr = 0;

}

else if (!strcmp(r->name, "r875"))

if (F T(f,t) >= 1148 && FT(f,t) < 1173)

/* Calculate Arrhenius reaction rate */

(yi[3]

(yi [3]

(yi [3]

(yi[3]

(yi [3]

* W CO2);

e

/ W CO2

/W C02

/ w C02

/ w C02

/*molar fractions of each specie*/
n02 = ( yi[l] / W_02 ) * (1 / ( ( yi[l] / W 02 ) + ( yi[2] / W_CO ) +
) + ( yi[l] / WH20 ) + ( yi[4] / WN2 ) ) );
nH20 = ( yi[0] / W_H20 ) * (1 / ( ( yi[l] / W_02 ) + ( yi[2] / W_CO ) +
) + ( yi[l] / W H20 ) + ( yi[4) / W N2 ) ) );
nCO = ( yi[2] / W CO ) * (1 / ( ( yi[l] / W 02 ) + ( yi[2] / WCO ) +
) + ( yi[l] / W H20 ) + ( yi[4] / WN2 ) ) );
nCO2 = ( yi[3] / W CO2 ) * (1 / ( ( yi[1] / W 02 ) + ( yi[2] / WCO ) +
) + ( yi[l] / W H20 ) + ( yi[4] / WN2 ) ) );
nN2 = ( yi[4] / W_N2 ) * (1 / ( ( yi[l] / W_02 ) + ( yi[2] / W_CO ) +
) + ( yi[] / WH20 ) + ( yi[4] / WN2 ) ) );

/* Mtot is the molar weight of the mixture*/
Mtot = (n02 * W 02) + (nCO * WCO) + (nN2 * WN2) + (nH20 * WH20)

/* rho is the density*/
rho = 288.16/FT(f,t)*pow(10,(-1/18000))*1.2255;

concenO2 = rho*yi[l]/mw[l];

*rr = PRE_EXP*exp((-I*ACTIVE)/(8314.*FT(f,t)))*pow(concenO2,02_EXP);

lse

*rr = 0;

else if (!strcmp(r->name, "r900"))

if (F T(f,t) >= 1173)
{

/* Calculate Arrhenius reaction rate */

/*molar fractions of each soecie*/
n02 = ( yi[l] / W_O02 ) * (1 / ( ( yi[1] / W_02 ) +

/ W C02 ) + ( yi[l] / W H20 ) + ( yi[4] / W N2 ) ) );
nH20 = ( yi[0] / W_H20 ) * (1 / ( ( yi[l] / W 02 )

/ WC02 ) + ( yi[l] / W H20 ) + ( yi[4] / W N2 ) ) );
nCO = ( yi[2] / W_CO ) * (1 / ( ( yi[1] / W02 ) +

/ W_C02 ) + ( yi[l] / WH20 ) + ( yi[4] / WN2 ) ) );
nCO2 = ( yi[3] / W_C02 ) * (1 / ( ( yi[l] / W 02

/ WCO2 ) + ( yi[l] / W H20 ) + ( yi[4] / W N2 ) ) );
nN2 = ( yi[4] / W_N2 ) * (1 / ( ( yi[1] / W 02 ) +

/ WCO2 ) + ( yi[l] / WH20 ) + ( yi[4] / WN2 ) ) );

( yi[2] / WCO ) +

+ ( yi[2] / W_CO ) +

( yi[2] / W CO ) +

+ ( yi[2] / W CO ) +

( yi[2) / W CO ) +

/* Mtot is the molar weight of the mixture*/
Mtot = (nO2 * W_02) + (nCO * WCO) + (nN2 * WN2) + (nH20 * WH20) + (nC02

* W C02);

/* rho is the density*/
rho = 288.16/F_T(f,t)*pow(10,(-1/18000))*1.2255;

concenO2 = rho*yi[l]/mw[l];

*rr = PRE_EXP*exp((-l*ACTIVE)/(8314.*FT(f,t)))*pow(concenO2,02_EXP);

else

*rr = 0;

+ (nC02

(yi [3

(yi[3]

(yi[3]

(yi[3]

(yi [3]

*rr 

= 0;

- ·-
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