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SUMMARY

Dawn Aerospace is start up company that is developing a reusable sub-orbital space-
plane. The MK-II rocket powered spaceplane uses High Test Peroxide for its main engine
and reaction control system. Catalyst beds are required to decompose High Test Peroxide
(HTP) to steam and Oxygen. In order to investigate the decomposition of HTP in a pellet
catalyst bed a numerical model was developed which is capable of predicting High Test
Peroxide flow decomposition in catalyst beds. Thereby deduce the influence of operat-
ing parameters and design choices. The model developed is based on a two phase flow
through the catalyst bed that is chemically reacting by undergoing decomposition. The
flow is assumed homogeneous, adiabatic and continuous resulting in steady state model
outputs. Fast equilibrium adsorption and finite rate desorption of Hydrogen Peroxide on
to the catalyst surface is assumed in a single step. The decomposition is modelled using
the Arrhenius relations. Additionally, the flow pressure losses are computed using Tall-
madge relations (an extended Ergun relation) for two phase flow through packed beds.
The model can predict the flow temperature distributions up to 98% reaction advance-
ment. The model was verified by comparing it to existing model results, this showed
good agreements in 7 of the 8 cases. The results showed consistently that the model pre-
dicted 98% of the decomposition progression is achieved in a shorter catalyst bed length
than the catalyst bed lengths in an existing model (4 to 14 % shorter). The flow pres-
sure losses of the models showed deviations compared to the existing models ranging
from 5.55% to 12.18%. The differences in the flow temperature and flow pressures are
discussed and related to the governing theories of the models.

In order to validate the model, experiments were performed. Catalyst pellets were made
in catalysis laboratory of Faculty Applied Sciences in TU Delft. The manufactured cat-
alyst was tested in an experimental setup at Dawn Aerospace’s facility in Christchurch,
New Zealand. The test data was processed, studied, and sampled for model validation.
The test data were used in model validation and a good agreement was found between
the test data and the simulated results. The simulated flow temperature and the mea-
sured temperature deviated from 0.41% to 1.93% of the adiabatic flow temperature. In
all validation cases the model results showed that reaction was completed or exceeded
98% prior to reach L/D 3.09. This finding was further validated with test video footage.
The flow pressure simulated was compared to that of the experimental results. The over-
all pressures showed good agreement with the experimental average, with pressure drop
deviations less than 1% of the operating pressure. In all experiment cases the flow distri-
bution predicted was within the measured pressure roughness.

Many simulations were performed and compared to investigate the impact of varying
design choices and operational conditions. In all cases the flow development along the

xvii
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catalyst bed length was assessed. In comparison to the simulations results it was found
that an increase of operational parameters such as pressure promoted gas phase decom-
position resulting in shorter bed length requirements. In the simulated case the length
required for 98% decomposition progression was found to be 16.54 [mm] at 10 bar pres-
sure and 5.69 [mm] at 30 [bar ] pressure. Similarly, the influence of feed High Test Perox-
ide concentration was evaluated and finding showed increasing concentration to short-
ens the required bed length, with a difference of 3.34 [mm)] between 80 % HTP and 100%
HTP The analysis of the simulated conditions showed that the increase of massflow in-
versely impacts the required catalyst bed length. With a bed loading of 200 kgs™! m™2
the required bed length was 11.76 [mm] and a bed length of 5.88 [mm] for a bed load-
ing of 100 [kgs~! m™2]. This model serves as tool to identify the operational parameters
and their impacts in catalyst beds. The Model outcomes demonstrating the effects of
operational parameters and design choices on catalyst bed helps in understanding their
interactions and can aid in catalyst bed design and optimisations processes.
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INTRODUCTION

Recent interest in green propellants has paved the way for a revival of the use of con-
centrated Hydrogen Peroxide also known as High Test Peroxide (HTP) is a top propellant
candidate with a long heritage ranging from launcher vehicles to space propulsion sys-
tems. This is primarily driven by the quest to replace Hydrazine with alternative pro-
pellants. In 2011 the European Commission added Hydrazine to a list of substances
of very high concern in the Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH) framework[1]. As a promising green propellant with a heritage in
propulsive applications, HTP has been sought after as a cost effective solution. With the
growing interest in the industry for green propellants, understanding the behaviour of
High Test Peroxide in catalysed decomposition remains important. This holds true more
so than ever, with development of novel catalysts.

Dawn Aerospace is a company based in the Netherlands and New Zealand, building the
MK-II sub-orbital spaceplane and working on green space propulsion systems for satel-
lites. MK-II is a rocket powered spaceplane that uses a HTP in its bi-propellant main
engine and a monopropellant reaction control systems. The MK-II spaceplane main
engine is a 2.5 kN bipropellant rocket engine using Hydrogen Peroxide and Kerosene.
Prior to combustion of propellants in the engine, Hydrogen Peroxide is required to be
decomposed (in a decomposition chamber). The decomposition process requires a cat-
alyst. This process of decomposition has been demonstrated in rocket engines with
the use of a heterogeneous catalysts. A heterogeneous catalyst differs in phase to that
of the reactants, HTP heterogeneous catalyst is in solid phase. Heterogeneous cata-
lysts such as pellet beds, stacked meshes or monolithic catalyst have an inherent ad-
vantage of re-usability unlike a homogeneous catalyst (liquid catalysts that are often
consumed/exhausted in decomposition). For decomposition of HTP existing hetero-
geneous catalysts in form of catalyst beds have shown a wide range in geometries and
the operational conditions. The geometry of the catalyst beds and the operational pa-
rameters have shown to interact in its performance [2] & [3]. The catalyst bed found in
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literature, shows significant variation in basic geometrical parameters such as the cat-
alyst bed length, diameter and operational conditions. Dawn Aerospace would like to
investigate into catalytic decomposition of HTP in pellet catalyst bed. Considering the
problem case and the academic research, this thesis work is focused on decomposition
modelling of Hydrogen Peroxide in pellet catalyst beds. Pellet catalyst beds used for HTP
decomposition are typically cylindrical volutes of packed pellets, shown in Figure 1.3.
The pellets are made out of thermal resistant materials such as Alumina, with active cat-
alyst material coated on the surface of the pellets.

The study presented in this thesis aims to investigate the advancement of the flow of
HTP through catalyst beds along with the impacts on operational variables by means of
amodel. The results of the simulations are compared with experimental results to assess
the accuracy of the model, this is done using a breadboard decomposition chamber de-
veloped by Dawn Aerospace. This work aligns well with the needs of Dawn Aerospace in
the understanding and modelling of complex flow development of HTP decomposition
in catalyst beds. The outcome of this work can be used in numerous aspects including
for gaining insight into the flow development in a decomposition chamber, for evalua-
tion of catalyst performance and thereby allocating design choices in the design process
of decomposition chambers.

1.1. CATALYST BED

In the work presented in this thesis, the catalyst bed is composed a pellet bed used for
decomposing HTP. The decomposition chamber (part of a monopropellant or bipropel-
lant system ) houses the catalyst bed inside it, which is typically used in propulsion ap-
plications. Some past applications of HTP catalyst beds includes the Mercury Redstone
Rocket which consisted of a gas generator that used HTP with silicon carbide pellets
with impregnated calcium Permanganate [4]. A representation of the Mercury Redstone
Rocket gas generator is shown in Figure 1.1 [5]. Figure 1.2 shows a schematic of the Rock-
etdyne AR2-3 rocket engine with separate gas generator and decomposition chamber
used in Lockheed NF-104A aircrafts [6]. More recent notable developments in the indus-
try using HTP decomposition and heterogeneous catalysts includes a reaction control
thruster developed by the Orbital Propulsion Center (in Lampoldshausen)[7] and a reac-
tion control thruster developed by Technology For Innovation (T4I) in Padova, Italy[8].
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Figure 1.1: Cutaway schematic of the Mercury Redstone Rocket gas generator [5]
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Figure 1.2: Schematic of the AR 2-3 engine depicting catalysts used in the engine cycle [6]
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Figure 1.3: Cut out of decomposition chamber with spherical pellet bed developed by Dawn Aerospace

Figure 1.3 shows a decomposition chamber developed by Dawn Aerospace and used in
the experimental work in this thesis. First, HTP enters the decomposition chamber via
an injector where the Hydrogen Peroxide is distributed into the catalyst bed. As flow
passes through the catalyst bed, it reacts with the catalyst to form steam and oxygen.
The catalyst bed is held in place using a retainer. Finally the reacted exhaust gases exit
the chamber.

In the catalyst bed Hydrogen Peroxide is decomposed to oxygen and steam shown by the
following reaction;

catalyst
2H,0, =2

2H20 + 02

Typical active species of the catalyst of HTP includes Silver, Platinum & Manganese Ox-
ides. Silver catalysts are often used for low concentration HTP applications [9]. Platinum
as a catalyst has the capability to withstand very high temperatures, enabling it for ap-
plications very high HTP concentration uses (90% + ). However, the cost of Platinum is
significantly higher, requires sophisticated coating methods and heat treatments. Man-
ganese Oxides have been a versatile choice as catalyst with its ability to operate with
low and high HTP concentrations and its low costs. In this work, experiments were per-
formed using a Manganese Oxide catalyst. The simulations were performed with cat-
alyst properties relevant to Manganese Oxides Mn,O,. The choice of this catalyst was
a primary interest of Dawn Aerospace, due to its low cost and relative straight forward
production process and availability of literature on past developments.

The performance of a catalyst bed is evaluated by the ability to decompose Hydrogen
Peroxide. The thermal efficiency of a catalyst bed is a measure of the performance of a
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catalyst bed, which is the ratio of measured flow temperature to the adiabatic decom-
position temperature. The higher the temperature (closer to adiabatic temperature),
the greater the level of decomposition that is achieved in the flow. Hence the catalyst
bed temperature is the key parameter that is required to analyse the catalyst beds per-
formance. The experiments performed in this thesis includes catalyst bed temperature
measurements. However the performance of a catalyst bed can vary depending on con-
centration of HTP, operating pressure and massflow. In addition to the operational pa-
rameters, catalyst beds geometrical parameters such as diameter, length, and the pellet
size influences its performance. The challenge is to know the impact of these variables
and their interactions which will be addressed in this thesis.

1.2. RESEARCH NEED/MOTIVATION

Development of a catalyst bed for HTP decomposition is complicated due to the inter-
action of multiple parameters ranging from design choices and operational conditions.
The catalyst bed geometry and the operational conditions such as the massflow and op-
erating pressure adds to the complexity of the problem. Hence to develop a decompo-
sition chamber or catalyst bed it requires many experiments to characterise the cata-
lyst performance with respect to the catalyst bed geometry and operational parameters.
Works of Pasini et al [10] identified the effects of operational conditions on flow temper-
ature at the end of 6 [cm] catalyst bed. The performance of a catalyst bed is correlated to
operational conditions, hence varying the catalyst operational conditions has an impact
on the required size of a catalyst bed.

During the literature survey an extensive number of catalyst bed and their operational
conditions were analysed, given in Table C.1. Table C.1 shows the varying range of cat-
alyst beds have been developed. In the literature survey, attempts were made to form
empirical relations of the geometrical parameters of the catalyst bed (length, diame-
ter, aspect ratio, pellet diameter) to the operating conditions of the catalyst bed. This
showed a varying range of conditions and geometries with no clear relations. These find-
ing showed that there is a large design space, making the design choices more challeng-
ing.
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Figure 1.4: Massflow vs lengths of identified catalyst bed designs from TableC.1
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Figure 1.5: Massflow vs diameter of catalyst bed designs from TableC.1

Additionally, the type of catalyst has an impact on the performance. Typically for HTP
decomposition, metals or metal oxides are used as a catalyst. With each having its own
set of reaction properties, different catalysts react at different rates with HTP. Finally, the
concentration of Hydrogen Peroxide used in the feed of the catalyst bed has an impact
on the decomposition progress in the catalyst bed.

In the literature survey it was identified that the impact of the design choices and opera-
tional conditions on the performance, would require extensive experimental tests. Sim-
ilar observations were made by Chiapetta et al [11], where past developments required
an empirical approach. Runckel et al investigated [12] three decomposition chambers
and seven different catalyst bed arrangements in an empirical approach for 98% HTP
decomposition. The drawback of this approach include the inability to not know if cor-
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rect choices are made, leading to changes in the test subject (catalyst bed) or operating
conditions. Numerous tests in an iterative manner are required to evaluate performance
and the design choices. If this empirical approach is selected, it would require exper-
iments with different catalyst bed sizes and at various operational conditions before a
suitable catalyst bed can be determined. This is a very costly process as test apparatus
are required to be developed, tests need to be performed and data to be assessed. In
addition to that time and labour are required to develop a test setup, test subjects and
perform test campaigns.

This shows the importance of modelling such complicated problems. In a development
process, a model helps to reduce cost, improve design choices, speed up the develop-
ment process and improve performance. A model could be used to gain insight to the
inner workings of the catalyst bed and identify the impact of the operational conditions.
This would serve as tool to obtain flow development data in the catalysts bed with HTP
and would allow one to obtain preliminary sizing dependent on the operative condi-
tions. Such model can be used to understand the flow development in HTP catalyst beds
and the impacts of operational conditions.

Previous modelling efforts in HTP decomposition were identified in the literature sur-
vey. Chiappetta et al[11] worked on a computational fluid dynamic model for a Silver
screen catalyst bed using FLUENT software. An inbuilt function was used to model the
pressure in porous media governed by Darcy’s law [13]. However, Darcy’s law is limited to
liquid flow in porous media. The decomposition is modelled (only in liquid phase) using
an Arrhenius rate equation with a linearly varying pre-exponent factor with the catalyst
bed surface to volume ratio. However, in the model the flow species are modelled as
fluids whose density is independent of the pressure and only dependent on tempera-
ture. Hence this approach is not able to investigate the impact of pressures on decom-
position. Similarly, Corpening et al[14] modelled thermal decomposition using Arrhe-
nius equation on a steady adiabatic flow with conservation of mass and energy. Their
work was focused on aft-injection of liquid Hydrogen peroxide to the down stream of
hot gases of a catalyst bed and deviates from decomposition in catalyst bed. Zhou & Hitt
[15] modelled a one dimensional flow of HTP in a Micro Electro Mechanical Systems
(MEMS) scale catalyst bed using Computational Fluid Dynamics (CFD) tool. The model
is based on conservation of mass, energy, momentum and species. The model uses the
local pressure and temperature of the flow, with this the flow phase for H,O and H,0,
are determined. The H,O and H,0O, were assumed to evaporate at the respective boil-
ing points. The thermal losses were accounted in the model. Zhou & Hitt identified that
the activation energy is an important parameter at the temperature at which thermal
decomposition is rapid. Their work showed an inverse relation to bed length and mass
flux. They identified that the absence of thermal decomposition in the upstream of the
catalyst bed caused a deviation between the results from the simulations and the exper-
iments. However, the critical length obtained from the model was not representative of
the actual lengths needed for the catalytic bed.

Pasini et al[10] developed a model suitable for predicting the flow conditions in catalyst
bed. The model was based on one dimensional axial flow in pellet based catalytic beds.
The model is based on Arrhenius equations along with Langmuir Isotherm adsorption
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and desorprtion kinetics for decomposition advancement. A steady and adiabatic flow
is assumed and the Ergun equation is employed for pressure modelling in pellet based
catalytic beds. Ergun equation is suitable for flows with Reynolds number typically be-
low 1000 [16]. This approach yields two ordinary differential equations for reacting flow
advancement in catalyst bed and pressure distribution. Pasini et al validated the model
with experimental data. The validation was limited to a graphical representation of flow
temperature at the downstream of the catalyst bed, within an operation pressure rang-
ing up to 20 bar. Limitations in validation results include the lack of massflow data and
accuracy of measured and simulated flow temperature data and their deviations. The
model tuning parameters were not given in the works of Pasini et al limiting the scope
of reproducing their work. Jung et al [17] replicated the model by Pasini et al model and
performed a comparison of the model to their own experimental data. Jung et al states
the tuning parameters used for their catalyst, this enables the comparison of the model
results to the results of Jung et al in the verification process. Similarly Jung et al validated
the simulated data against experimental data to show good agreements. Jung et al mea-
sured flow pressure and temperature at three locations of the catalyst bed. However the
validity of the model was limited to the comparison of experimental results to the sim-
ulated results (only three test data points are shown in comparison figures in their val-
idation process for each validated case). However, Jung et al showed that the approach
taken by Pasini et al produce good results, with limited validation. However there is a
fundamental deficiency in the modelling approach and that is the assumption that the
flow composed of two species to evaporates at a single rate (liquid mixture only has a
single evaporation fraction).

Pasini et al’'s model serves as interest of this thesis work, however some changes to the
model were implement, this includes changing the modelling to include two evaporat-
ing liquids instead of a single evaporation liquid and changes to the pressure model to
account two phase flow. Koopmans & Musker [18] validated a pressure model for flows
with Reynolds number > 103, the pressure model they utilised was based on the works of
Sorokin et al [19] and Tallmadge [20]. Sorokin et al used a two phase flow correlation en-
abling liquid, gas and two phase flow prediction, along with an extended form of the Er-
gun equation given by Tallmadge for a flow with high Reynolds number. This approach
on pressure drop modelling will be incorporated in the model. Modelling approaches
implemented in this work are later described in detail in this in Chapter 2. It was found
during the literature survey, that the activity of a catalyst with HTP is strongly dependent
on the type and the loading of active phase on the catalyst support. However, with the
scope of this research and limitation in catalyst characterisation techniques, reference
catalyst activity values for Manganese Oxides catalyst from literature will be used. The
catalyst activity values for the model were obtained from works of Jung et al [17] and will
be used in this work.

1.3. RESEARCH OBJECTIVE AND QUESTIONS

In the previous section, the problem of catalyst bed development was described. Par-
ticularly with lack of findings to support the influence of operational variables such as
pressure and massflow on existing HTP catalyst bed geometries. From the literature sur-
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vey performed it was identified that there is a need for an improved HTP decomposition
model for catalyst beds. The importance of decomposition flow modelling of a catalyst
bed is to bring insight about the flow development in the catalyst bed and to evaluate the
impacts of variable conditions. Operational parameters such as pressure, massflow and
HTP concentration has an influence on the flow development in catalyst beds. Hence it
needs to be assessed to know the required bed length to achieve the desired decomposi-
tion. Considering these findings, the research objective was formulated below:

Research Objective:

Make recommendations on pellet based catalytic bed length for High Test Peroxide decom-
position chambers by means of a High Test Peroxide decomposition model to determine
the flow development in the catalyst bed.

The research objective is formulated such that flow development in a catalyst bed can be
understood, impact of variables can be assessed and quantified in order realise the ge-
ometrical requirements of the catalyst bed. To achieve the research objective, research
questions were formulated. The research questions are further sub-divided to more spe-
cific questions to be answered in the course of the thesis.

In order to attain the research objective stated above, literature related to catalytic de-
composition of high test peroxide is reviewed and the research questions and sub ques-
tions are formulated as follows;

* RQ-1 What are factors that influences the pellet based catalyst bed length required
to achieve complete decomposition?

Conditions at which the catalyst bed operates impacts the performance of the catalyst
bed, irrespective of the type of catalyst selected. These conditions include operating
pressure, massflow and the concentration of Hydrogen Peroxide. These have an impact
on how the flow develops in a catalyst bed. Effects of varying pressure as an independent
variable shall be simulated with the model and the flow properties will be studied. This
will enable the determination of the impact and the quantification of the pressure on
the reaction progression in the catalyst bed. Increasing the massflow to the catalyst bed
results in increase mass flux, this is also known as bed loading (G). Hence the increase
of bed loading will result in changing the flow velocities and the penetration of HTP in
the catalyst bed. The model shall be used to vary the bed loading as a single variable
and assess the impact on the decomposition progress and catalyst bed length. Changing
the HTP concentration results into a change in flow temperature during decomposition.
In order to determine the impact of the feed concentration on flow development in the
catalyst bed varying flow concentration of HTP shall be evaluated utilising the model.
Hence varying these factors will result in a different distribution of decomposition along
the catalyst bed. The research question is divided to three sub questions such that im-
pact of these variables can be assessed individually.
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— RQ-1.1 What is the effect of increasing the bed-loading on the catalyst bed length
required for complete decomposition?

— RQ-1.2 What is the effect of changing HTP feed concentration on the catalyst bed
length ?

— RQ-1.3 What is the effect of increasing operating pressure on required catalyst
length ?

* RQ-2 Can the required length of a pellet based catalyst bed be determined by using
amodel ?

In order to answer the second research question, a model is developed and used to sim-
ulate a variation of operating conditions of a catalyst bed. The results were used to gain
insight to flow development in catalyst beds. The simulated cases were compared with
other existing model results to verify the model. In addition, experiments were per-
formed and the experimental data was used to compare to the simulation results to val-
idate the model. The research question is sub divided to three sub questions such that
model result analysis, verification and validation are addressed;

— RQ-2.1 Can the model represent an actual test case ?
- RQ-2.2 Can the model predict flow properties along a pellet based catalytic bed?

- RQ-2.3 Can the model be used for sizing a catalyst bed ?

The figure 1.6 shows how the research questions are addressed in the thesis. Firstly, the
model will be development and the simulations will be performed. Secondly, the first
research question and the associated sub-question will be researched. Thirdly, research
question and its sub questions will be researched along with model verification and val-
idation. Finally the objective will be met based on the outcomes of the first and second
research questions, using the results to conclude on the effectiveness of such tool and its
advantages and disadvantages.
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Figure 1.6: Thesis research question overview

1.4. THESIS STRUCTURE

The thesis structure is based on the approach taken to answer the thesis questions. This
work consists of eight Chapters. Chapter 2 shows the description and steps taken to de-
velop the model. In Chapter 3 model verification is reported, the results from literature
are compared to that simulated by this model. The chapters 4 & 5 describes the ex-
perimental setup and the test results obtained are discussed. Test results are compared
to the simulated results to validate the model in Chapter 7. The stimulated results on
varying operational conditions are discussed in Chapter 7. Finally, the conclusions and
recommendations on the work will be given in Chapter 8







DECOMPOSITION MODEL

In this chapter model development, implementation and application of the model are
described. The purpose of the model is to predict HTP flow development in catalyst bed
and investigate the effect of variables in decomposition of HTP in decomposition cham-
ber. From the results of the model, the impact of variables can be known, with better
understanding of process it is expected to give insight to the effects of key design param-
eters of the decomposition chamber. This chapter is divided to five section, where the
first three sections are on model development, the fourth section described the imple-
mentation of the developed model and the final section describes the application of the
model.

In order to bring clarity to the workings of the model and its implementation, the model
is divided to two segments. The two branches are known as the reactionmodel and
the pressuremodel. The reaction model and pressure models interact to complete the
modelling process. The reaction model accounts for the chemically decomposing two
phase flow of HTP. The reaction model is based on an similar approach to that given by
Pasini et al [10] on HTP decomposition modelling used for catalyst reactor parametric
design used in thrusters. Some fundamental changes are made in modelling of the flow,
as a flow composed of H,O, & H,O with different saturation properties instead of single
evaporating fluid.

The pressure model in the other hand accounts for viscous losses of the flow in cata-
lyst bed. By coupling the reaction model and pressure model the results can be used
to unravel the answer to the research questions. The pressure model is based uses the
approach given by Sorokin [19], this approach was validated by Koopmans et al [18] in
predicting pressure distributions in HTP catalyst bed thrusters.

13
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2.1. REACTION MODEL

The flow species are composed of Hydrogen Peroxide, Water and Oxygen. Depending
on the progress of reaction and the respective pressure and temperature the state of the
species is determined to be liquid or gas. The flow through out the catalyst bed is treated
as homogeneous distributed.

The flow rate is expressed as 71, this is a measure of flowing mass per unit time given in
units kgs~!. The flow rate can be expressed alternative in terms of moles, then the flow
rate is referred to as the molar flow-rate when expressed in moles. The molar flow rate
can be derived using the relation 2.1 where 7 is the number of moles and M is the molar
mass of species. The molar flow rate 7 is given in equation 2.2

n="""" mol @2.1)
-2 -

n= m [mols™!] 2.2)
= )

The HTP flowing into the catalyst bed has a massflow rate given in equation 2.3 and the
molar flow rate is given in equation 2.4, they both are expressed in terms of inlet flow
composition. Going from equation 2.3 to equation 2.4 the massflow terms of the species
is divided with respective molar mass. Note at the inlet conditions, it is assumed that
there is only H»O, and H,O flowing into the catalyst bed.

1 = o0, + o [kgs ™ 2.3)

1 = Aig,0, + AH,0 [mole/s] (2.4)

The concentration of HTP is given with respect to the weight ratio of Hydrogen Peroxide
to weight of the solution. The concentration of the solution Y is given in terms of weight
of Hydrogen peroxide Wi, 0, and weight of water Wy, o in the solution.

Y = % (2.5)
Wh,0, + Wh,0
The initial conditions given by i, this is the condition at which the flow is introduced
to the catalytic bed. Hence the initial concentration of the flow can be give in terms
Y (). In order to determine the initial concentration Y (i) it needs to be measured from
the solution, in the case of a model this serves as the model input. As the flow progress
through the catalytic bed the reaction advances from the starting state 0 to a completed
state 1. At the starting state the HTP is flowing in to the catalyst bed (feed), upon entering
to the catalyst bed the flow is exposed to catalyst and begins to react. When the reaction
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process is completed all Hydrogen peroxide have decomposed to H,O & O,. The flow
reaction progression or advancement in the catalytic bed will be denoted by §, where
is 0 at inlet and advances to 1 as the reaction is completed.

In the reacting flow, the species molar flow rate can be given in terms of the reaction
advancement as follows;

n(B) = n(Plu,0, + n(Bu,0 + n(Po, (2.6)

The initial molar rates n(i) of the flow at the start needs to taken in to account for com-
pleteness. Then the molar flow rate for an evolving flow can be given as follows for H>O>,
H,0,

fl(ﬁ)HzOz = fl(i)Hzog - ﬁ X fl(i)HZOZ (27)
1(B)u,0 = (i)u,0 + B x n(in,0, (2.8)
. .. 1 ..
i(B)o, = n(i)o, + Eﬁ x 1(i) 1,0, (2.9)

The initial flow consists of HTP which is composed of H,O, & H,O hence the molar flow
rate of Oxygen at start is 0. Hence, when implementing this in the equation 2.9 can be
re-written as follows ;

1
n(Po, = 5,3 x A(i)H,0, (2.10)

The inlet molar flow rate (initial condition) at which when HTP is introduced in the de-
composition chamber is denoted by 7(i). At the initial state the concentration of the
HTP of the solution is denoted by Y (i). The equations 2.7, 2.8 & 2.10 can be expressed as
in terms of the initial concentration and the massflow as follows;

Y(i)m

(Bu,0, = (1- ) Mo 2.11)
L V(i i
fl(ﬁ)Hgo=( MH(Z)MJF(‘G M(}?Zl 2.12)
1\ Y()r
(Blo, = (Eﬁ) M(:;” 2.13)
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The equations 2.11, 2.12 & 2.13 can be used to determine the molar flow rate at any point
of the reaction advancement. Hence the flow species can be established by these equa-
tions at any given progression of the reaction ( valid for reaction progression ranging
fromO0to1).

2.1.1. FLOW PHASE TRANSITION

In order to establish the flow phase transition, the approach taken by Pasini et al by us-
ing Daltons law of partial pressure is followed. However some changes to the approach
of Pasini et al are implemented in this work by identifying the H,O and H,0, as two
evaporating fluids. Whereas Pasini et al, identified the H,O and H,O to evaporate as a
single evaporating fluid. In order to determine the state of the species in the catalyst bed,
evaporation of the liquid phase needs to be accounted for. The evaporation of the liquids
are a consequence of decomposition of Hydrogen Peroxide. As the Hydrogen Peroxide
decomposes, the energy released from this exothermic decomposition causes the tem-
perature to increase and the fluids to evaporate. Once the bulk fluid temperature reaches
the boiling points of its composed species the fluid begins to undergo phase transition
from liquid to gas. This results in a two phase flow composed of liquid and gas. The
phase transition is given by evaporation fraction €, where the flow is fully liquid ate = 0
and flow is transformed to gas ate = 1.

Flow

1

1

1

1

1

I

Two Phase :
1

I

Liquid '
1

1

Figure 2.1: Flow transition in a catalytic bed

Using Dalton’s law of partial pressure, the pressure P of the gas mixture is denoted using
the partial pressure of the composition gases as shown in equation 2.14.

P = po, + PH,0, t PH,0 (2.14)

The partial pressure of the gases are given as a product of number of molar fraction of the
gas times the pressure of the gas mix. The evaporation fraction € needs to be accounted
for the evaporated liquid in the gas mix.

no,
nio, +€(m,0, + 1H,0)

po, = (2.15)

In the gaseous H,O; and H,O partial pressures are denoted as pn,0,&pH,0 shown in
equations 2.16 & 2.17, where p;(T) is the temperature dependent saturation pressure.
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lezOg
H,0, = Ps—H,0, (1) T——————— (2.16)
P 202 §—H202 nH202+nHZO
AiH,0
PH,0 = Ps—11,0(0) - - 2.17)

AiH,0, + AiH,0

Combining the equations 2.15, 2.16, 2.17 & 2.14 it is possible to express Dalton’s law in
terms two variables such as temperature and evaporation fractions. The substitutions
lead the following ;

o Ps_n,0(8) i, 0 + Ps-n,0, () iH,0
P=P . . 2 . + § 2 - 2 5 22 22 (218)
no, +€(fig,0, + 11,0) 1,0, + 1,0
n _H,0(8) iH,0 + Ps—1,0, () g
- : (073 . p= Ps-H,0 : 20 pS 202 202 (219)
o, + €(AH,0, + 1H,0) fiH,0, + 1H,0

From the right hand side of the equation 2.19 it can be seen that the sum of partial pres-
sure of H,O & H,O, can be denoted as the pressure due to the vapours of the respective
gases and their mole fractions. The vapour pressure is a function of temperature and the
local flow composition in the catalytic bed (p,(t, B)). The two cases where the evapora-
tion is complete is when € = 1 and at any point the liquid fraction is 1 —¢. The fundamen-
tal issue with this approach is that it assumes the liquid mixture composed of Hydrogen
Peroxide and water vaporises at the same rate as the reaction progressed. Implementing
equation 2.19 and 2.30 as shown by [10] in the model resulted in oscillatory behaviour.
The cause for the oscillatory behaviour was solving the energy balance 2.30 along with
the partial pressure equation 2.19. The oscillations begin to occur as lowest saturation
temperature is met, that is the saturation temperature of water. This results in oscillat-
ing evaporation fraction (¢) and temperature T. Hence the approach given by Pasini et
al [10] was re-evaluated.

By looking at the saturation curves of Hydrogen Peroxide and water in figure 2.2 it can be
seen that water vaporises before hydrogen peroxide. This is due to the difference in their
saturation pressures. To adjust for this, the approach of using two evaporation fraction
was adopted. Hence the flow is assessed as two fluid mediums of H,O & H»O, with their
respective properties.




18 2. DECOMPOSITION MODEL

140 T T T
—H20

120

100

80 r

60

Pressure [bar]

40

300 350 400 450 500 550 600
Saturation Temperature [K]

Figure 2.2: Saturation pressure and temperature of Hydrogen Peroxide and water

Pressure H,O Saturation temperature H;0, Saturation temperature

[bar] (K] (K]
10 453.1956 513.0525
30 507.3617 574.0351
60 548.8976 620.7779
100 583.9867 660.2533
130 603.7005 682.4267

Table 2.1: Saturation temperatures of liquid H»O2 and H»O at varying pressures

The evaporation fraction needs to be analysed for the two fluids separately. When mod-
elling the expression 2.19 proved erroneous. Therefore two new expressions were de-
rived using Dalton’s law and Raoult’s law. Equating the partial pressure of the species to
vapour pressure of the species times the mole fraction of the mixture. The fundamental
assumption that permits the derivation assumes that the vapour pressure is equal to the
saturation pressure, that means the liquid is continuously evaporating at a given tem-
perature to give a certain fraction of vapour.

The two new expression are shown as 2.23 & 2.24 by accounting two evaporating frac-
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tions for H,O & H,0; as €1 & €3 respectively. 2.23 & 2.24 are denoted in terms of tem-
perature dependent saturation functions. The saturation functions are obtained by the
works of Frolov & Kuznetsov [21], the saturation functions for HyO & H,O; are given in
equations 2.20 and 2.21 with the values tabulated in Table 2.2

T \1/8 8

Py = ( aHZO) - An,0 (2.20)
T \1/8 8

pSHgOz = (aHZO) _AH202 (2.21)

Parameter Value
Am,0 12.4575
An,0, 12.5302

am,o 3.4679x 1077
am,0, 3.7642 x 1077

Table 2.2: Parameters for saturation conditions of HoO & Ho 02

The two evaporation fractions €; & €1 are introduced to denote the evaporation of HyO &
H»05.In order to solve for the evaporation fraction it is assumed that the partial pressure
of a species of the flow is equivalent to the saturation pressure times the molar fraction of
the species form shown in 2.23 & 2.24. The expressions 2.23 & 2.24 are further simplified
2.25 & 2.26. These equations along with expressions for saturation pressures 2.20 & 2.21
are used to determine the state of the species.

1_ 7;102 P: PSHzO(t)lezo+P5H202(t)’;lH202 (2 22)
ho, + €2711,0, + €1711,0 11,0, + MH,0
P€1le20 _ Psto(T)leQO (2.23)
€1AH,0 + €271H,0, + 0,  NH,0, + BH,0
P€2 h’HZOZ _ PSHZOZ (T) anOz (2 24)
€111,0 + €211,0, + 7o, Aig,0, + H,0
nH,0, + H,0 , .
—————— — liH,0 | = €21H,0, *+ N0, (2.25)
Pg,0(T)/P
AH,0, + MH,0 . .
2| =———— — "m0, | = €17H,0 * 1O, (2.26)
Py, (TP
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2.1.2. ENTHALPY BALANCE

The enthalpy is denoted by the species, the state of the species and their temperature.
The primary assumption that holds the energy balance true, is that the flow is assumed
to be adiabatic. The flow is considered adiabatic with negligible viscous losses. The
assumption is formulated with adiabatic energy equation as follows;

f ph.dS=0 (2.27)
S

dn >h tant (2.28)
v— =0=>h=constan .
p dx

The enthalpy balance of the flow can be expressed in terms evaporation fractions (e;
% €,) and temperature T where the molar enthalpy of a species is denoted as h. The
enthalpy of each species is given in terms of heat of formation s and the product of
temperature and specific heat C,, which is denoted with a subscript H>O, H>0 or O,
for the respective species. At the inlet to catalyst bed the enthalpy can be calculated for
liquid H,0 and H,0, denoted by the subscript i in the enthalpy balance equations 2.30
& 2.31. The enthalpies of H,0, H,0, and O is given by h shown in equation 2.33, 2.34
& 2.35 respectively. The equation 2.30 shows the enthalpy balance for a single evapora-
tion medium, however it was described in section 2.1.1 that the evaporation of two fluid
medium needs to be considered.

The energy balance for a unified flow used by Pasini et al is shown in equation 2.30. Im-
plementing evaporating flow of two fluids with distinct evaporating conditions, with the
range of € = 0 to € = 1 where the flow goes from liquid to gas is given by expression2.31.
The left hand side of the enthalpy equation shows the enthalpy at inlet conditions de-
noted by subscript i of the catalyst bed, the right hands side of the equation can be used
to equate the enthalpy at any given point of the flow in the catalyst bed denoted by sub-
script n.

h;=h, (2.29)

(leZOhPEZO + thoz hH;Oz)i = (floz hO;(t) +€(hH20hH26(t) + lezOz thE)z(t))g)n + (2.30)

(1 =€) (7r1,0 i, 0 (1) + Firty0, Mty 0, (t))l)n
Revised energy balance implement with two evaporation fractions used in of this thesis;

(Pr,0 1,0 + 1111,0, PH,0,) ; = ("102 ho, (1) + €1 (71,0 hHgO(t))g + €2 (11,0, Mi1,0, (t))g)n +

(1 =€) (a0 hi,0(0) + (1 = €2) (+7im1,0, hiy0, (1)),
(2.31)
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The molar enthalpy in the flow is given by h

il:hf+Ah (2.32)

The change in enthalpy is denoted by A#, the internal energy used in the model is the
integral form with temperature dependent constant specific heat Cp, ,

T
hit,0 = Ry + fT Cpyyo(Ddt  [Jmol™'] (2.33)
R T
1,05 = Mo, + fT Cpyyo, (DAt [Jmol '] (2.34)
. T
ho, = hyy, + fT Cpo, (Ddt  [Jmol™'] (2.35)

The heats of formation values are obtained from the Chemistry WebBook database of
National Institute of Standards and Technology (NIST) [22]. The heats of formation at
standard conditions are used in the models with values as shown in the table 2.3. Note
that only required reference heat of formation values are tabulate, liquid oxygen is not
considered because the operative conditions does not facilitate the formation of liquid

oxygen (only gaseous oxygen).

Species  Heats of formation Units

H20 (1) -285.83 kKJmol~!
H20 (g) -241.83 kKJmol™!
H202 (1) -193.15 kJmol ™!
H202 () -136.11 kKJmol~!

02 (g) 0 kJmol ™!

Table 2.3: heat of formation values

The specific heat capacities for liquid H,O and gaseous H,0,, O, & Hy0O, are given in
polynomial form using the Shomate equation 2.36 [22]. Where ¢, is the temperature ¢ in
[K] divided by 1000. The coefficients for the respective species are tabulated in tables A.1

to A5

E e
Cp=A+Bix+Ct’ + D+ — | 12 = g Jmol 'K~ (2.36)

X

For liquid H, O, the specific heat capacity is obtained using the following form [23];
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Cp=A+BT+CT*+DT®>  [Jmol 'K (2.37)

The coefficients are tabulated in the appendix in table A.6. With the assumption of ideal
gas a constant specific heat is used in solving the energy balance.

The enthalpy balance equation 2.31 is used to identify the fractions of evaporation (gas
fractions) as a function of reaction progression  and temperature T. After evaporation is
complete (dry out point is reached), the flow is purely gaseous and the enthalpy balance
can be solved for the flow temperature with €; = 1, €2 = 1 and the local flow composition.

2.1.3. VOLUMETRIC FLOW RATE & CONCENTRATION

The volumetric flow rate is the rate at which the volume of a fluids flows through the cat-
alyst bed. The volumetric flow rate can be expressed in liquid volumetric flow rate V; and
gaseous volumetric flow rate Vg in equations 2.38 & 2.39. The operator that determine
volumetric flow between the two phases (gas and liquid) is the evaporation fraction. As
the flow evolves through the catalyst bed, the volumetric flow at any point of the reaction
can be expressed in terms of the molar flow rates and the density of the species.

) M, 1,0 M;
H,0, MIH, 0, +(1- EI)M [rn3 s_l] (2.38)

PH,0; PH,0

Vi=(1-¢€)

. Rt . . . 3 1
Vg = ? (I’lo2 +€1NH,0 t €2 nHZOz)) [m°s™ 7] (2.39)

The volumetric flow for liquid is given in equation 2.38 and the volumetric flow for gas
is given in equation 2.39. In order to determine the liquid volumetric flow, the density of
liquid H,O & H20- are computed at every point in the reaction as a function of temper-
ature using the equations 2.49 & 2.48. Furthermore the volume fraction is defined as the
ratio of phase volumetric flow rate to the total volumetric flow rate, shown in 2.40 and
2.41 for gaseous and liquid phases.

Vg 3.1
VFg = m3s71] (2.40)
Vi+ Vg
%
VE = —° m3s™1 (2.41)
Vi+ Vg

The volumetric flow rate can be used to calculate the superficial velocity of the flow. For
liquid and gas the superficial velocities are denoted by vs, and v, in equations 2.42 &
2.43 with A as cross sectional area of the catalyst bed.

_ Ve

v =—  ImsT (2.42)
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Vi

Vs =~

The concentration of flow can be expressed in terms of molar flow rate and volumetric

flow. The concentration is defined as the number of moles per unit volume, with units

molm~3. Concentration of the flow species is denoted by C with the subscript H,0,,
H,0 & O for the respective flow species which are shown in 2.44, 2.45 & 2.46.

[ms™1] (2.43)

fiH,0,

Ch,0, = Ty [molm ™3] (2.44)
g
legO -3
C == - molm 2.45
H,0 Vit Vg ( ] (2.45)
nOz -3
Co, = = - [molm™’] (2.46)
02 Vi+ Vg

2.1.4. FLOW DENSITY AND VISCOSITY

The density of the flow in the catalyst bed is determined by the number of moles of the
species, respective molar weight and the volume of the flow. In an evolving flow the
density at any given point in the catalyst bed can be denoted in terms of molar flow rate
and the volumetric flow, given in the expression 2.47. The molar flow rate of species are
functions of the reaction progression (f) given in equations 2.7 to 2.9

_ 7,0, Mi,0, + fi,0 Mo + fio, Mo,
Vi+ Vg

kgm ™3] (2.47)

The density of liquid H,0, and liquid H,O are given as functions of temperature. The
expression for H,O; is given by [24] shown in equation 2.48, where tgis the liquid tem-
perature in [K]

PH,0, = 1579 +0.07841, —0.00197¢5*  [kgm ™3] (2.48)

The water density is given by Kell formulation [25], where ?,, is the liquid temperature
in [°C] .

PH,0 = (999.83952 + 16.9451761,, — 7.9870401 x 10732 — 46.170461 x 10~%£3,

-3
]
~105.56302 x 1079 £, — 280.54253 x 10712 £3))/ (1 +16.897850 x 1073 1,,,)

[kgm

(2.49)
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Flow viscosity is an important parameter of the flow characteristics such as the Reynolds
number of the flow, which can be used to distinguish the flow type and determine the
pressure drop across the catalytic bed. The implementation of viscosity in the pressure
drop model is shown in section 2.3. The flow consists of multi species (H202, H,O & O5)
and in two states (liquid and gas). Since the available viscosity of Hydrogen peroxide -
Water solution are limited to high temperature ranges, individual viscosity of Water and
Hydrogen Peroxide are calculated in the model and the blended viscosity of the mix is
calculated using a simpler relation given by Bloomfield & Dewan [26] shown in equation
2.50.

The liquid viscosity is calculated by for the different species using following relations ;

ln(,umixl) = XH202 ln(quOz) + XHQO ln(,qu()) (250)

Where pi () is the liquid mixture viscosity, Xy,0,) & Xu,0() are the liquid mole frac-
tions of Hydrogen peroxide and Water respectively. The viscosity of the Hydrogen Perox-
ide is denoted by ug,0,(;) and the viscosity of the water denoted by p,0(;). The viscosity
functions implemented in the model for liquid species are given for Hydrogen peroxide
in equation 2.51 and Water in equation 2.52.

Hiyop(y = 10BITHCTEDTY 5 1077 pgg] (2.51)

The above regression relation is obtained for viscosity of liquid Hydrogen Peroxide valid
for temperature range from 273 K to 728 K with the following regression coefficients [23];

* A=-1.6150

o B=5.0380 x 102

C=3.5010x10"4
* D=-1.1680x10"6

For viscosity of liquid Water is shown in equation 2.52 valid for temperature range from
273 K to 643 K with regression coefficients as follows [27];

p=A108"T-9  [pag) (2.52)
© A=2414x10-5
« B=247.8
« C=140

Similarly for gaseous phase of the viscosity of each gas is calculated and then the mixture
viscosity is calculated using Graham’s viscosity model [28];
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Hmixg = XHy04 BH,04 + XH,y 0,4 HH,0,, + X0, 10, (2.53)

XH,0,4» XH,0, & Xo,, are the gaseous mole fractions of Hydrogen peroxide, water and
Oxygen. The mole fraction X; of any given species can be used to denote gas or liquid
mole fractions using expressions 2.54 & 2.55.

Xg =e€X; (2.54)

X, =(1-6X; (2.55)

The viscosity of gaseous Oxygen valid in the temperature range from 150K to 1500K is
given by equation 2.56 [23].

p=(A+BT+CT*)x1077  [Pas] (2.56)
o A=44.224
* B=0.562
¢+ C=-113x107*
Viscosity of gaseous Water is given in 2.57 valid for temperature range 150K to 1500 K
(23]
p=(A+BT+CT?) x1077  [Pas] (2.57)
The regressive coefficients used for gaseous water;
* A=-36.826
* B=0.429
e C=-162x10"5

Viscosity of gaseous Hydrogen Peroxide is given by equation 2.58 valid for temperature
range 373 K to 600 K with +2% accuracy [29]

p=(134+0.35(T -373) - 14) x 1077 [Pas] (2.58)

The above given relations for viscosity of each species in the flow are implemented in the
model. The viscosity relations are used to calculate the viscosity of evolving flow at bulk
fluid temperatures. Once the viscosity of species are calculated then they are combined
to identify the viscosity of the gas phase and the liquid phase of the flow. The viscosity
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values calculated are implemented in the pressure drop model to predict pressure losses
in flow through catalytic beds.

2.2. REACTION KINETICS

The reaction model is developed to capture the reaction kinetics in the model. The
flow is assumed to have a constant flow rate and the mass flux along the decomposi-
tion chamber is constant. The governing theories used in the model is continuity of the
flow, defined by the following equation;

fpv.dS:O (2.59)
N
% =0 (2.60)
Integrating 2.59 yields the following;
pv=G=constant (2.61)
=2 (2.62)
P

The massflow rate is established to be constant in a fixed cross section catalyst bed with
a constant mass flux 'G’. The mass flux in catalyst bed is also known as catalyst bed-
loading. With a homogeneous feed concentration of HTP, the mixture continuity can
be established with flow density density p and flow velocity v. The mixture continuity
relation can be used with the decomposition chamber cross-sectional area to calculate
the mass flux of the decomposition chamber 2.63

G= % [kg/sm?] 2.63)

The reaction model follows the approach used by Pasini et al, accounting for fast equi-
librium adsorption and first order finite rate desorption for H»O» decomposition on the
catalyst surface in one step. The catalytic decomposition process on the surface of a
catalyst can be described adsorption and desorption of species on the catalytic surface.
This shows that the adsorbed products on to the catalyst surface decomposes and are
desorbed. The molecules of H,0, adsorb to the solid catalyst surface with the rate con-
stants of adsorption k, and similarly desorption takes place with a rate constant k;. The
reaction rate constant is denoted by k. For H,O,, this process is shown as follows ;

Ky .
Ho0p +8 == S—H,0, == H,0 + } O
d
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The adsorption and desorption of H,0, on the catalyst surface is assumed to be in equi-
librium, hence the rate of adsorption equals the rate of desorption and it is described by
Langmuir isotherm [30] as follows;

ks CsN(1-0) == ks NO

k,CsN(1-0)=k;NO (2.64)

Using Langmuir isotherm it is assumed that the rate adsorption is limited to a single
adsorption layer, the surface of the catalyst is homogeneous. In the equation 2.2 Cy is
the molar concentration on the surface of the catalyst, NV is the number of active sites on
the catalyst surface and 6 is the relative occupancy/ fractional occupancy (this can be
seen as the fraction of the surface covered by has molecules). Solving equation 2.2 for
relative occupancy it can be written as follows;

K,C
9= 15 (2.65)
1+ chs

The equilibrium constant is given as Kj = k,/k,;. The equilibrium adsorption and first
order rate of desorption can be assumed in one step, this yields that k,<<k;. Hence
using expression for relative occupancy 2.65 and the Arrhenius equation, the reaction
rate can be expressed as follows ;

—Er
i =k NO = A,e( RT )N& (2.66)
1+ K;Cs

Equation 2.66 can be used to calculate the rate of reaction 7, the term E, is the activation
energy and A, is the Arrhenius pre-exponent. In the implementation of the Langmuir
isotherm, it is assumed that the Hydrogen Peroxide concentration on the catalyst surface
is the same as the concentration of the flow at a given point. In the model, rate of reaction
needs to be applied to obtain the reaction progress at each step of the flow. Hence the
specie continuity expression 2.67 is used. The continuity equation for the flow species
can be denoted as follows ;

d(Civ)zvﬁ
dx ~  dx

f CivdS :f () —u)rdv => = (U —u))f (2.67)
s 1%

Were u} & u; are stoichiometric coefficients of the products and reactants at a point of
reaction denoted by subscripti. The change in the flow composition is given by equation
2.68

. "_ 1
dni _ (ui ui)

ac = =
Vi+ Vg Vi+ Vg

dap (2.68)
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Hence the evolving flow in a catalyst bed can be expressed in terms of the rate of reaction
progress per unit length using 2.67 and 2.68. The equation 2.69 is an Odinary Differential
Equation (ODE) with initial value with condition $(0) = 0, this can be solved to identify
the length of the flow catalyst bed with respect to the reaction progress.

dg  Vi+V, B  KC
_ﬁ:um( RT)N# (2.69)

dx v 1+ K;C;

The Arrhenius pre-exponent denoted by A, is proportional to the specific surface a;
(catalyst surface per unit volume). The relation between Arhenius pre exponent and the
catalyst specific surface is given equation 2.70 by Jung et al [17]. The specific surface area
shown in equation 2.71 [16], this relation was used by Jung et al to allocate the Arrhenius
pre-exponent. The void fraction ¢ of the catalyst is given by equation 2.83

Ay = asAspecific (2.70)
6(1—

as = L) (2.71)
Dp

2.3. PRESSURE MODEL

In order to predict the pressure variation along the catalyst bed a pressure model is im-
plemented. The pressure model is used to capture the drop in pressure along the catalyst
bed due to viscous losses. The pressure model uses the flow properties of the reacting
flow in the catalyst bed to predict the pressure losses. The pressure drop model is based
on an extended form of Ergun equation which models the pressure drop over porous me-
dia. The extended Ergun equation proposed by Tallmadge [20] valid for greater Reynolds
range (0.1 < Re < 10°), will be used in this work rather than Ergun equation which is
valid for a lower range of Reynolds number (0.1 < Re < 10%) as shown by Tallmadge. Use
of the extended Ergun equation in HTP pellet catalyst beds to measure the pressure drop
of a two phase flow was demonstrated by Koopmans et al[31] and this approach is used
in this work. The friction factor f (also known as Darcy friction factor) for the Ergun
equation 2.72 and extended Ergun equation 2.73 are given as follows;

150 7
f = + = (2.72)
Nge 4
150 4.2
= —— (2.73)
f NRe NRel/G
v _DyG
Re (2.74)

T u1-9
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Hence the complete extended Ergun equation given by Tallmadge can be written as fol-
lows;

AP (150 42 \1-¢ G?
- = ) (2.75)

L~ \Nge Ng'®) (&) pD,

The pressure drop can be calculated using equation 2.75 for a single phase flow. How-
ever in decomposition chamber the HTP flow evolves from liquid at inlet conditions to
two phase flow (liquid and gas) and finally a gas phase. Sorokin [19] showed pressure
drop calculations of a two phase flow in pebble beds using Lockhart & Martinelli [32] ap-
proach which uses of the Chisholm constant [33] to correlate the two phases of the flow.
In order determine the pressure drop of the two phase flow the same approach shown
by Sorokin is adopted in this work. The pressure drop given by Lockhart & Martinelli [32]
gives pressure drop of two phase flow as function of single phase ( either gas or liquid)
and a two phase parameter ¥. The relation given by Lockhart & Martinelli for pressure
drop in a packed bed is as follows;

AP _(AP)
= ¥, (2.76)
L L),

In equation 2.76 the term « is the state of the flow (either liquid or gas). The term W is the
two phase parameter, this is denoted as a function dependent on Lockhart & Martinelli
parameter X. The Lockhart & Martinelli parameter is ratio of the liquid to gas pressure
drop.

i (AP) (AP)
X2=|—|I|— 2.77)
L)L,

The relation for the Lockhart & Martinelli parameter X and the two phase multiplier
Y for packed bed is related by the Chisholm constant given in equation 2.78 & 2.79 for
liquid and gas respectively[33].

‘P2—1+CC+1 (2.78)
P=27 X " xe :
Y2 =1+C.X+X* (2.79)

The Chisholm constant given by a ratio of permeability and passability of an homoge-
neous packed beds was obtained from Sorokin [19]. The Chisholm constant value de-
fines the type of two phase flow in packed a bed. Chisholm constant values and flow
types are tabulated in the table A.7.
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0.3
cc:( nge ) (2.80)
xGuDp

The permeability x & passability n of a homogeneous bed given by Crone et al [34] to
match Ergun equation, in this model ¥ & 7 are adapted to match the extended Ergun
equation.

150 (1 -¢&)>?
= 2.81
“Tp7 @ =8

7

42 (1-96
= Fe LT 2.82
7 D,é ()3 (2.82)

The permeability and the passability of the catalyst bed is dependent on two character-
istics of the catalyst bed, these are thew size of the pellets which is a function of the pellet
diameter D, and the void fraction ¢ of the catalyst bed. The void fraction of the bed is
the free volume available for the flow. The void fraction is strongly dependent on the size
and shape of the pellets used and the internal diameter of the decomposition chamber.
The average void fraction in packed bed can be approximated by the relation 2.83 given
by Bey & Eigenberger [35] as a function of chamber diameter D, and pellet diameter D,

DP
£=0375+034—F (2.83)

c

The relation for void fraction given by equation 2.83 is strictly for spherical pellets.

2.4. MODEL IMPLEMENTATION

The model was implemented using Matlab (version R2018a). The model implemented
is depicted with a simulation flow diagram 2.4. This gives s schematic overview of the
simulation process performed and the interaction of key parameters in the model. First
the condition are established in the model, these include operating parameters (pres-
sure and massflow) and inlet conditions of HTP to the catalyst bed (concentration &
feed temperature). The equations of the reaction model and the pressure model were
implemented in an iterative manner to find solutions for local pressure, temperature
and concentration of the flow. The flow moves in the direction from injector to the end
of the catalyst bed as depicted in figure 2.1, this is modelled until the catalytic reaction
is complete. A single model iteration, is a point of the reaction where the resulting tem-
perature is identified along with development of the species and their respective states.
Afterwards the pressure losses are calculated. In order to do this the model is discretized
to elements going from start of the reaction to end of reaction. This is know as reaction
progression parameter or the reaction advancement parameter §, the application of f is
shown in equations 2.6 to 2.13. The model is discretized linearly with reaction progres-
sion from 0 to 1. By using trial and error, the discretization to 100 elements was selected
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on the basis of time required for computation and the accuracy of the model results. The
figure 2.3 depicts the reaction along the catalyst bed, it was found at higher levels of dis-
cretization the bend length required is higher to achieve 100% decomposition. However
in order achieve 98% decomposition progress the required bed length converge to a sin-
gle value irrespective of the discretization, which is shown in table 2.4. When the model
is discretized with smaller windows (higher numbers) the impact of HTP concentration
and the rate of reaction causes the required bed length for decomposition to be higher.
In case of infinitely large discretization, means i the reacting flow as number of moles of
H,0, approaches 0 the catalyst bed length would be infinitely long. Hence considering a
98% reaction progress is sufficient as the error is 0.15% and the time taken per simulation
to generate flow conditions, a level 100 discretization was considered sufficient.

Discretizations Time Length at98% 3 Length at 100% £ [mm]
100 17.63 [mins] 32.75 41.93
1000 146.39 [mins] 32.79 55.73
10000 70.72 [hrs] 32.80 69.6

Table 2.4: Model results dependent on discretization

100
g 80
-
o
5 60
2
o
g 40
'*5 —S— 10000 Discretisations
& 20 —— 1000 Discretisations

100 Discretisations
0 L L L L L J

0 10 20 30 40 50 60 70
Catalyst bed length, [mm]

Figure 2.3: Reaction progression along the catalyst bed length and impact of discretization

At the start of the model, the inlet conditions are defined. These inlet conditions in-
cludes concentration of HTP used, temperature of the inlet flow, inlet pressure and the
massflow rate. First the reaction in the catalyst bed is modelled as a product of molar
flow rate and the variation of the molar flow rate is given with equations 2.12, 2.13, &
2.11. Once the molar flow rate is established, then the state of the flow is identified this is
done with coupling equations 2.25 & 2.26 with the enthalpy balance equation 2.31. The
flow in the catalyst bed is dissected to multiple cases as follows;

1. Pre-boiling region (from inlet till saturation conditions are met)
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2. Water boiling region (Where saturation conditions of H,O are met)

3. Hydrogen Peroxide evaporation region (Where saturation conditions of H>O; are
met)

4. Complete gas phase region

In the pre-boiling region equations 2.25 & 2.26 are solved to identify the evaporation
fractions of Hydrogen Peroxide and Water. The evaporation fractions are used to cal-
culate the temperature. The iterative process continues till the saturation conditions of
Water is met. When the water saturation conditions are met, the newly evolving H,O
from the reaction is assumed to evolve as gas. A fraction of gaseous molar flow rate of
H,O0 evolved can be determined using f as level of discretization, given in the equation
below;

ﬁHzOg (ﬁ) = leZOl (ﬁ) - ’:ZHZOI (ﬁ - ]-)

H,0, + NH,0,

€ -n =€1n + fig, + 1 2.84
2 Poo, (T)/P H,0, 11H,0, + N, + NH,0, (2.84)

In the water boiling region the equation 2.26 is rewritten as equation 2.84. Then equa-
tion 2.84 is solved with Enthalpy balance to identify the evaporation fractions. Once the
evaporation fraction of HyO reaches 1 then the boiling of water is determined complete.
Then the vaporisation process of H,O- is left, in this phase the equation 2.26 is solved
with the enthalpy balance with condition €; = 1, the equations are solved for the evapo-
ration fraction and the temperature. Once all the H,O, is evaporated (e2 = 1), then the
enthalpy balance can be solved strictly in gas phase to identify the flow temperature.
With each iteration the reaction advances, depending on the flow conditions, the tem-
perature and state (gas/liquid fractions) of the flow species are identified. With these
known parameters properties of the flow can be determined, these include the heat ca-
pacities 2.36 & 2.37, volumetric flow 2.38 & 2.39 and flow densities are calculated. Using
the volumetric flux the concentration of the flow is computed using the volumetric flow
rate and equations 2.45, 2.44 & 2.46. At this stage the differential equation 2.66 can be
solved to identify the axial position (x) of the catalyst pack with respect to the reaction
progression, this is done by numerically integrating the ODE. The solution results in a
reaction distribution along the catalyst bed which then can be used to determine the
characteristics of the flow (such as species, their state and temperature).

The properties of the evolving flow calculated in the reaction model are used in the pres-
sure model to determine the pressure distribution. The pressure model is implemented
to identify the pressure distribution along the catalyst bed. The pressure model first de-
termines if the flow is liquid, gas or both (two phase). Depending on the state of the
flow appropriate equations are implemented, for a single phase equation 2.75 is imple-
mented. Pressure drop due to the gas only flow and liquid only flow are computed using
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equation 2.75, this is used to determine the two phase multiplier. For the extended Er-
gun equation to be used, flow properties from the reaction model are required. These
include the volumetric flux, superficial velocities and the flow viscosity, with these prop-
erties the flow characteristics such as the Reynolds number are identified. However for
the two phase flow, equation 2.76 to 2.82 are implemented. Lockhart & Martinelli param-
eter is determined by using the relation given in equation 2.77. Then the flow permeabil-
ity and passability are determined with equation 2.81 & 2.82. These two parameters are
then used in the equation 2.80 to compute Chisholm constant, the type of flow is de-
termined by using the Chisholm constant. Then the two phase multiplier is calculated
using the Chisholm constant and the Lockhart & Martinelli parameter, afterwards the
pressure distribution can be calculated using the two phase pressure relation 2.76. The
extended Ergun equation used in the pressure model is an ODE with initial condition
P(0) = P;. In order to solve for the pressure distribution the equations are numerically
integrated over the bounds of the axial position obtained from the reaction model.
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2.5. MODEL APPLICATION

The purpose of this model is to predict the HTP flow development through the catalyst
bed and thereby determine the required catalyst bed length. However the application
of the model is not limited to determining flow development or catalyst bed length, it
can serve as essential tool or a step in design process of catalyst bed. The model results
are described in chapter 7, this shows the capability of the model to simulate results for
input variables and capture the impact on these variables and their interactions. This
enables to generate estimates for catalyst bed sizing and the operating conditions. In the
literature survey a design process for catalyst bed was developed depicted in figure C.3.
This design process was developed to give a rational approach in designing a catalyst bed
by considering the limiting factors understood during the literature survey. During this
thesis the design process was evaluated in order to apply the model in the process, shown
in Figure 2.5. Applying the model can help to translate the requirements to finalising
catalyst bed sizing parameters or operational parameters. This enables to realise the
design space by considering limiting factors and showing interactions between choices
of the model input parameters.

The first step to establish the operational needs, given by the requirements of the cat-
alyst bed. Parameters derived from the requirements may include HTP concentration,
massflow, operating pressures, type of catalyst and the catalyst bed diameter. These are
primary driving requirements of the design space, as far as catalyst bed functionality
is concerned. In the first segment of the process model inputs from requirements are
identified.The second segment of the process is defined by the model. The model trans-
late the input to outputs, which can be used to distinguish whether the requirements
are feasible with selected initial parameters. Some of the model outputs include the flow
properties such as temperatures, species and velocities, required catalyst bed length and
the pressure drop. If the requirements are met then the model outputs can be used to
finalise catalyst sizing or operational variables. However in case where model outputs
cannot satisfy the requirements, then the requirements need to be iterated till the fea-
sible design space is realised. An example of this case would be, if the model output
pressure drop over catalyst bed is too high, then appropriate requirements contributing
to this effect shall be reiterated, until a desirable outcome is realised.
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This model can be used as a tool to gain insight to how the flow develops in catalyst bed.
This enables understanding to how a given type of catalyst or operating conditions have
an impact on the flow properties along the catalyst bed. With the flow development
known, the required catalyst bed length is identified. The model can be used to pre-
dict flow properties such as temperature distribution along the catalyst bed and pressure
drop that can be used for performance optimisation. In addition to the design process
the model has multiple applications, and some of the key applications of the model in-
clude any process that required modelling of HTP decomposition. Such processes in
propulsion may include mono propellant thrusters, bi propellant thrusters or gas gen-
erators for turbines. However some other industries that the model or some aspects of
the model such as reacting flow through catalytic pellet beds can be used may include
chemical and nuclear industries.



MODEL VERIFICATION

In this chapter the model is verified with existing models. First, results from Pasini et al
are reproduced by simulating their input conditions using the developed model. Model
tuning was performed to match results to that of Pasini et al. Due to the limitation of
the data, only a graphical comparison was performed. However this enables to demon-
strate that the model functions as intended. Jung et al reproduced works of Pasini et al
and validated it with their own experiments, the simulation results of Jung et al are used
to verify the model developed. Comparisons are performed to quantify the differences
between model results of Jung et al and with the implemented changes in this model.

3.1. MODEL COMPARISON

First the model results were generated to match the given case in works of Pasini et al.
The purpose of this is to demonstrate that the model functions as expected and capa-
ble of demonstrating the expected trends. However some input parameters were first
needed to be determined, this enables to match the model data generated with rele-
vant catalytic parameters for the kinetics of the model. Once the relevant parameters
are obtained a simulation case was performed in the developed model. The parameters
implemented in the first simulation run are summarised in table 3.2. Here on ’'case 3’
refers to the simulation performed with input criteria summarised in table 3.2.

Tuning level K 1 a_{s} {A_f} * {N_s}
1 0.001 6.1367e+03  4.0870e+04
2 0.0001 6.1367e+03  2.9444e+05
3 0.00001 6.1367e+03  2.8253e+06
4 0.000001 6.1367e+03  2.8167e+07

Table 3.1: Tuning Parameters

37
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In order to perform a comparative graphical analysis with the case 3 model results and
the results of Pasini et al, the reaction progression, temperature and pressure distribu-
tion were plotted. The original graphical results by Pasini et al used in this analysis are
given in the Appendix in Figures B.3, B.4 & B.5. The Figures B.3, B.4 & B.5 were digitised
using WebPlotDigitizer [36]. Due to scaling of the given figures and large data points and
overlapping of data points in Figures B.3, B.4 & B.5, exact data points could not be deter-
mined, instead a single data point can only be read as a range. For instance at catalyst
bed length 20 mm the temperature range is from 415 [K] to 536[K] can be read from the
digitised data. The entire data range was captured for reaction progression, temperature
and pressure distribution. The digitised data were then plotted with the model data for
a graphical analysis, shown in Figures 3.4, 3.6 & 3.7. It can be seen that this model results
have been propagated till the reaction is complete, however data from Pasini et al is only
available until a bed length of 60 [mm].

3.1.1. TUNING

Since the model tuning parameters used by Pasini et al were not given in their work, ex-
cept for the activation energy, numerous tuning parameters were evaluated. The simu-
lations were checked for varying adsorption equilibrium constant from 0.01 to 0.000001
and maintaining the required Arrhenius pre-exponent with supporting parameters such
as the number of active sites per unit volume Nj, to match the reference reaction progress
0f 94.8 % at a catalyst bed length of 60 [mm)]. The effect of tuning parameters on the re-
action progression distribution along the catalyst bed are shown in the Figure 3.1. Along
with this the concentrations distribution was compared with the reference figures. Com-
paring the model results it supports that Pasini et al used a adsorption equilibrium val-
ues ranging from 0.001 [m®mol~'] to 0.000001 [m3 mol~!], these parameters are sensible
with the assumption of fast adsorption and finite rate desorption. The parameters listed
in table 3.1 were compared to find appropriate fit in terms of flow reaction progression
and concentration. The resulting concentration distribution of the flow at each tuning
values are shown in figure 3.2 & 3.3.
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Figure 3.3: Flow species concentration profiles for case 3 with tuning level 3 (a) & 4 (b)

By digitising the literature results and comparing them with the simulation results it was
possible to try variations on tuning parameters till good agreement in overall trends were
seen. The adsorption equilibrium value, number of active sites and the Arrhenius pre-
exponent showed an appropriate match to Pasini et al results are given in tuning level 3.
As seen from the graphical analysis given in Figure 3.1 to 3.3, the results by Pasini et al
are not specific enough to assess any deviation with regards to flow characteristics, but
sufficient to show model agreements in terms of reaction progression and concentration
trends along the bed length. Hence for comparison of the simulated data, tuning level 3
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is used.

3.1.2. MODEL TUNING AND COMPARISON

It was mentioned in the works of Pasini et al that at a chamber of design of L = 60mm,
the reaction progression f was 94.8% with a chamber temperature of 830 [K]. After per-
forming extensive simulations with different tuning parameters to reproduce Pasini et
al modelled conditions (shown in table 3.2), it was realised the best way forward was to
match the reaction progress with mentioned temperature. After performing the simula-
tion at feed temperature 298, 291, 288, 287, 286, 283 & 273 [K] with 85.7 % HTP, it was
identified that feed temperature of 286.15 [K] produced closest matching result of 832
[K] at 94.8% reaction progression. Once the feed temperature was selected, the tuning
parameters were matched to have 94.8% reaction progressions at 60 [mm] bed length, as
this was the only given data point. The simulations were performed with tuning level 3
values listed in table 3.1

Using Bey Eigenberger relation 2.83 an average void fraction of 0.3863 was computed
based on chamber diameter and pellet diameter. The two phase pressure distribution
was analysed and a pressure drop of 0.647 [bar] was realised at a catalyst bed length
of 60 [mm]. This is deviation 0.14 [bar] from Pasini et al modelled results and 0.03 bar
from their experimental results. The flow maximum Reynolds number was below 1000,
values are still within the bounds of validity of the Ergun equation [20]. It is important
to emphasise that this simulation was performed at lower mass flux rates and adapting
the Tallmadge equation in the pressure drop model is meant for higher flow Reynolds
number range. The simulated results show a better agreement to the given experimental
data of Pasini et al. Therefore difference in pressure drop of case 3 model results and that
of Pasini et al can be reasoned to the difference in the Darcy friction factor between the
Ergun equation (used by Pasini et al) and the Tallmadge equation (Used in this model).
The use of Lockhart-Martenlli-Chisholm relations in the two phase flow, adapts the flow
pressure gradient according to the local flow composition of the catalyst bed and the type
of the flow. The two phase flow type results in a viscous-turbulent interaction. In order
assess the difference between the pressure models, the Tallmadge equation along with
two phase flow adaption are reproduced in Figure 3.7 for the flow conditions mentioned
in table 3.2
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Experimental Results Model Results Model Results

by Pasini et al [10] by Pasini et al [10] case 3
Propellant 85.7% HTP 85.7% HTP 85.7% HTP
Pellet diameter 0.6 [mm] 0.6 [mm] 0.6 [mm]
Bed diameter 18 [mm] 18 [mm] 18 [mm]
Bed Length 60 [mm] 60 [mm] -
Inlet temperature Unknown Unknown 286.15 [K]
Operational Pressure 17.65 bar 17.65 bar 17.65 bar
Mass flow rate 4.84 [gs71] 4.84 [gs71] 4.84 [gs71]
Catalyst FC-LR-87 (Pt-Al203)  FC-LR-87 (Pt-Al203) FC-LR-87 (Pt-Al203)
Bed loading 19.02 [kg/sm?] 19.02 [kg/sm?] 19.02 [kg/sm?]
Reaction advancement - 94.8% (L=60mm) 94.8 % (L=60mm)
Temperature (L=60mm) 831 [K] 830 [K] 832 [K]
Pressure loss 0.65 bar 0.63 bar 0.647 bar

Table 3.2: Comparison table of data generated from the model and data from Pasini et al
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Figure 3.4: Comparison of reaction progression results over the catalyst bed length (case 3)

In Figure 3.4 the reaction progression over the catalyst bed length is shown, the model
data shows to have an overall similar trend as the data from Pasini et al. However it is
notable that there is a difference from the literature data at least until the first 5 [mm)]
into the catalyst bed. This deviation can be seen in the flow concentration distribution
in Figure 3.5. This initial deviation from literature data can be primarily explained by
the fact that the Pasini et al model is based on using a single evaporation fraction for
both Hydrogen Peroxide and Water. In the literature data it can be seen that the satu-
ration conditions for the homogeneous evaporation was in between 415 [K] to 536 [K]
(average to 475.2 [K]). In this model the saturation temperatures at the pressure (18.3
[bar] ) is 481.40 [K] for Water and 544.81 [K] for Hydrogen Peroxide. Hence assuming a
unified evaporation with a saturation temperature of 475.2 [K] it would yield a greater
gas fraction than identified by the model. As a result of higher gas fraction due to va-
porisation, this will result in a lager volumetric flow rate than computed by this model,
hence the overall Hydrogen Peroxide concentration [molm™~3] will be lower. Therefore
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the results form Pasini et al show a lower concentration of Hydrogen Peroxide than the
simulated results. The gas fractions of the simulated flow are shown in the Appendix
B Figures B.6 & B.7. The evaporation profile in Figure B.7 shows that H,O evaporation
completes at 19 [mm] and H,O, evaporation completes at 34.7 [mm]. Another deviation
that is notable in the 19 to 34 [mm)] of length into the catalyst bed, the deviations can
be seen in Figures 3.4 & 3.5. Since the gas fraction of Pasini et al’s work is not given, it
is not possible to identify the exact location of the catalyst bed where evaporation starts
and dry out conditions are met. The deviation between the model and the Pasini et al
results can be reasoned to the difference of flow evaporation between the two models.
The model results capture the mechanism after dry out condition of H,O is met, it shows
that the flow temperature rises as H,O, progress to decomposes. At 19.91 [mm] of cat-
alyst bed length, the dry out conditions of H,O is reached and all the H,O is in gaseous
state. There on the H,O, progresses to decompose resulting in a flow temperature rise,
when the reaction has progressed to 34.7 [mm] catalyst bed length (the majority of the
H,0; has reacted, up to 77% reaction progression) the flow dry out condition of H»O; is
reached (this point onward, the flow is purely gaseous). The rise in temperature between
19 to 34.7 [mm] of bed length causes the volumetric flow rate to be greater than that of
Pasini et al, due to the relation shown in equations 2.38 & 2.39. Hence Pasini et al’s re-
sults in higher concentration than yielded by the model results (the concentration of the
flow is inversely proportional to the volume of the flow). Further down the catalyst bed
the results converge as expected in the gas phases. The primary difference between this
model and works of Pasini et al are in the two phase region, this can be reasoned due to
difference in approach of modelling the flow gas fractions in the two phase region.
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Figure 3.5: Comparison of Hydrogen Peroxide concentrations over the catalyst bed length (case 3)
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Figure 3.7: Comparison of pressure distribution results over the catalyst bed length (case 3)

The pressure distribution over the catalyst bed is shown in Figure 3.7, the pressure dis-
tributions shows good agreement between the model generated results and the results
Pasini et al. The literature results was based on the Ergun equation for a single phase
flow. The model results are based on a Tallmadge relation (extended Ergun equation)
with two phase flow correlations. Due to the scaling of the literature data plots, the ex-
act data points of the distribution cannot be read accurately, however it is notable that
there are slight deviations in pressure distribution in the data sets. In the two phase re-
gion of the catalyst bed ( L < 34.7 mm), the model shows a lower pressure drop. The
majority contribution of the overall pressure drop is in the gas phase region. The pres-
sure losses are given in the Table B.1. Since the pressure losses were explicitly mentioned
in literature (both simulated and experimental values), the deviations of pressure losses
with respect to experimental values and Pasini et al’s model are calculated and tabu-
lated. The model generated results has a 2.61% (3.08% - 0.467%) better agreement to the
given experimental result than that of Pasini et al model. Looking at the reaction profile
and concentration profile in Figures 3.4 & 3.5, it is evident that overall flow characteris-
tics between this model and Pasini et al’s model are different in the two phase region.
Similarly the pressure distributions show deviations in the two phase region. The model
shows less steep gradient on the pressure distribution curve in the two phase region (for
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all L < 34.7).The pressure loss is shown in Figure 3.8. The pressure loss due to two phase
flow experienced up to catalyst bed length of 34.7 [mm] is 0.256 [bar] (this is 40% of the
total predicted pressure loss of 0.66 [bar]). Predominant contribution to the pressure
losses is from the gas only phase region which is 0.374 [bar] (this comes to 59.36% of the
pressure losses). However as seen from figure 3.8 for a longer catalyst bed than 60 [mm],
the gas phase contribution to the pressure losses becomes more prominent.
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Figure 3.8: Pressure loss over the catalyst bed length (case 3)

Irrespective of the good agreement in pressure distribution and pressure drop between
the modelled case 3 results and results of Pasini et al, the flow properties such as the
gas fraction and temperature does show deviation, particularly in the two phase regions.
This can be due to the fundamental assumption, that is the difference of modelling the
flow with a single evaporating fluid rather than two evaporating fluids. Since Pasini et al
applied the Ergun relation in their work, using the case 3 inputs, the pressure drop was
compared between the two phase Tallmadge relation to Ergun equation (without two
phase correlations) this is shown in figure 3.9. However the results yielded from this at-
tempt was (18.46% higher than experimental result) 22.22% higher than their simulated
results. The Ergun equation predicts a much higher pressure drop over the catalyst bed
0.77 [bar] at 60 [mm]. The same observations were made between the Ergun relation and
Tallmadge relations (Ergun relation producing a higher pressure drop than Tallmadge re-
lation in packed beds) by Koopmans et al [18] and Brunner et al [37]. Hence it is evident
that the difference in propagated flow properties contribute to the deviation of Pasini et
al results to the results of this work.
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Figure 3.9: Pressure loss comparison between simulated Tallmadge relation and Ergun relation for (case 3)

With the lack of exact tuning parameters, model input conditions (feed temperature)
and readable results by Pasini et al limits the verification process. Therefore, the model
verification in this case was limited to a graphical comparison, this show that the model
produce similar results and trends. But its not possible to assess exact deviation between
the two model results. The pressure drop predicted by this model in this single case
has a good agreement with Pasini et al’s results (also agrees well with experimental data
with 3 % difference). However, further verification of the model is required to assess the
differences and identify is these differences are acceptable.

3.2. FURTHER MODEL COMPARISON

In order to further verify the model data is compared to the works of Jung et al. The sim-
ulations by Jung et al demonstrated the temperature and pressure distributions over the
catalytic bed for varying input conditions. This data enables further level of verification
by quantifying the difference between the two models.

Jung et al performed simulations based on Manganese Oxide(s) MnO,, catalyst. The
properties of the catalyst geometry and the conditions of the HTP are tabulated in Table
3.3. The inlet conditions for the simulations such as the inlet pressure and the inlet tem-
perature is taken from the results given by Jung et al. The inlet temperature of 296.15 Kis
set for the simulations and the pressure is varied depending on the simulation case. The
shape of the catalyst is not explicitly stated by Jung et al, but size is stated as ranging from
1.18 to 2 [mm]. However for this analysis its assumed that the shape is spherical (based
on the Ergun pressure drop model used by Jung et al) with average pellet diameter of 1.59
[mm]. Their work states the catalyst properties used in simulations, the values are tabu-
lated in Table 3.3. Some parameters given by Jung et al lacks the units, these are missing
for the adsorption equilibrium constant and the number active sites per unit volume.
These parameter values were given as K; =1 & N = 1. Though the units are not stated
in the works of Jung et al, there is a possibility that their work used reaction progression
gradient with respect to [mm)] instead of [m], this would yield units [mols~!mm~!]. Sim-
ilarly the concentration calculated in [mole/]] instead of units [molm™3] therefore the
adsorption equilibrium constant is possibly given in [Imol~!] instead of [m®mol~!]. By
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performing numerous simulation with varying tuning parameters given Jung et al ( since
units were not given), it was concluded that the parameters given were disproportionate
and the units were revised for aforementioned parameters. This resulted in K3 = 0.001
[m®mol~!] and N, = 1000 [m~2], which gives good agreements with the results of Jung
et al. The parameters used in model setting are tabulated in Table 3.3, these parameters
were fixed for the simulation of case 4, 5, 7, 8 and 10. For cases 9 & 11 the pellet diam-
eter used was different and listed in 3.4. Case 6 was the only situation where the tuning
parameters did show agreement. The simulation cases are summarised in table 3.4 with
relevant input parameters.

Parameter Unit Value

Ep, Jmol™!] 15000

K m3mol~!]  0.001

N, [m~3] 1000
Aspecific - 21.9934

Table 3.3: Parameters used for model setting

Massflow Inlet Pressure Inlet Temperature Catalyst pellet diameter Catalyst bed diameter

HIP " igrs] barl K] (mm] {mm]
Case 4 (standard) 90 % 67 25.3 296 1.59 29
Case 5 90 % 33.5 14 296 1.59 29
Case 6 90 % 93.8 31.8 296 1.59 29
Case 7 80% 67 19.8 296 1.59 29
Case 8 95 % 67 28 296 1.59 29
Case 9 90 % 67 18.5 296 2.59 29
Case 10 90 % 67 30.8 296 1.095 29
Case 11 90 % 67 12.7 296 1.59 45.8

Table 3.4: Simulated cases and their input parameters

The simulated cases are compared with the results of Jung et al, these results include
model generated and experimental results of pressure distribution along the catalyst bed
and temperature distributions. The results of the aforementioned cases are shown in
Figures 3.10 and 3.11. The primary difference between the model results and the results
of Jung et al, is that their results are propagated up until the end of the catalytic bed
whilst the model results simulated until the reaction is complete. In each case, the inlet
conditions are varied in HTP concentration, massflow, pressure or pellet diameter. Case
4 is defined as the standard/control case and other cases from 5 to 11 haeve at least one
change in the aforementioned variables when compared to case 4. The Figures 3.10a to
Figure 3.11d depict temperature distribution of the flow over the length of the catalyst
bed simulated by the model along with the results of Jung et al.
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Figure 3.10: Flow temperature over the catalyst bed for case 4 to 7
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Figure 3.11: Flow temperature over the catalyst bed for case 8 to 11

In the standard case 4, the simulation results show relative good agreement with the re-
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sults of Jung et al. The notable primary difference when compared to Jung et al results is
the heating of flow after the dry point of H,O is reached. In the model dry out point of
Hyp is reached at a catalyst bed length of 4.7 [mm] and H,O, dry out point is reached at
6.6 [mm)]. Jung et al model results show a flow dry out point of 6.2 [mm]. This results in a
6% error when compared to the H»O; dry out point of the model. This error is compared
with the total design length of Jung et al catalyst bed (29 [mm]) and results in a error of
1.38%. However the impact of assuming H,O, & H,O to have a single evaporation profile
can be seen in the results Jung et al. From the model results it can be seen that after dry
out of H,O the flow increases in temperature until H, O is evaporated, this increment in
temperature cause reaction to progress faster than shown by Jung et al. The model gen-
erated results shows that 98% of the reaction is completed at length 12.86 [mm], Jung et
al results reach 98% reaction completion at a catalyst bed length 14.55 [mm)]. Due to the
difference of the adiabatic temperatures between the two models, 98% reaction progres-
sion temperature for the model is at 1002 kelvin and for Jung et al, its estimated at 999.6
[K]. The difference in the two model requires greater length for Jung et al’s model com-
pared with respect to the results of this model with a bed length discrepancy of 11.61%
to reach 98% of reaction progress. This difference when compared to the length of the
Jung et al experimental catalyst bed (29 [mm]) using equation 3.2 results in 6.55% . The
lower adiabatic temperature shown by Jung et al results are recurring in all cases from
4 to 11, therefore this affect is addressed later in this section, with an overview given in

Table 3.5.
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Unlike the other comparison cases, case 6 shows significant deviation. In Figure 3.10c
the simulated results show a faster decomposition than the results of Jung et al. The
exact cause of the discrepancy is not known. After thoroughly investigating all cases it
was not possible to find the cause of such deviation. However it can be seen with the
tuning parameters given in Table 3.3 match well with all other cases except for case 6. It
is possible that Jung et al provided case 6 data with different tuning provided the input
conditions are true as given. Hence the tuning parameters were used to adapt and the
case 6 was re-simulated and results shown in Figure 3.12.

In the model generated results the saturation condition of H,O is met at 3.5 [mm] and
Jung et al’s results meets saturation condition at 5.3 [mm], this results in a 34% deviation
compared to Jung et al results. In an attempt to produce matching results the tuning pa-
rameters Ay or Ng is reduced by 34% (reducing either of the two parameters has the same
effect as the product of these values are implemented in the reaction rate equation), this
produce good agreements with Jung et al results as shown in figures 3.12.After adjusting
the tuning on case 6, temperature distribution in Figure 3.12 is used to determine the dif-
ference in between the model results and Jung et al simulated results. The model results
shows that 98% of the reaction is achieved at a catalyst bed length of 22.63 [mm], Jung
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Figure 3.12: Temperature distribution over the catalyst bed (case 6 with revised tuning)

et al results reach 98% reaction progress at a catalyst bed length 25.60 [mm]. Due to the
difference of the adiabatic temperatures between the two models, 98% reaction progres-
sion temperature for the model is at 1002 kelvin and for Jung et al, its estimated at 999.6
[K] The difference in the two model requires greater length for Jung et al's model com-
pared compared to the results of this model (11.60%). This difference when evaluated to
the length of the Jung et al catalyst bed (29 [mm)]) results in 10.44% difference.

The catalyst bed length required to achieve 98% decomposition completion for all cases
are tabulated in table 3.5, this includes results from the model and Jung et al along with
deviation between them. Hence the length required to achieve 98% reaction progression
is consistently smaller than that predicted by Jung et al. The model consistently showed
in all cases that the length required for decomposition is less than that that predicted by
Jung et al.

f=98%Model p=98%Jungetal Deviation Deviation

[mm] [mm] Oexp [%] o [%]

Case 4 12.86 14.55 6.55% 11.61%

Case 5 10.93 12.85 6..62% 14.94%

Case 6 (corrected) 22.63 25.60 10.44% 11.60%
Case 7 22.63 23.61 3.34% 4.15%

Case 8 11.12 11.73 2.07% 5.08%

Case 9 23.54 27.30 12.97% 13.77%

Case 10 7.46 8.36 3.10% 10.36%
Case 11 9.51 10.74 3.72% 11.45%

Table 3.5: Results comparison table

In the comparison between the results it can be seen, the difference in results are pri-
marily due to the difference in evaporation of the fluid flow. Works of Jung et al consid-
ers H>O and H,0, as single evaporating fluid, same as in the works of Pasini et al, this
shows a unified saturation condition for both fluids (a horizontal plateau in the temper-
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ature distribution). In this work, H,O and H, 05 in the flow were considered as two fluids
with their own saturation conditions. Hence after complete phase transition of H,O, the
temperature rises, at this point of the reaction majority of the H»O, has decomposed
and the remaining H,O, vaporises at a faster rate as energy from the reaction is utilised
to change phase and increase temperature. This increase in flow temperature causes the
reaction rate to be higher than that of Jung et al. Hence the results of this work shows
that complete decomposition is achieved at a shorter bed length than that predicted by
Jung et al. Good agreements of the results are shown in Figures 3.10 & 3.11 except case 6.
The model consistently shows that shorter bed length than predicted by Jung et al with
deviations ranging from 5.08% to 14.94%.

Case Taa I\I/<Iodel Taa Iu;(lg etal A I:I;”d Difference WRT T,,; Model
4 1033 1019 14 1.355 %
5 1033 1019 14 1.355 %
7 787.3 768.9 (max achieved) 18.4 2.337%
8 1156 1144 12 1.055 %

Table 3.6: Adiabatic temperatures achieve by model compared with Jung et al

The adiabatic temperature reached in this model is slightly higher than that of Jung et
al, this difference is recurring in all the cases. The adiabatic temperatures reached by the
model are tabulated along with values of Jung et el in Table 3.6 for the cases with differ-
ent feed HTP concentrations (cases 4,5,6,9,10 & 11 have the same HTP concentrations).
The cause of the difference can be reasoned due to the specific heat values of the species
that are used to calculate the enthalpy. Another reason could be the inlet temperature
used by Jung et al is lower than in used in this model. From the data given by Jung et al it
can be seen that the inlet flow temperature to be in the range of 293 to 296. Simulation
was performed using case 4 conditions with inlet temperature of 293 [K] this resulted in
adiabatic temperature of 1029 [K], at 296 [K] feed temperature the adiabatic tempera-
ture reached is 1033 [K]. Hence primary contribution to the difference between the two
model can be related to the specific heat values, in this model the specific heat values
of the species are evaluated based on the species, its state and temperature shown in
equation 2.37. The resulting enthalpy determine using an integral form 2.34. A probable
cause for the difference could be related to the difference in species specific heat val-
ues. Considering Jung et al has not provided the specific heat relations or any enthalpy
relations used for the species, it limits the capability to further assess this discrepancy.
However it is possible that a constant specific heat value for each species was employed
in their work, instead of a value dependent on the flow conditions.

Similarly for all the cases the flow pressure distribution are shown in Figure 3.13 & 3.14.
The flow pressures from the model prior to extending the flow to complete catalyst bed
length are given in the Appendix Figures B.9 & B.10.
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Figure 3.13: Pressure distribution over the catalyst bed for case 4 to 7



3.2. FURTHER

MODEL COMPARISON 55

N
o

n
=

Pressure, [bar]

IN]
w

Jung et al simulated
Jung et al experimental
Extended Model results

22

(a) Pressure distribution over the catalyst bed (case 8 extended to catalyst bed length of 29 [mm])

5 10 15 20 25
Catalyst bed length, [mm]

30

185 =
18
=175
®©
2
- A7
<
@ 165 °
w
< -
o 16 Jung et al simulated
® Jung et al experimental
1551 Model results
15 1 Il Il Il Il 1
5 10 15 20 25 30
Catalyst bed length, [mm]
(b) Pressure distribution over the catalyst bed (case 9)
32
30
T
228
g
3
B 26
< .
o Jung et al simulated
24 -| ® Jung et al experimental
Extended Model results
22 1 L L L L ° 1
0 5 10 15 20 25 30
Catalyst bed length, [mm]
(c) Pressure distribution over the catalyst bed (case 10 extended)
13
5
E=3
g
3
o
w
< "
o 115 Jung et al simulated o
® Jung et al experimental °
Extended Model results ye i
11k 1 I I I 1 1O |
0 5 10 15 20 25 30 35

Catalyst bed length, [mm]

(d) Pressure distribution over the catalyst bed (case 11 extended)

Figure 3.14: Flow temperature over the catalyst bed for case 8 to 11

The pressure distribution of case 4 as shown in Figure 3.15 is only till 15.9 [mm] of the
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length of the catalyst bed resulting in a pressure drop of 0.83 [bar], in this region the
results of this model match experimental results of Jung et al better. Jung et al records
a higher pressure drop of 1.64 [bar] at bed length of 15.9 [mm]. These results are ex-
pected as Jung et al used the Ergun relations, as shown in Figure 3.9, which predicts
a higher pressure drop than this model. However the model results have good agree-
ment for 2 out of 3 data points of Jung et al’s experimental results. The flow Reynolds
number exceed 10000 between 2.6 [mm] and 7.5[mm] after which the Reynolds number
approaches 6000. Towards the end of the catalyst pack there is a significant deviation
in pressure drop between the predicted and the experimental data. Key pressure values
that enable comparisons of the two models are tabulated in table 3.7. The pressure dis-
tribution is extended using adiabatic flow conditions is depicted in Figure 3.16, in which
the pressure distribution is extended to 29 [mm] of the catalyst bed length. The pressure
deviation between the model and the results of Jung et al is calculated based on equation
3.3 and is shown in figure 3.17. Compared to the extended pressure curve, it can be seen
from table 3.7 Jung et al simulated results match closely with their experimental results.
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Figure 3.15: Pressure distribution over the catalyst bed (case 4)
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Figure 3.16: Pressure distribution over the catalyst bed (case 4 extended to catalyst bed length of 29 [mm])
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Figure 3.17: Pressure deviation between model results and Jung et al simulated results (case 4 extended to
catalyst bed length of 29 [mm)])

The overall pressure drop percentage with respect to the feed pressure was calculated.
The model results have overall 8.58% pressure drop at end of the catalyst bed while Jung
et al results shows an overall 17.0% pressure drop at end of the catalyst bed. These assess-
ments shows that the Ergun relations used for pressure drop used by Jung et al predicts a
more overall better agreements, however in up to 15 [mm] of the catalyst bed length the
model results show better agreement with Jung et al experimental results. Hence the adi-
abatic extension shown in figure 3.16, does not adequately represent the pressure drop
in this case. In addition to the deviation between the Ergun and Tallmadge relations,
there is a difference in adiabatic temperatures, between the this model and work of Jung
etal.

Catalys.t bed Model Jung et al simulated Jung et al experimental
Location

[bar] [bar] [bar]

(mm]

1.13 25.3 25.34 25.33

14.68 24.55 23.91 24.47

27.4 23.29 21.44 20.18

29 23.13 (Extened) 21.09 -

Table 3.7: Key pressure values (case 4)

In all cases it can be seen that the model consistently predicts a lower overall pressure
drop than that of Jung et al. The differences of the two models are given in Figures 3.13
to 3.14. The deviation of the pressure distribution between the model and Jung et al re-
sults are shown in Figures B.11 to B.18 in Appendix B. Similarly the pressure reading are
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tabulated in Tables B.2 to B.9 in Appendix B. The pressure drop over the catalyst bed and
deviation between the two models are tabulated in table 3.8. In all cases from 4 to 10,
the first two experimental data points by Jung et al agrees with this model data, this is
possibly due to higher Reynolds number of the flow along with the use of the two phase
correlation implemented in this model which is not implemented in the works Jung et
al. In case 11 particularly, the flow Reynolds number is lower than other cases, due to
the lower massflow and shows higher deviation. Hence a better agreement is expected
with Ergun equations used by Jung et al. It can be clearly seen that the overall pressure
drop predicted by the model is less than that of the predicted by Jung et al. It was also es-
tablished that the flow temperature between the two model show deviations, hence the
flow properties contributing to the pressure distribution shows deviations. The pressure
deviations between the two models ranges from 5.55% to 12.18% in all 8 compared cases
with an average deviation of 8.82%. In all cases the deviations between the two mod-
els are significant as the flow approaches the end of the catalyst bed shown in Figures
3.17 to B.18. This is expected due to difference in friction factors implemented in the
two models (with this model implementing Tallmadge approach and Jung et al using Er-
gun relations). From this analysis it can be seen consistently, that the model produces a
lower pressure drop over the catalyst bed than that of Jung et al. Hence the difference be-
tween the two models were identified and the difference in pressure distributions of the
two models were quantified. From the verification process it was seen that the results
between the two models matched by showing a similar trend but showed differences in
the magnitude of pressure differences. Contributing to this affect, the water saturation
location and the dry out locations are reached earlier in Jung et al results than predicted
by the model. This means that the gas development occurs slightly earlier and adds to
the overall pressure drop.

APpodel  APjungetal Op

[bar] [bar] (%]
Case 4 2.17 4.21 9.66%
Case 5 1.19 2.05 7.23%
Case 6 2.98 4.92 9.68%
Case 7 1.62 3.6 11.62%
Case 8 2.32 4.14 7.59%
Case 9 1.47 2.97 10.01%
Case 10 3.32 6.28 12.18%
Case 11 1.13 1.74 5.55%

Table 3.8: Overall pressure drop and flow pressure difference of the two models

3.3. VERIFICATION OVERVIEW

In order to verify the model, the model was compared to model results of Pasini et al
and Jung et al. In both comparison cases the model shows good agreement. In order to
verify the results with that of Pasini et al the model was tuned to identify the unknowns.
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The tuned parameters were used along with the given inputs, to simulate and compare
the results. Due to quality of the data given by Pasini et al the flow temperature, con-
centration and pressure were compared graphically showing good agreements and sim-
ilar trends. However to further validate the model, it was compared with the results of
Jung et al. A total of 8 cases were compared with 7 of the cases showing good agree-
ment. In the compared cases the catalyst bed length required for 98% reaction progres-
sions showed consistently that model required a shorter bed length ranging from 4.15%
to 14.94% shorter length than that of Jung et al. The difference in the two models was
reasoned due to the variation of flow evaporation implemented. Similarly the adiabatic
temperatures reached by the two models were compared for cases with varying feed con-
centration, this show that the model produced adiabatic temperatures (1.06% - 2.34%)
higher than that of Jung et al. This shows that the specific heat values used in the two
models are possibly different. The pressure distribution between the model and Jung et
al when compared showed that the differences in pressure drop between models ranged
from 5.55% to 12.18%. Considering the required magnitude of deviation of the catalyst
bed (0.61 [mm] to 3.76 [mm]) and the magnitude difference in pressure drop (0.61 [bar]
2.96[bar] ) between the model results and Jung et al. It is sufficient to conclude that the
model produces consistent results and shows the expected trends. However, consider-
ing the provided experimental pressure data by Jung et al is three data points per case,
and it deviates in accuracy between experimental and simulated data. Hence requires
this work to be validated to identify the accuracy of this model.







TEST PLAN & SETUP

This chapter describes the test objective and how the objectives are met with a test plan
along with a description of the test setup used to realise the goals. The work is then
followed by section on propellant handling describing the measures that needs to be
followed when handling HTP. Finally, the procedures used for catalyst preparation are
given.

4.1. TEST OBJECTIVE

The test setup was developed and the test were performed in the facility of Dawn Aerospace
in Christchurch, New Zealand. The development of the test setup was secondary to ap-
plication of the test setup in the work of thesis. The objective of the test campaign was to
use the test setup and perform experiments to obtain flow pressures and temperatures
in the catalyst bed to fulfil model validation.

The objective was met by setting test goals, the test goals were derived by identifying the
mutual requirements of the thesis research questions and the company requirements of
the decomposition chamber. The test goals were also set with reflection on the research
questions to identify the effects test variables on the performance of the decomposition
chamber. The test goals are formulated as follows;

1. Test the system at variable bed loading conditions
2. Test system at variable pressures

3. Determine the pressure distribution

4. Determine the temperature distribution

5. Repeat test for validation

61
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Based on the test goals and test setup the test matrix was developed to attain goals. With
the design of the test setup and test operations the first two goals were achieved. This was
done by having a fixed choke at the catalyst bed exit and keep operating pressure con-
stant for the test, and successively increase the operating pressure. Therefore increasing
the system operating pressure would result in an increase bed-loading. The third and
fourth test goal was achieved by placement of 3 pressure sensors and 3 thermocouple
sensor at the entry, mid point and end of the catalyst bed.

4.2. TEST MATRIX

The test matrix shows the test and minimum required duration for the test to be per-
formed. The tests were selected to be performed at three pressure levels of 60 [bar],
90 [bar] and 110 [bar]. The three pressure levels are selected to capture the impact of
pressure on flow temperature and the flow development in the catalyst bed. Operating
pressures of 60 [bar] and above were selected considering the lack of data in that pres-
sure region, often for pressures up to 30 [bar] and below was demonstrated by Jung et al
and the data was used in Chapter 3. Due to the maximum operating pressure constraint
of the system, pressures above 120 [bar] would exceed the safety standards. Additionally,
these three pressure levels served as interest for Dawn Aerospace. With the variation of
operating pressure the massflow induced varies, hence this permit to capture the impact
of flow rate variation along with pressure. However the massflow is not independent test
variable with the current test setup. The decomposition chamber, the catalyst bed and
the test setup remained unchanged through out the test campaign. Finally, each test is
repeated at each pressure level. The test are repeated in order to address the reliabil-
ity of the data, and show that the test are reproducible. A minimum test duration of 10
seconds is selected, this is to allow temperatures of the flow to be measured as it settles
(surpassing thermal transients). The duration is selected based on Experience within
Dawn Aerospace with this catalyst. Similarly literature on Manganese oxide based cat-
alyst was reviewed to identify the time required steady thermal equilibrium of the flow
in the catalyst bed, works of Heo et al[38] shows a steady temperature is reached within
two seconds into the test.

Test FeedPressure Test Duration Required

1 60 [bar] 10 [s]
2 60 [bar] 10 [s]
3 90 [bar] 10 [s]
4 90 [bar] 10 [s]
5 110 [bar] 10 [s]
6 110 [bar] 10 [s]

4.3. EXPERIMENTAL SETUP

The location of the of all test instrumentation is shown in the schematic 4.2. The schematic
depicts Nitrogen pressurant tank used with a regulator to pressurise the HTP propellant
tank. The propellant tank, once pressurised permits propellant flow to the decompo-
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sition chamber through the main valve. The location of sensors in the catalyst bed are
shown in Figure 4.1. The primary sensors used for capturing the data is tabulated in ta-
ble 4.2. For temperature measurements RS Pro K-type thermocouples were utilised and
for pressure measurements ifm electronic PT5412 pressure sensors were used. The sen-
sors used are tabulate in Table 4.2. The test setup is shown in Figure 4.3 depicting the
decomposition chamber, feed system and the HTP tank.

Sensor Operational Range Accuracy

Pressure ifm PT5412 [39] 0 to 160 bar +0.05%
—40< t<+375°C=+1.5°C

Temperature RS PRO type K [40] -50t0+1200°C +375°C < £ < +1000°C = +0.004[¢]

Table 4.1: Test setup sensors

------------

~v-v-v~va~v-v-v-v«vg

P, 2 2 2 4 2 f 4 8 ' 2

Figure 4.1: cross sectional view of the the decomposition chamber with sensor locations

Sensor Description Location Measuring unit
P Catalyst bed inlet region pressure 0.455L/D [bar]
P, Catalyst bed mid region pressure 1.818 L/D [bar]
Py Catalyst bed outlet region pressure 3.091L/D [bar]
Py Tank Pressure Feed system [bar]
T Catalyst bed inlet region temperature 0.455L/D (K]
T Catalyst bed mid region temperature 1.818 L/D K]
T3 Catalyst bed outlet region temperature ~ 3.091 L/D (K]

Table 4.2: Test setup sensor placement
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Figure 4.2: Schematic showing the test setup
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Figure 4.3: test setup showing feed system and the decomposition chamber

4.4, PROPELLANT HANDLING

This section describes some of the fundamental measures followed at Dawn Aerospace
test facility, when working with High Test Peroxide. However, a good source for general
safety and handling advice on Hydrogen Peroxide is given by Ventrua and Durant [41].
HTP is a strong oxidiser and corrosive in nature, hence required to be handled with ex-
tra care. HTP is a strong oxidiser classified as a hazardous material class 5.1 oxidising
agent and a class 8 corrosive agent. When handling HTP extreme care is taken and any
direct contact must be avoided at all costs [41]. All material that comes in contact HTP
is required to be compatible with HTP and handled with proper procedure, typical pro-
cedures are briefly explained below. Incompatible material such as organic material are
known to catch fire [41].

When working with HTP it is important to have adequate neutralising capacity of wa-
ter. In case of a spill or contact, it is required to neutralised with water, with adequate
amounts of water, HTP can be diluted and resulting flames can be extinguished. Any
equipment that has been in contact with HTP is required to be placed in a designated
place and rinsed with surplus of water and dried. Attention needs to be paid when using
water to neutralise HTP, due to colourless nature of HTP it can be easily be mistaken
as water. Hence any unknown colourless spills must be treated as HTP spills and neu-
tralised with water and dried.

A dedicated storage and loading facility is very important when dealing with such pro-
pellant. A storage facility storing HTP are required to have certain standards imposed by
a government agency. Some storage standards vary depending on the quantity of HTP
stored. Storage standards include a isolated storage facility, spill drains, air ventilation,
neutralising capability and monitored access. Along with the storage requirement, ap-
propriate safety facilities such as safety shower, eye wash, source of water and personal
protective equipment are mandatory.

A fundamental requirement when handling HTP, is that it is handled by two or more
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individuals and never alone. This is simply to permit a person to handle peroxide while
the other assists with handling and safety procedures. Prior to working with propellant,
appropriate personnel protective equipment are worn, this includes Polyvinyl Chloride
(PVC) based equipment.

1. PVC apron or suits
2. PVC boots
3. PVC gloves

4. Face shield/ Visor

8]

. Safety glasses

When working with small quantities of HTP less than 2 kg, then HTP is stored in small
closed container places on tray to serve as a drip/catchment tray stored in a cool place.
From the small containers required quantities of HTP was extracted to beakers. Once
the desired volume of HTP is in the beaker, density measurement is performed in a vol-
umetric flask. The temperature of the HTP is measured and the quantity is weighed. All
of the measurements were recorded to calculate density and concentration of the HTP.

In order to load the propellant to the tank, loading procedures are followed. Prior to
propellantloading, the area is observed for hazards (any trip hazards or slippery surface),
and placing the all extinguish and neutralising equipment in the designated locations.
Once the safety measure are in order, the vacuum pump is turned on and an vacuum
is created in the tank. After lowering tank pressure the vacuum pump is turned off and
the vacuum valve is closed, HTP beaker is brought to the test bench and the feed line is
inserted to the beaker. Once the feed line is placed in the beaker the feed valve is opened
and the HTP is drawn in to the tank. When all of the HTP is drawn into the tank, the feed
lined is emptied by permitting the tank to suck in air. Afterwards the fill valve is closed
and the fill line is submerged in a water bath to neutralise any traces of HTP. The HTP
beaker is measured prior to rinsing to know the loaded value of HTP.

4.5. CATALYST PREPARATION

Catalyst was prepared in the catalysis lab in the faculty Applied Science in Delft Uni-
versity of technology. The procedures of preparation Manganese Oxide catalyst bed are
given as below. Similar MnO, catalyst preparation techniques have been successfully
demonstrated with operational catalyst bed [2] The catalyst was made using alumina
(Al,03) support with spherical shape of 1 mm in diameter, shown in figure 4.4a. The
alumina support was washed with demineralized water and dried overnight to remove
contaminants and dust caused by pellet attrition. The drop impregnation technique was
used to coat the alumina catalyst support with the solution. The alumina catalyst sup-
port was first impregnated with 40% Sodium Permanganate solution by Sigma Aldrich.
The required quantities of impregnation solution was prepared by estimating the re-
quired quantity to fill the pore volume of Alumina. In order to perform impregnation,
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estimates of Sodium Permanganate precursor solution prepared based on Alumina pore
volume of 0.8 [cm® g~']. With target loading of 13% of MnO5. Figure 4.4b shows alumina
pellets being impregnated with Sodium Permanganate precursor.

Once the precursor is loaded, the alumina pellets were dried for 12 hours in an oven at
80 °C. After dying the impregnated pellets shown in Figure 4.4c with a purple colour.
The dried alumina was then calcined in oxidising condition in a Neytech Vulcan electric
bench top furnace shown in Figure 4.4d. Calcination was performed for 4 hours at 500 °C.
The programmable furnace was setup with a 10 °C per minute ramp up and dwell time
of 500 °C for four hours and then ramp down was set at 50 °C per minute. The calcined
pellets are shown in figure 4.4e. Finally the calcined pellets are washed with demineral-
ized water to remove traces of sodium compounds and dried at 80 °C for 12 hours. Once
the pellets are dried, it is ready to be used as a catalyst for HTP decomposition.
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(b) Sample of Alumina pellets being drop impregnated with

(a) Sample of Alumina pellets prior to impregnation Sodium Permanganate solution

(c) Sample of impregnated Alumina dried prior to calcination (d) Alumina pellets in the Furnace for calcination

(e) Prepared catalyst after calcination

Figure 4.4: Catalyst preparation



EXPERIMENTAL RESULTS

In this chapter experimental results are given and discusses. The results includes mea-
sured pressure and temperature data. The results are shown for 6 tests with varying op-
erating pressures and mass flows as described in the test matrix. The test data is then
discussed and accordingly data is sampled for simulation model comparison.

5.1. EXPERIMENTAL DATA

The test were performed in Dawn Aerospace test facility in Christchurch New Zealand.
The six tests that was described in the previous Chapter were performed and the data
recorded. From all experiments performed the data gathered are shown in Figures 5.2
to 5.3. The data recorded consists pressure and temperature with four pressure sensors
and three thermocouples. The experiments are repeated in two pressure conditions, to
obtain two sets of data at each conditions. Dialling in the exact feed pressure for repeat-
ing experiments on the pressure regulator was difficult particularly operating to higher
pressures. Hence pressure regulator was set to closest attainable pressure to the desired
pressures. The tests E19 and E20 exceeds in test duration than initially intended, this
is because it was requested by Dawn Aerospace to couple the last two test till with en-
durance test testing of the catalyst bed till the HTP tank was emptied. This decision
favoured the test outcome, in test E19 prolonged test enabled relative steady feed pres-
sure. In test E20 the pressurant tank was replaced with a new filled one to avoid pressure
transient due to sudden expulsion. In addition the prolonged test provided more in-
sight in temperature fluctuations in the catalyst bed. The data from all experiments per-
formed with the variable feed pressures are shown from Figures 5.2a to 5.2f and Figures
5.3a to 5.3f. The test data corresponding to the sensors Py, Py, P», P3 measuring pressure
and Ty, T», Ts measuring temperature are given in Figures 5.2a to 5.2f and Figures 5.3a to
5.3f, the sensor location in the test setup are tabulated in Table 4.2. These experimental
results shows pressures and temperature measured during the decomposition of HTP.
The settings of experiments are summarised in table 5.1. Figure 5.1 shows the catalyst
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bed during operations, glowing red hot during a test.

Test

Initial feed pressure Test duration

E13
E14
E15
E16
E19
E20

59.02 [bar] 10 [s]
58.70 [bar] 10 [s]
89.80 [bar] 10 [s]
89.01 [bar] 10 [s]
119.2 [bar] 46.4 [s]
114.8 [bar] 36.5 [s]

Table 5.1: Experimental settings

Figure 5.1: Operational decomposition chamber glowing red hot during testing
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Figure 5.2: Pressure data recorded from experiments
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Figure 5.3: Temperature data recorded from experiments
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5.2. EXPERIMENT DATA DISCUSSION

The pressure data of the six test shows variation of pressure at the beginning of the test.
This is due to sudden expulsion of pressurant tank as the main valve is opened. De-
pending the fill level of the pressurant tank and the duration of the test operation, the
pressure settles to show a flattening HTP tank pressure Pr. The flattening tank pressure
settles the massflow rate. In test E19, the fill level of pursuant tank is low and a sudden
pressure transient can be seen in Pt at the start of the test in Figure 5.2f. Test E20 was
performed with a new pressurant tank (full), showing a relatively still feed pressure.

Test E13 was performed for a duration of 10 seconds, with HTP tank pressure set to 59
[bar]. The test commenced at 34 second mark for 10 seconds, by opening main valve and
shutting it. Figure 5.4 depicts pressure data of test E13, the tank feed pressure denoted
by P; and 3 other pressure sensors P;, P, & P3 reads the flow pressure in the catalyst
in the direction of the flow from entry to exit of the catalyst bed. At the start, immedi-
ately after the pressure has risen in the location of pressure sensor P; at 34.3 [s] a sudden
pressure spike was observed, the cause this single spike was related to decomposition of
Hydrogen Peroxide in the connecting tube between the chamber and the catalyst. From
35.5 to 38 [s] a slight higher pressure roughness is visible, the cause of this roughness
was investigated with a spectrograms given in Figures 5.5 & 5.6. The spectrogram Fig-
ures 5.5 capture the excitement due to valve opening and closing during the start and
end of the test. The Figures 5.6 show a very slight excitement in low frequency. The pres-
sure drop over the injector is below 5% of the operational pressure, it is probable that
the excitement is caused by an slight injector coupled instability at a low range of the
operated pressures. Similar pressure spike was observed in the repeated test E14, when
pressure data was correlated with the spectrogram shown in Figure C.2, there is low fre-
quency excitement visible (= 40Hz). Tests (E15 to E20) that were performed with higher
pressures the operation pressures shows no low frequency excitements and the pressure
roughness is reduced.
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Figure 5.4: Pressure data (Test E13)
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Figure 5.5: Spectrogram on tank pressure data (Test Figure 5.6: Spectrogram on P3 pressure data (Test
E13) E13)

In all tests the three thermocouples capture the temperature of front, mid and end re-
gions of the catalyst pack. In all cases it can be the front regions remain cold as the
reaction progress is little to none. Depending on the operation conditions such as flow
rate and pressure, the temperature measured settles in. In tests E19 and E20 performed
athigh pressure, it can be seen in Figures 5.3e & 5.3f that the initial temperature recorded
with the mid region 7> thermocouple shows higher temperature than 73 and with time
fades to a lower temperature region showing possible local degradation of the catalyst.
However, the outlet temperature remains stable. The Figure 5.7 shows the temperature
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measured in Test E13. The thermocouple Tj, T> and T3 shows the flow temperature in
the direction from inlet to outlet. At the start of the test the catalyst bed was warm from
previous firings. The thermocouple T; shows that at the beginning a slight dip, due to
the incoming HTP to the catalyst bed. It is probable that pressure roughness experi-
ence between 34-38 seconds, causes massflow variations in measure flow temperature.
Comparing the three thermocouples it can be seen that temperature shifts and settles in
at about 39 [s]. Hence it is important to gather the temperature in settled region than
transient, as this enables comparison with simulated data.
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Figure 5.7: Temperature data (Test E13)

5.3. DATA SAMPLING

The purpose of the experimental data is to be used to validate the developed model in
the work of this thesis. Hence the experimental results will be compared to the model
and difference quantified in chapter 6. In order to obtain model input parameters, sta-
ble operative regions of the experimental results needs to be sampled. This is to avoid
any pressure transients in the test data (due to tank expulsion or rise time to build up
catalyst bed pressure). Pressure transients would lead to variation in the massflow in
to the catalyst bed. The pressure rise time at the start of the test = 300 [ms]. However,
the pressure variation due expulsion of pressurant into the HTP tank requires more time
to settle. The temperature transient at the beginning of each test shows that the flow
temperature requires to stabilise and reach an equilibrium. In addition to regions with
abnormalities such as pressure spikes recorded at the beginning of test 13 and 14 are not
acceptable in the sampling width. This would lead to inconsistencies in the validation of
the model
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When selecting the data sampling region with test E16, it can be seen from temperature
data shown in Figure 5.3d with sensors T» & T3 that thermal transient is visible at the start
of the test for 2.3 seconds (till time stamp of 26 is reached). Hence the primary driver for
initial transient is the time take for temperature to establish, rather than pressure build
up Once this is established from temperature data, the pressure data is considered for
the final sampling width.From the pressure data on Figure 5.8 it can be seen that feed
pressure varied from 89 bar at start to 82 bar at the end of the test. Hence the sample
width is select based on region where a relative pressure plateau is seen, depicted in Fig-
ure 5.9. In the case of test E16, the sample width is chosen from 29 s to 33.5 s.

Test E16 Test E16
pressure data pressure data

sure [bar

res,
e

25.5 26 26.5 27 27.5 28 29 29.5 30 30.5 31 31.5 32 32.5 33
Time [s Time [s]

Figure 5.8: sectioned pressure data (Test E16) show- Figure 5.9: sectioned pressure data (Test E16) show-
ing a pressure transient ing stable region

The massflow rate through injector can be derived by the pressure drop over the injector[42].
The expression used to determine the massflow is given by equation 5.1. Where Cy is the
coefficient of discharge and A; is the injector element(s) cross section area (A; x C4 =
1.8096 x 107 7).

m=CqAi\/2pAP (6.1)

Using the sampled data, the pressure drop over the injector is calculated and the mass
flow is predicted based on the using equation 5.1. The feed pressure (P;) data along
with pressure data from front of the injector (P;) is used to determine the massflow. The
massflow is shown in figure C.1 for test E16, using the mass flow data a moving average
massflow with window of 100 samples is shown. The predicted massflow is shown in
the of with the average flow rate is shown in Figure 5.10. The average massflow of tests
performed are determined using equation 5.2 and tabulated in the Table 5.2. Where in
n, the number of data points in the sample width (sensor frequency of 2000Hz) and m
is the sample measured massflow.

> mg

e (5.2)
> ng

mavg =
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_ (Z ms - n"layg)2
Osp = ? (5.3)
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Figure 5.10: Predicted massflow of test E16

The table 5.2 summaries the selected sample width and the predicted massflow of the
sampling regions for all test conducted.

Sample Width Sampling region Massflow Standard deviation

Test s] (s] g5 gs]
E13 3 40 -43 4.60 0.5765
El14 2.5 29.5-32 4.61 0.7191
E15 35 23-26.5 6.12 0.3921
El6 4.5 29 -33.5 6.10 0.3983
E19 10 70 - 80 8.18 0.3842
E20 6 20 - 86 8.11 0.1671

Table 5.2: Sample data from the test






MODEL VALIDATION

In this chapter the model is validated by comparing it with experimental results. First the
model settings are given and the sensitivity for the massflow measure was shown. After-
wards the model was compared to six experimental cases, comparing flow temperatures
and pressure. The differences between the simulated results and measured results are
quantified. Finally an overview of the findings are stated concluding on the accuracy of
the model.

6.1. VALIDATION SETTINGS

The model is validated by comparing the simulated result with experimental results. The
temperatures and pressures are compared to identify the deviation of simulation results
from the experimental results. To increase the reliability of the test data, each test con-
dition was repeated and both sets of data are used in the validation process. All the
experimental cases used in the validation process are summarised in the Table 6.1. The
experiments can be categorised as repeats of each inlet pressure condition. The flow rate
is calculated using Equation 5.1. The model input conditions derived from the test data
are given in Table 6.1

Parameter Units Casel3V Casel4V Casel5V Casel6V Casel9V Case29V
Pressure [bar] 54.08 54.06 77.73 77.9 102.6 104.72
Massflow [gs‘l] 4.60 4.61 6.12 6.10 8.18 8.11

Feed temperature K] 296.15 296.15 296.15 296.15 296.15 296.15
HTP [-] 88% 88% 88% 88% 88% 88%

Table 6.1: Validation cases and model inputs

The properties of the catalyst used in simulation tabulated in table 6.2. The same pa-
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rameters employed in the works of Jung et al [17] with Mn, O, catalyst.

Parameter Value Units
Ep, 15000 [Jmol 1]
K 0.001 [mmol~3)

N 1000 (m™1]

Aspecific 22 [-]

Table 6.2: Kinetic parameters used for model setting

In order to use experimental results for validation each case is sampled, the sampling
width chosen based on pressure and temperature data achieving steady state or near
steady state, the sample window of each experiment case is given in Table 5.2. The pur-
pose of sampling is to identify a stable data range where the flow rate is expected to be
constant. This is required as simulations are performed with constant flow rate.The flow
temperature distributions along the catalyst bed and the pressure distributions over the
catalyst bed are simulated and the data are compared with the experimental results.

In order to address the sensitivity due to variation of massflow, simulations were per-
formed. Considering the massflow of the experimental cases reported in Table 5.2, the
simulation were performed for Case 16V with massflow standard deviation + 0.4. The
deviation of temperature distribution over the catalyst is shown in Figure 6.1. With the
standard deviation of the massflow incorporated to the simulation, it can be seen that
the measured temperatures are will within the bounds of the massflow deviations. How-
ever, considering the model is developed to simulate for a single massflow input at a
time and sensitivity shown is not inherent to the model but due to measured massflow
deviations, it is chosen to validate the model with the experimental average massflow.
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Figure 6.1: Pressure distribution over the catalyst bed with measured results (case 16V)

6.2. MODEL COMPARISON

In comparison between the model results and experimental results, Case 13V is dis-
cussed in detail in this section. All other cases are discussed int the same manner is
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given in Appendix D. The flow temperatures comparisons of all cases are given in Fig-
ures 6.5 & 6.6. The flow pressures comparisons of all cases are given in Figures 6.14 &
6.9 depicting simulated results and the average of the measured pressures. However the
actual measured pressures are depicted in Figure 6.4 for case 13V, for all other cases can
be found in Appendix D.

In case 13V the data is sampled between 40 and 43 seconds of the test. This sampling
width for experimental data is chosen considering as any abnormal pressure deviation
and any transient of pressure and temperature data. From the pressure data it can be
seen that tank pressure has a transient from 59 to 56 bar from time stamp 34 s to 39 s,
after which the pressure remains relative constant at 56 bar. Considering the roughness
of the pressure data, the sample mean is computed for 3 pressure sensor data and used
in validation process. case 13V is simulated with the conditions listed in table 6.1. The
temperature data of case 13V is plotted along with results of the simulation. The range
of temperature measured by each thermocouple is listed with in Table 6.3 along with the
range of pressures experienced at 3 location of the catalyst bed.

L/D  Simulated Measured range Measured sample Mean

Flow temperature  0.455 383 [K] 359 - 377 [K] 367 [K]

Flow temperature 1.818 914 [K] 874 - 885 [K] 880 [K]

Flow temperature  3.091 - 938 - 950 [K] 944 [K]
Pressure 0.455 54.08 52.5070 55.8050 [bar] 54.08 [bar]
Pressure 1.818 53.98 52.1340 55.1220 [bar] 53.52 [bar]
Pressure 3.091 53.79 52.3800 54.2230 [bar] 53.33 [bar]

Table 6.3: Measured and Simulated parameters at varying L/D of the catalyst bed

The simulated cases are compared with experimental results in figures 6.2 & 6.3. These
results include the temperature distribution over the catalytic bed in Figure 6.2 and the
pressure distribution over the catalytic bed in Figure 6.3. The measured parameters are
tabulated in Table 6.3.
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Figure 6.2: Simulated flow temperature distribution over the catalyst bed and experimental results (case 13V)
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The temperature profile along the catalytic bed show that experimental data captures
pre-boiling region of the temperature profile, prior to the flow reaching saturation con-
ditions. The saturation conditions of H,O is met at a L/D of 0.685. The blue vertical
dashed line indicates the dry out location of water and the black vertical dashed line
indicates the dry out location of Hydrogen peroxide (at L/D 1.05 and 1.25 respectively).
The second thermocouple at a L/D of 1.8 shows the temperature of the flow to be in gas
phase with temperature range between 874[K] and 885[K], the simulation reaches these
temperature at L/D range of 1.70 - 1.73. The measured temperatures corresponds to
88.80 % - 89.92% of the adiabatic temperature reached by the model and reaction pro-
gression between 93% and 94%. The third thermocouple shows that the temperature
higher than the second thermocouple, but still below that of the adiabatic temperature
reached by the model. The temperature range reached by thermocouple is in the range
between 938(K] and 950[K] this corresponds to 95.31 % - 96.53% of the adiabatic tem-
perature reached by the model. This temperature corresponds to reaction progression
between 97% and 98%. By correlating the experiment data and the model data, it is pos-
sible to see that the temperature does increase between 2nd and 3rd thermocouple and
the maximum temperature lies in between the two. According to the simulated data the
adiabatic temperature is reached at L/D of 2.32.
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Figure 6.3: Pressure distribution over the catalyst bed (case 13V)

The Pressure data in Figure 6.3 shows the pressure losses experienced by the flow. The
experimental data shown in the plot is the average value of the pressure measured. Fig-
ure 6.4 displays the actual pressure measured. The even with measured pressure rough-
ness it is visible at higher L/D pressure losses increase as expected. In order to quantify
the pressure losses the overall pressure drop compared with respect to the measured
mean pressure at the end of the catalyst bed denoted by Ps3,,,, this relation is given with
equation 6.1. The pressure at varying L/D are tabulated in the table 6.3.

AP
Pl=

x100  [%] (6.1)

3avg

The overall pressure loss in the catalyst bed is given is shown in 6.3, the simulated pres-
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sure drop of 0.289 [bar] and the experimental average 0.749 [bar]. The press loss percent-
age calculated using equation 6.1, the simulated case pressure loss percentage 0.542%
and the experimental pressure loss percentage is calculated to be 1.40%. With the re-
sults it can be seen that simulated pressure losses are smaller than actually measured.
However this remains similar to the pressure distribution case 3 where the impact of fric-
tion factor between the Tallmadge equation and Ergun equation were discussed, which
showed consistently a lower pressure drop with the use of Tallmadge equations. Similar
observations were made between simulated and experimental data in the verification
process with cases 4 to 11, where the measured pressure loss were higher than that sim-
ulated.
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Figure 6.4: Pressure distribution over the catalyst bed with measured results (case 13v)

The pressure roughness of the experimental data in as shown in Figure 6.4 shows that
pressures in the sampling region of the data used, the pressure roughness of the data is
calculated to be 6.10%, 5.58% and 3.46% in the order of increasing L/D. The experimental
pressure loss percentage is factor 2.59 lager than simulated pressure loss. However, con-
sidering the absolute pressure drop in the simulated (0.289 [bar]) and the experimental
average (0.749 [bar]) with respect to the operative pressure, the pressure loss percentage
of the flow is relative small in both cases with a difference of less than 1%. Considering
the measured range of pressure roughness, with the lowest being 3.46%, which is much
greater than deviation of the pressure loss percentage between the simulated and exper-
imental case ( 0.542% & 1.40%). Hence as seen shown in the Figure 6.4 the simulated
pressure distribution is within bounds of the range of experimentally measured results.
Hence it can be consider that the simulation shows good agreement with the experimen-
tal results.
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(d) Simulated flow temperature over the catalyst bed and experimental results (case 16V)

Figure 6.5: Flow temperatures over the catalyst bed for cases 13V to 16V
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(b) Simulated flow temperature over the catalyst bed and experimental results (case 20V)

Figure 6.6: Flow temperatures over the catalyst bed for case 19V & 20V
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Figure 6.8: Pressure distribution over the catalyst bed and averaged experimental results (case 20V)

Figure 6.9: Flow pressure distribution over the catalyst bed for case 19V & 20V
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Figure 6.14: Flow pressures distribution over the catalyst bed for case 13V to 16V
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6.3. VALIDATION OVERVIEW

The test conditions were simulated and the simulation results were compared with 6 test
cases. This comparison consisted of flow temperatures and pressures at three different
locations of the catalyst bed. In all cases above, the temperatures measured at L/D 0.459
& 1.818 were directly compared to the model results. However, in all cases simulated the
flow reached 98 % reaction progression or higher, before L/D of 3.091. In all cases that
were compared, the flow temperature measured at L/ D = 3.091 was lower than adiabatic
temperature reached by the model. In all cases 98% decomposition and 100% decom-
position occurred at L/D below 3.091. Hence it is possible that measured temperature at
L/D 3.091 is with loss of heat to the surrounding after reaction is complete. Figure 6.16
shows series of images from test video footage taken in the night correspond to data used
in the validation case 16V (test case 16). These series of images show a red hot glow on
the decomposition chamber originating between the sensor placements L/D 1.818 and
3.091. Few seconds in to test, the red hot glow propagates to the end of the decomposi-
tion chamber. This series of image from the test footage further validates finding from
the model, that maximum temperature of the flow is reached before L/D of 3.091.

t=+1[s]

t=+3[s]

Figure 6.16: Decomposition during 10 second test

An overview simulated temperature and experimentally measured temperature and their
deviations at the respective L/D of all cases are shown in the table 6.4. Measurement er-
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rors due to sensor inaccuracy is considered small and not accounted for in the validation
process. Sensors error maximum applicable is + 1.5 [K] for temperatures between —40 to
375 [°C] given in Table 4.1. This sensor inaccuracy corresponds to in accuracy of + 0.30%
of the adiabatic temperature. However for higher ranges (+375 to 1000 [°C ])the sensor
error is 0.004% measure temperature. It can be seen that the error between the simulated
and experimental data is the highest recorded to be 11.43% (this correspond to 6.91% of
adiabatic temperature) in case 20, this can possibly be attributed to the local catalyst ex-
haustion. Hence the measured mean temperature is lower than that computed by the
simulation. In all most all readings of the validation cases of the flow temperature (ex-
cept for 16V) it can seen that the model predicts with a positive deviation to the sample
mean. The average temperature deviation with respect to sample mean is 4.01% and
2.00% with respect to the adiabatic temperature. If the maximum sensor inaccuracy is
consider then the average temperature deviation would result in 2.00% + 0.3% with re-
spect to the adiabatic temperature

L/D  Simulated Measured Deviation WRT AT WRT

sample mean sample mean Taa
[-] [kelvin] [K] [%] [%]

Case 13V 0.459 383 367 4.36 1.63
Case 14V 0.459 325 306 6.21 1.93
Case 15V 0.459 344 326 5.52 1.83
Case 16V 0.459 345 340 1.47 0.51
Case 19V 0.459 324 308 5.19 1.63
Case 20V 0.459 325 321 1.24 0.41
Case 13V 1.818 914 880 3.86 3.45
Case 14V 1.818 912 874 4.35 3.86
Case 15V 1.818 860 840 2.38 2.03
Case 16V 1.818 853 899 -5.12 -4.67
Case 19V 1.818 655 611 7.20 4.47
Case 20V  1.818 663 595 11.43 6.91
Case 13V 3.091 - 944 - -

Case 14V 3.091 - 900 - -

Case 15V 3.091 - 912 - -

Case 16V 3.091 - 951 - -

Case 19V 3.091 - 929 - -

Case 20V 3.091 - 942 - -

Table 6.4: Overview of the flow temperature and the respective differences

The pressure comparison results between the model and experimental results are sum-
marised in Table 6.5. The absolute pressure loss of the flow predicted by the model was
compared with the experimental results and the sample mean, however the pressure
losses in the system was smaller in magnitude comparative the roughness of the pres-
sure measured. The difference in AP of the simulated data and experiment sample mean
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results in a lower pressure loss in the simulated cases. However, the deviation is less
than 1% of the flow pressure between the simulated and the experimental data. As the
impact of modelled equations were discussed in the chapter 3, any variation in mass-
flow of the experimental setup may add to the deviation of the modelled pressure losses.
The massflow used in the model is determined based on experimental pressures of the
HTP feed tank and catalyst bed inlet. In order to improve the accuracy the a massflow
meter should be implemented, as this would eliminate any uncertainty of the flow rate.
Considering the pressure roughness (ranging from 1.84 to 6.10%), this limits the scope to
validate the pressure model. Hence to validate the accuracy pressure model the pressure
roughness of the system relative to the pressure drop should be smaller.

To further validate accuracy of the pressure model, changes to the experimental setup
are required. This can be achieved with increasing factors that contribute to a higher
pressure drop, such that pressure losses are higher than the roughness experience by the
catalyst bed. These factors include increasing the catalyst bed length, reducing the pellet
diameter, shape of the catalyst bed [18] and the operating bed loading. From the analysis
of all the cases and the summarised Table 6.5, it is visible that the flow pressure modelled
are within the range of the measured experimental pressures, hence it can be used to
approximate the pressure losses of the system. Considering the pressure model solely
gives flow pressure and pressure losses along the catalyst bed and impacts of any other
local affect that can results in pressure roughness. The roughness of the experimental
pressure data in the experiments is possibly due to effects such as non homogeneous
catalyst surface conditions (such as variation of active sites or activity of site) or possibly
due to rapid phase change from liquid to gas.

AP AP Simulated Experimental Pressure
Case Simulated Experimental pressureloss% pressure loss % roughness

[bar] [bar] [%] (%] [%]
Case 13V 0.289 0.749 0.542 1.40 [6.10, 5.58, 3.46]
Case 14V 0.290 0.685 0.543 1.283 [6.83, 6.96, 3.65]
Case 15V 0.312 0.539 0.404 0.677 [4.97, 4.35, 3.15]
Case 16V 0.310 0.380 0.40 0.49 [4.11, 4.85, 3.04]
Case 19V 0.34 0.36 0.33 0.35 [5.14, 4.52, 3.06]
Case 20V 0.33 0.53 0.32 0.55 (2.02, 2.26, 1.84]

Table 6.5: Overview of flow pressure losses of the simulated and experimental results and pressure roughness

In the validation process six sets of experimental data were compared with simulated
results. The data consisted of pressure and temperature at three locations of the cata-
lyst bed. From the comparison of simulated results with the experimental results it was
found that model was able to predict temperature deviations ranging 0.41 to 1.93% of the
adiabatic temperature at L/D 0.459. This results in an average deviation of 1.32% of the
adiabatic temperature reached by the model (for 6 cases at L/D0.459). At L/D 1.818 tem-
perature deviations ranged -4.67% to 6.91% of the adiabatic temperature with an average
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0f 2.68% for 6 tests. In all cases the model results showed that reaction was completed or
exceeded 98% prior to reach L/D 3.091. This was validated with test video footage, show-
ing the hottest region of the decomposition chamber was prior to L/D 3.091. The pres-
sure data was compared with simulated results, the outcome show that pressure losses
were small. However deviations were found to be less than 1% of the flow pressure be-
tween the simulated and the test data. Considering the overall pressure roughness mea-
sured and actual flow pressure drop in the catalyst bed, the flow pressure simulated in all
cases are within the bounds of the measured data. However improvements to the pres-
sure validation is evident, and some suggestions were discussed to increase the quality
of test data for validation .







SIMULATION RESULTS

The model developed was used to simulate the results for many cases to investigate the
effects of each of the variables identified in the thesis questions. In order to perform the
simulations, catalytic parameter based on Manganese Oxides are used from table 3.3.
First the model results are presented and explained, afterwards simulations are com-
pared to determine the impact of operational variables. The impact due change of pres-
sure, feed concentration and massflow are discussed accordingly

7.1. SIMULATION BASELINE RESULTS

In order to show the model response to the inputs, a simulation case with certain pa-
rameters is chosen solely to explain the model outputs. The chosen parameters resem-
ble the case 4 given in Table 3.4 in terms of massflow and pellet diameter Simulations
were performed at standard feed temperature 298.15 [K] and a feed pressure of 30 [bar]
with 87.5% HTP. The massflow was set to 67 [gs’I] with a catalyst bed diameter of 29
[mm]. The selected massflow and catalyst bed diameter results in a bed loading of 101.44
[kgm~2s7!]. Pellet diameter of 1.59 [mm)] and the catalyst bed chamber diameter is used
to compute the void fraction of 0.3936. For future reference, the baseline inputs for sim-
ulation resulting from the aforementioned parameters will be regarded as 'Case 1R’.

First the model uses the input flow rate and concentration to establish the flow compo-
sition at each point of reaction progression going from 0% to 100%. The variation of the
species due to reaction progression is shown in Figures 7.1 & 7.2 with respect to species
molar flow rate and mass flow rate in the catalyst bed.

95
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Parameter Case 1 Units
Pressure 30 bar
Massflow 67 gs™!
Inlet Temperature 296.15 K]
HTP 87.5% % [w/w]
Pellet Diameter 1.59 [mm]

Table 7.1: Case 1R model input conditions
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Figure 7.1: Variation of species by moles during the Figure 7.2: Variation of species by mass during the
reaction of 87.5% HTP at a 67 gs~! flow rate reaction of 87.5% HTP at a 67 gs~! flow rate

The reaction progression along the catalyst bed gives insight to completion of the reac-
tion with reference to the initial number of moles of H,O, in the flow. The reaction pro-
gression distribution plot shows the completion of the reaction at each location of the
bed, this is depicted in Figure 7.3. For a reacting HTP flow, the flow temperature along
with the gas fraction profiles for H,O & H,0; are given in Figures 7.5 & 7.7. A super-
imposed Figure of the gas profiles and temperature profiles given in Appendix B Figure
B.1. The reaction progressions distribution of the flow along the catalyst bed given in
Figure 7.3 shows by the gradient the rate at which the react progress along the catalyst
bed. Hence at the start the gradient increase steeply, due to the rise in temperature of the
flow and the high initial concentration of the H,O, in the flow. As the liquid H,O begins
to evaporate rapidly, the reduces the curve steepness (gradient) of reaction progression
along the catalyst bed is seen. The increasing flow gas fractions reduce the H,O, concen-
tration, resulting a reduction of the curve steepness. The increase of the evaporation of
H,0; along with the loss of concentration of H»O; in the flow once again slows the reac-
tion progress along the catalyst bed. Finally as the two phase flow becomes completely
gaseous (in Case 1R at about 3.21 [mm)]) the reaction progression further reduces. The
reaction progressions distribution plot given in Figure 7.3 and temperature progression
plot given in Figure 7.5 can be translated flow temperature distribution. The simula-
tion results are interpreted with distribution of flow temperature along the catalyst bed
is given in Figure 7.6.
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Figure 7.3: Reaction progress along the catalyst bed length (simulation Case 1R)
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The flow specie concentrations along the catalyst bed length shown in Figure 7.4. It can
be seen that the concentration of all species drop along the bed. For H,O, the molar con-
centration reduces at a faster rate as its the reactant and undergoes decomposition. The
molar flow rate of the reaction products O, and H,O increases as the reactions progress
as shown in figure 7.1, however as temperature increases and the species state change
from liquid to gas the volumetric flow rate increases resulting in declining concentra-
tion. Initially O, increases due to evolving oxygen from the reaction, however as the flow
phase changes and temperature increase the O, concentration drops.
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Figure 7.5: Flow temperature resulting from 87.5% HTP decomposition (simulation Case 1R)
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Figure 7.6: Flow temperature resulting from 87.5% HTP decomposition (simulation Case 1R)



7.1. SIMULATION BASELINE RESULTS 99

The temperature profile can be sectioned to four stages, depending on the flow compo-
sition and condition, depicted in the Figure 7.5. At initial stage of the flow reaction raises
temperature and the gas fraction, this is shown in stage 1. The reacting flow increases
in temperature, this can be seen in 7.6. At start a rapid increase of temperature can be
seen, this is due to high initial concentration of H,O, species. The flow through the cat-
alyst bed reaches saturation conditions of H,O at about 1.25 mm into the catalyst bed.
At 30 bar of pressure the saturation temperature of water is 507.4 K is reached at 29 %
of the flow is decomposed. At stage 2 the quasi isothermal vaporisation due to H,O is
depicted, where species of H,O & H,0; transit for liquid to gas, a rapid phase change
occurs for H»O in the flow and can be seen in Figure 7.8. As the reaction progress to 63
% the water has completely evaporated and majority of H,0, have decomposed (63% of
H»0, has decomposed). Hence, the H,O dry out point corresponds to 3.29 mm in the
catalyst bed, this can be seen as gas fraction of H,O goes to 1 in Figure 7.8. There on,
at stage 3 the flow temperature rises, evaporation of H,O, is increase due to local flow
conditions (partial pressures and temperature). At 75 % of the reaction progression, the
flow is completely in gas phase. Stage 4 begins at bed length of 3.29 mm. The complete
gas phase is depicted in stage 4 where flow is all in gas phase shows a asymptotic rise in
temperature as HyO, decomposes.
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Figure 7.7: Fraction of gaseous flow species at 20 bar pressure (simulation Case 1R)
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Figure 7.8: Fraction of gaseous flow species along the catalyst bed (simulation Case 1R)

The gas fraction is ratio gas state to the total number of a certain species (either H,O
or H,0). The gas fraction of H,O shown in the Figure 7.7 accounts for newly formed
gaseous H,0, in the decomposition process when saturation condition of H,O is met.
In the first stage shown in the temperature profile, the evaporation of H,O and H»O,
slowly increases, this is mainly as result of the operational pressure. Hence stage 1 is
prolonged till the saturation temperatures of H,O is met, after which a rapid increase
in gas fraction of H,O can be seen in stage 2. At this stage the evaporation of H,0O,
is not as rapid as water (due its higher saturation temperature of HO,). Once all the
H,0 has evaporated there is rapid evaporation of liquid H,0» along with rise of flow
temperature, this is stage 3 (occurs between 2.51 and 3.29 mm bed length). The end of
stage 3 all H,O, has evaporated and dry out condition are met. The Figure 7.8 shows
the gas fraction reaching 1 at 2.51 mm of bed length for H,O in the flow and the gas
fraction for H,O, reaches 1 at 3.29 mm of bed length (this corresponds to 63% and 75%
of reaction progression of the flow).

The Figures 7.9 & 7.10 shows the pressure profile and pressure losses in the catalytic bed.
The flow pressure losses increases along the catalyst bed as flow decomposition progress.
As the flow decomposes the temperature increases, density of the flow decrease but the
increase in flow velocity causes the pressure drop to rise. The pressure drop in the two
phase region of the flow (up to 3.29 mm in length of the catalyst bed) is 0.054 bar and
total pressure drop 0.321bar the reach. The majority of the pressure loss is contributed
by the gas phase region, due to the increase in flow velocity.
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Figure 7.9: Flow pressure along the catalyst bed (simulation Case 1R)
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7.2. IMPACT ON PRESSURE VARIATION

The impact of operating pressure on the HTP flow development of the catalyst bed was
investigated. This was done by comparing multiple simulation results with one pres-
sure as the only variable ranging from 10 to 100 [bar]. It is understood from the theories
employed in model development that there is a direct correlation between the operating
pressure and saturation conditions of the flow. Hence the evaporation profiles of H» O, &
H,O0 has an impact of the reaction progression. Therefore it is logical that the HTP con-
centration have an impact on the evaporation profiles, as the H,O, & H»0 have different
saturation conditions. Simulations were performed with varying pressure from range of
10 [bar] to 100 [bar], along with HTP concentration to capture the affects. Simulations
condition was set to 87.5% HTP with an inlet temperature 298.15 [K]. The massflow was
set to 67 [gs~!]. The resulting in a bed loading of 101.44 [kgm~2s~!] and a catalyst bed
void fraction of 0.3936. These model operating conditions with variable pressure will be
referred to as Case 2R (Pressure varying from 10 to 100 [bar]).

The effect of pressure on the catalytic bed length required to complete the reaction was
investigated with case. This was done by performing simulations in the aforementioned
conditions (Case 2R) and vary the operating pressure. The results show in Figure 7.11 on
reaction progression distribution along the catalyst bed. The reaction progression curves
show deviation from each other at between 20- 25 % progress. The deviation of reaction
progression is association to the rate of gas evolution of the flow, the evaporation fraction
of the reacting flow varies with temperature.
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Figure 7.11: Reaction progression along the catalyst bed (simulation Case 2R with variable pressures)

The deviation of the catalytic bed length is calculated with respect to the reaction pro-
gression curve at the 10 bar. The deviation is shown as a percentile of the complete
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decomposition length at 10 bar. The deviation plot clearly shows that visible deviation
starts at a 20% reaction progress and increases til the phase transition is complete. This is
related to the evaporation, because greater the operating pressure resulting deviation is
higher in magnitude, the fraction profiles are shown in in Figure 7.14. Once the flow is in
gas phase the deviation significantly increases. The rate at which the deviation increases
in the gas phase are higher with pressure. This means that at higher pressures the length
required for gas phase decomposition reduces. The deviation at the end reaction shows
that at higher pressures a catalyst bed lengths are required. This remains true to achieve
decomposition progression above 20 % (since the effect of the pressure is strongly corre-
lated to the gas fraction in the flow). However the significance of increasing pressure on
the catalyst bed design is dependent on the progression of decomposition desired and
the operating pressure (eg: In the case of two identical catalyst beds, in order to have 60
% decomposition at 100 bar the catalyst bed only requires 17.85% the length than the
catalyst bed operating at 10 bar of pressure).

0 T T T T T
a, 10 bar
20 F o 30 bar a\\ s
X o, 60 bar N
L 40 ¢ o, 100 bar e
£ SN
c NS
5} AN
5 60T N
B \
] ",‘
-80 - A
_1 OO 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100
Reaction progression, [%]

Figure 7.12: Deviation of length with respect to 10 bar reaction profile

It can be seen from the model results that pressure affects the flow development in the
catalytic bed, increase of the pressure prolongs the two phase region of the catalyst bed
and reduces the gas phase thereby impacting the length required for complete decom-
position. The length of the catalyst bed where complete decomposition is achieved for
Case 2R conditions are tabulated in Table 7.2.
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Lengthat Lengthat

Pressure £ 98% £ 100%
10 16.49 [mm] 20.67 [mm]
30 5.96 [mm] 7.36 [mm]
60 3.57 [mm] 4.27 [mm)]
100 2.67 [mm] 3.01 [mm]

Table 7.2: Decomposition flow advancement on catalyst bed length

The gas fraction shows the that flow transition form liquid to gas is affected by the pres-
sure as depicted in Figure 7.14. As operational pressure of the catalytic bed rises the
phase transition is prolonged. The H,O, dry out location of the catalyst bed is given as
follows;

* 7.66 mm at 10 bar
¢ 3.21 mm at 30 bar
* 2.28 mm at 60 bar

* 1.92 mm at 100 bar
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Figure 7.13: Gas fraction development with reaction progression (simulation Case 2R with variable pressures)
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Figure 7.14: Gas fraction development along the catalytic bed (simulation Case 2R with variable pressures)

With increasing pressure the saturation temperature of liquid H»O & H»O» increases,
this is captured by the equations 2.25 & 2.26 used in the model. This effect can be seen
in Figure 7.14 and more clearly on Figure 7.15. It is notable that increasing pressure in-
creases the saturation temperature and it is shown in Figure 7.13 that at low pressure the
flow gas fractions of HoO & H»0; evolves more than at higher pressure at given reaction
progression. Hence the dry out point of the reaction (flow is pure gaseous) is reached
at greater reaction progression as pressure increases. At higher pressure the volumetric
flow reduces resulting in higher flow concentration on the catalyst surface. This process
also decreases the evaporation region of the catalyst bed (showing it needs less catalyst
bed length to evaporate the fluid at higher pressure) due to lower volumetric flux of the
flow at higher pressure.

The temperature profile along the catalyst bed shown in Figure 7.15 supports the find-
ings on effect of pressure on catalyst. The temperature profile shows increasing tem-
perature till saturation conditions are met, hence the impact of increasing pressure on
the increase of saturation temperature is shown. These results supports the finding of
Williams et al[43] on the approach to realises temperature of the reaction. Once satura-
tion conditions are met, the phase transition happens, in the case of increase pressure
the catalytic bed length for phase transition decreases. The temperature profile shows
the gas phase decomposition is promoted at increasing pressure the gas. The impact of
pressure is also capture in the two phase flow region, when looking at the temperature
profile below saturation shown in figure 7.16, showing faster rise in temperature with the
increase in pressure.
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Figure 7.15: Flow temperature along the catalytic bed (simulation Case 2R with variable pressures)
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Figure 7.16: A close up of initial flow temperature along the catalytic bed (simulation Case 2R with variable
pressures)

When increasing pressure, the reaction in liquid phase (predominantly liquid phase of a
two phase flow) doesn’t seem to show any effect on pressure. This is because increasing
pressure doesn’'t have an effect on liquid reactions, this means that the increasing pres-
sure does not alter the concentration of the liquid. However it plausible that an effect
of liquid compressibility exists, in this work the effect of liquid compressibility is con-
sidered negligible (isothermal compressibility of HTP is typically about 26.514 x 10712
[bar~'] [29]). The gas phase decomposition in the catalytic bed is promoted by increas-
ing pressure. With increasing pressure the probability of molecular collision on the cat-
alytic surface increases. Hence increasing pressure increase gas phase flow concentra-
tion aiding to the reaction progression, this can be seen with Figure 7.11, the gradient of
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the gas phase slope increases with pressure. Above 80% reaction progression of the flow
in simulated results in Figure 7.11 are all gaseous and considerable amount of catalytic
bed length variation is present in the gas phase due to variable pressures. The difference
between the aforementioned bed length for complete decomposition and the dry out
position of the catalyst bed gives the length of the catalyst bed occupied by pure gaseous

flow. The catalyst bed length required for the pure gaseous flow to complete decompo-
sition are shown listed below ;

° 13.01 [mm] at 10 [bar] pressure
* 4.15 [mm] at 30 [bar] pressure
* 1.99 [mm] at 60 [bar] pressure

° 1.08 [mm] at 100 [bar] pressure

The above shows that from the majority of the catalyst bed length is required for the
decomposition of gas phase H, 0. Increasing pressure decreases the length required for
gaseous HyO, decomposition, as the volumetric flow due to the pressure is reduced (gas

phase H, 0, flow concentration increases with pressure). The overall catalytic bed length
required for 98% reaction progress is shown in figure 7.17
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Figure 7.17: Catalyst bed length required for 98% reaction progress (simulation Case 2R with variable
pressures)

The impact on operating pressure on a catalyst bed on a given set of conditions defined
by Case 2R was assessed. The catalytic bed length required for decomposition is depen-
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dent on the pressure. Increase in operational pressure delays the flow phase change with
respect to the reaction progression, the volumetric flow rate decrease (due to gaseous
flow) with increasing pressure. Thereby, the local flow concentration on the catalyst is
higher promoting decomposition resulting in shorter catalyst bed length to complete the
reaction of the flow.

7.3. EFFECTS OF FEED CONCENTRATION

The simulations were performed with Case 1R input parameters, with an inlet temper-
ature 298.15 [K]. The massflow was set to 67 [gs‘l]. The resulting in a bed loading of
101.44 [kgm~2s7!] and a catalyst bed void fraction of 0.3936. These model operating
pressure was set to 30 bar. The feed concentration was varied from 80%, 87.5%, 90%,
95% & 100% HTP. The impact was assessed at a single operating pressure of 30 bar and
feed temperature of 298.15 K. With increasing in the concentration of HTP the adiabatic
decomposition temperature reached at the end of the reaction is tabulated in Table 7.3.

HTP [w/w] Adiabatic temperature

100 % 1282 K
95 % 1159 K
90 % 1036 K

87.5% 975K
80 % 790.61 K

Table 7.3: Adiabatic decomposition temperature T;;,, =298.15K, P = 30bar

The impact of changing the concentration was analysed on the reaction progress on the
catalytic bed length required . This was done by vary the input flow concentration. The
results shown in Figure 7.18 on reaction progression distribution along the catalyst bed.
With the increase of HTP concentration, the rate of reaction progression is promoted.
A considerable difference can be see over 70% of reaction progress, this is due to the
decreasing of concentration of H,O, the volumetric flow.

The difference of the gas fraction of the flow species is shown as the reaction progress
along the catalyst bed 7.19. As concentration of the feed is lowered (from 100% to 80%
HTP) it is shown that the phase transition is prolonged and dry out condition of the
flow is met at greater reaction progress. This effect is due to a lower flow temperature
reached as a consequence of feed HTP concentration at a given level of reaction progress.
The gas fraction of species generated is dependent on temperature and pressure, in this
comparison the pressure is held constant and the flow temperature is a product of the
reaction progress and the selected feed concentration. It is shown in Figure 7.20, as the
feed concentrated increases the reaction progress faster and the required catalyst bed
lengths are shorter.
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Figure 7.18: Reaction progression along the catalyst bed (simulation Case 2R with pressure of 30 bar)
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Figure 7.20: Gas fraction of H2O & H»O2 along the catalyst bed

The flow temperature profiles along the catalyst bed length is shown in Figure 7.21, the
variation of the HTP concentration shows an effect on the required catalyst bed length
to achieve decomposition. The lower feed concentration, greater the catalyst bed length
requirements, the cause of this is concentration of H,O, on the catalytic surface and the
temperature realised when at given progression reaction. A lower feed concentration
reduce the rate of reaction, hence the reactions is less fast. Increasing the feed concen-
tration also increases the flow temperature realised at given reaction progress yielding a
higher reaction rate. The increase of flow concentration, causes the faster reaction rate,
seen by the steeper gradient in Figure 7.18 & 7.21 at the start of the reaction. The dry out
conditions are reached at 60% reaction progress with 100% HTP and over 80% reaction
progress with 80% HTP. Even with the faster transition to a gas phase at a higher feed
concentration, the increase of the temperature of the gas phase flow speeds up the re-
action (seen by the steeper gradient in Figure 7.18 & 7.21). Hence the requirement of a
catalyst bed length is shorter with increase feed concentration.
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Figure 7.21: Reacting flow temperature over the catalyst of H2O & H20O3 along the catalyst bed

7.4. COMBINED EFFECT OF PRESSURE AND CONCENTRATION
In sections 7.2 and 7.3 the effects of the pressure and feed concentration was discussed.
The increase both these parameters has a positive effect on the reaction, the reaction
is faster resulting in shorter catalyst bed length requirements. In order to identify the
combined effect simulations were performed by varying both parameters. The figure
7.22 shows the reaction length required to achieve 98% decomposition.
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Figure 7.22: Pressure and HTP concentration impact on catalyst bed length required for 98% reaction
progression
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7.5. EFFECT OF INCREASING MASSFLOW

The bed loading parameter with the units [kgs~! m?] is dependent on the massflow rate
through fixed bed (constant cross sectional area). The bed-loading parameter can be
varied with the massflow or varying the cross sectional geometry of the catalyst bed.
In this analysis, the massflow was varied to result in a bed loading range of 25 - 200
[kgs~'m?]. The impact of changing the bed loading was assessed on simulations set
with fixed operational pressure of 30 bar and a set HTP feed concentration of 87.5%.
The impact of bed-loading is shown in Figures 7.24 & 7.23. The increase of bed loading
parameter increase the catalyst bed length required for decomposition for given cata-
lyst. Hence varying the massflow in the simulation has an impact on the volumetric flow
through the catalyst bed, thereby impacting the catalyst bed length required to progress
in decomposition of the flow.
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Figure 7.23: Reaction progression along the catalyst bed length for varying bed-loading
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Figure 7.24: Flow temperature along the catalyst bed length for varying bed-loading
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Figure 7.25: Flow velocity for varying bed-loading

The Figures 7.24 & 7.23 shows at higher bed-loading the flow penetrates quicker through
the catalyst bed, this can be seen at a certain reaction progress the catalyst bed length
required to realise the level progression is greater at higher bed-loading. Similarly, at low
bed-loading the reaction progression is achieved at an a early catalytic bed length. This
can be reasoned with the increasing flow velocity due to the increase of the bed-loading
as shown in Figure 7.25. As the temperature of the flow is dependent on the reaction
progress achieved by the flow. The temperature profile also shifts further in the catalyst
bed at higher bed-loading. The table summarises the required bed length to reach the
flow dry out condition and 98% reaction progress at varying bed-loading.

Bed-loading Dry out location Catalyst b(?d length for
1.2 98% Reaction Progress
[kgs™ m-] [mm]

(mm]

25 0.79 1.47

50 1.58 2.94

100 3.17 5.88

200 6.33 11.76

Table 7.4: Catalyst bed length required to reach dry out conditions and 98% reaction progress at varying
bed-loading levels

Finally, in the process of assessment of the simulated data, two other parameters that
were found to have an influence on the flow development in catalyst beds. These pa-
rameter include the chamber diameter and the pellet diameter. They both have their
individual contribution to the flow development. However they are linked by void frac-
tion of the catalyst bed. Hence the flow variations are mainly due to change bed void
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fraction, considering the void fraction of pellet bed is coupled by the ratio of decom-
position chamber diameter and pellet diameter, it is more practical (in an engineering
sense) to consider the affects of these two parameters individually. Though these two
parameters were not intended to be investigated in this thesis, as it was not defined in
the research questions, their impacts to flow development process in the catalyst bed is
relevant. Hence two figure 7.26 and 7.27 are shown to summarise the findings with Case
1R inputs (with varying pellet diameter and chamber diameter).
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Figure 7.27: Reaction advancement at various chamber diameters
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Chamber diameter Pellet diameter Void fraction Lengthat98%  Bedlaoding

[mm] [mm] (-] [mm] (kgs™' m?]
29 1.59 0.3936 5.96 101
29 2 0.3984 7.56 101
29 3 0.4102 11.56 101
20 1.59 0.4020 12.71 213
25 1.59 0.3966 8.06 136

Table 7.5: Case 1R model input conditions

Over 50 simulations were performed, the results were compared and analysed to find
the affects of operational parameters on the the catalyst bed. The primary operation
conditions focused in the assessment were catalyst bed operating pressure, feed HTP
concentration, and massflow. The pressure and feed concentration were found to posi-
tively impact the reaction progression showing required catalyst bed length to complete
the reaction to be shorter. However, increasing massflow to the catalyst bed showed that
the required bed length for reaction to be greater. During this investigation other pa-
rameters that were found to have an impact on flow development in catalyst beds, these
were pellet diameter and decomposition chamber diameter. They are both considered
design variables and not operational variables. It was found the varying these parame-
ters would results in changes to the flow advancement, as both these parameters govern
the void fraction of a pellet catalyst bed. Increasing chamber diameter, results in shorter
length required for the catalyst bed. The increase of pellet diameter results in longer bed
required for the same level of decomposition.






CONCLUSION &
RECOMMENDATIONS

The purpose of this research was to 'Make recommendations on pellet based catalytic
bed length for high test peroxide decomposition chambers by means of a High Test Per-
oxide decomposition model to determine the flow development in the catalyst bed’.

The goal of this thesis was met in this study. A numerical model was developed to simu-
late HTP decomposition in catalyst beds. The model is capable of determining the flow
properties including flow temperatures and pressures in the catalyst bed. The simulated
results from the model demonstrated the ability to determine the impacts of operational
variables, such as massflow rate, pressure and HTP concentration on the catalyst bed
length. The model was found to be capable of predicting flow distributions up to 98% of
the reaction progress.

An increasing massflow rate has the same impact as increasing the bed loading on a fixed
diameter catalyst bed. Hence higher bed loading or massflow rates requires a longer cat-
alyst bed for decomposition. Another aspect is the increase of flow velocity due to in-
crease of bed loading requires a larger catalyst bed length. Based on a Manganese Oxide
catalyst, and a bed loading of 200 [kg s 1m™2] the required bed length is 11.76 [mm] and
bed length of 2.94 [mm] for a bed loading of 50 [kgs~! m~2]. However excessive reduction
of flow rate or bed loading could increase the risk of feed system coupled instabilities,
this was observed with tests performed at low flow rates. The variation of feed concen-
tration was investigated, with HTP of 80%, 87.5%, 90%, 95% & 100% concentrations. The
increase of concentration results in a higher adiabatic temperature ranging from 791 [K]
for 80% HTP to 1282 [K] for 100% HTP. The results showed an acceleration in reactiv-
ity with the use of higher concentration HTP. This was primarily due to an increase of
H,0; species in the flow, as the flow decomposes a higher thermal gradient is present
with the increase of HTP concentration. The greater the concentration of the feed HTP,
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the earlier the dry out conditions are met in the catalyst bed. The gas phase decom-
position is prolonged with a low concentrated feed (due to lower flow temperature and
H,0, concentration). Hence for a higher the HTP concentration, a shorter catalyst bed
is required. It was shown that catalyst bed length required ranged 7.64 [mm] for 80%
HTP to 4.85 [mm] for 95% HTP to achieve 98% decomposition progression. The effect of
variation in pressure was found to be significant on the decomposition on the gaseous
flow. The effect of pressure was captured In the two phase flow and pure gaseous flow.
Increasing pressure causes the local flow concentration to increase (due to gas fraction
of the flow), promoting decomposition. The dry out conditions are reached much earlier
in the catalyst bed. As the flow advances to gas phase in a higher pressure, the gas phase
decomposition is promoted resulting in a shorter catalyst bed length. Hence an increase
of pressure enables to achieve a shorted catalyst bed. It was shown that use of 10 bar
pressure would require 16.5 [mm)] catalyst bed length to achieve 98% decomposition in
contrary a 30 [bar] operating pressure yielded a bed length of 6 [mm].

The model was verified by comparing the model to other models in literature, this showed
good agreements, with differences ranging from 4% to 14% of catalyst bed length for 98%
completion decomposition (the model consistently showed a shorter bed length is re-
quired than predicted by Jung et al). A test setup developed by Dawn Aerospace was used
to perform experiments, the experimental data were used to validate the model. The ex-
perimental data sets consisted of flow temperatures and pressures. The flow tempera-
ture simulated shows agreements with the experimental results with deviations ranging
from -4.67% to 6.71% of adiabatic decomposition temperature reached by the model.
The overall average deviation was 2% of adiabatic decomposition temperature. In all
cases it was validated that the reaction was completed or exceeded 98% prior to reach-
ing a L/D 3.091. The model predicted a lower pressure loss than the experimental av-
erage, but the differences between the two reduced with higher operating pressures (as
pressure roughness reduced). The deviations between the simulated pressure loss and
measured pressure loss was computed to be less than 1% flow pressure. However, the
pressure roughness of the system was larger than the pressure drop, and the simulated
pressure was still within the bounds in all the validation cases.

Finally it can be concluded that the model is capable of translating the user input to
sensible outputs such as distribution of flow pressure, temperature, concentration, gas
fractions and other flow characteristics over the length of the catalyst bed. With accuracy
of the model identified by validation process, it has been demonstrated that the model is
reliable when producing catalyst bed length estimates. Hence this model can be applied
in the development process of catalyst beds and can translate design requirements into
design choices and accelerate the development process of catalyst bed

Some recommendations can be made to improve the overall accuracy of the model. It is
strongly recommended to use a massflow measurement in the test setup, as this would
enable to provide accurate massflow reading, inaccuracies in massflow prediction can
occur particularly in transient pressure conditions. In this work, steady pressure data
were sampled from test data to derive massflow rates, however incorporating a massflow
meter would enable the use of test data with less stringent requirements on sampled test
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data. Hence having accurate inlet flow conditions can lead to better representation of
the simulated results and increase the precision of the model validity. The simulated
data showed that the maximum temperature was reach prior to the end of the catalyst
bed used in the test. It is highly recommended to increase the massflow rate to the cat-
alyst bed and further perform test such that maximum temperature region is induced
forward and towards the temperature sensor placement at L/D = 3. This would enable
to record the maximum flow temperature measurements in the experiments and assess
the deviation from the simulated adiabatic temperature, this would assist to quantify if
the heat transfer modifications proposed below are required.

To further develop the model, a heat transfer capability should be added to the model.
Heat transfer from the evolving flow to the external surface boundary such as decompo-
sition chamber casing. Capturing this in the model would aid to simulate results with
thermal losses of the flow due to heat transfer to the surroundings. In a design perspec-
tive decomposition chamber wall temperature can be approximated, with such efforts to
help in material selection and sizing. Similarly adding heat transfer from the pellet bed
and the flow, where heat is transferred via the substrate from the hotter regions to the
cooler regions of the catalyst bed, might aid to improve the results found in this work. Fi-
nally, the modelling approach used in this thesis for HTP decomposition in catalyst beds
could be further developed to other mono propellants, such as Ammonium Dinitramide
based or Hydroxylammonium Nitrate based green monopropellants.
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APPENDIX A: ADDITIONAL FLOW
PROPERTIES

Coefficient ~ H,O ()

A 34.25667
B 1523.290
C -3196.413
D 2474.455
E 3.855326

Table A.1: Specific heat coefficients for liquid HO valid for temperature range from 298 K to 1500 K

Coefficient ~ HzO (g

A 30.09200
B 6.832514
C 6.793435
D -2.534480
E 0.082139

Table A.2: Specific heat coefficients for gaseous H2 O valid for temperature range from 500 K to 1700 K
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Coefficient 02 (g

A 31.32234
B -20.23531
C 57.86644
D -36.50624
E -0.007374

Table A.3: Specific heat coefficients for gaseous O3 valid for temperature range from 100 K to 700 K

Coefficient 02 (g

A 2091111
B 10.72071
C -2.020498
D 0.146449
E 9.245722

Table A.4: Specific heat coefficients for gaseous O3 valid for temperature range from 700 K to 2000 K

Coefficient  H,0 (g)

A 34.25667
B 55.18445
C -35.15443
D 9.087440
E -0.422157

Table A.5: Specific heat coefficients for gaseous HoO2

Coefficient H>02 (g
A -15.248
B 0.67693
C -1.4948 x 1073
D 1.2018 x 1078

Table A.6: Specific heat coefficients for liquid H2 O3 valid for temperature range from 273 K to 694 K

The Specific heat coefficient used in the Shomate equation for gaseous and liquid species
of the flow is given in tables A.1 to A.5 obtained from NIST[1]. The Specific heat coeffi-
cient for liquid H, O is given in table A.6 valid for temperature range 273 K to 694 K [2].
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Specific heat capacity, Cp [Jmol ! K]

Temperature, [K] 0O2(g) HO2(g) H,0,(8)
579.52 31.73 35.90 54.47
596.00 31.90 36.08 54.94
612.40 32.07 36.27 55.39
628.73 32.23 36.46 55.83
644.99 32.38 36.65 56.25
661.18 32.53 36.84 56.65
677.30 32.67 37.03 57.04
693.36 32.80 37.23 57.41
709.36 32.93 37.42 57.77
725.30 33.06 37.62 58.12
741.18 33.19 37.81 58.45
757.00 33.31 38.01 58.78
772.76 33.44 38.20 59.09
788.47 33.55 38.40 59.39
804.12 33.66 38.59 59.69
819.73 33.77 38.79 59.97
835.27 33.87 38.98 60.25
850.77 33.97 39.18 60.51
866.22 34.07 39.37 60.77
881.62 34.16 39.57 61.02
896.97 34.25 39.76 61.27
912.28 34.34 39.96 61.51

Table A.8: Specific heat capacities of gases at high temperatures

Flow type Flow type

Liquid Gas Chisholm Constant
Viscous Viscous 5
Turbulent Viscous 10
Viscous Turbulent 12
Turbulent Turbulent 20

Table A.7: Flow type and Chisholm constant

Table summarises the type of flows based on the Chisholm constant [3] & [4]
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Figure B.1: Flow characteristics of decomposing 87.5 HTP at 30 bar Pressure (Case 1)

The Figure B.3 obtained from literature [5], shows model generated result of the reaction
progression from 0-100 % over catalytic bed length given in [m]. This Figure B.3 was used
in order to perform comparison of the model in chapter 3 by digitising to create Figure
3.4

The Figure B.4 obtained from literature [5], shows model generated result of the pressure
distribution in [Pa] over catalytic bed length given in [m]. This Figure B.4 was used in
order to perform comparison of the model in chapter 3 by digitising to create Figure 3.7
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Figure B.2: Flow Reynolds number along the catalyst bed (Case 1)
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Figure B.3: Simulated reaction progression over the s catalyst bed length [5]

X 1()6
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Figure B.4: Simulated pressure distribution over the catalyst bed [5]

The Figure B.5 obtained from literature [5], shows model generated result of the tem-
perature distribution given in [K] % over catalytic bed length given in [m]. The Figure
B.5 was used in order to perform comparison of the model in chapter 3 by digitising to
create Figure 3.6
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0 0.0 0.02 003 0.04 005 0.06

Figure B.5: Simulated flow temperature distribution over the catalyst bed [5]
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Figure B.6: Gas fraction profiles of simulation case 3

The Figure B.6 shows the gas fraction profiles of % H,O, & H,O at each point of reaction
progression. The profiles are results of simulating case 3.
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Figure B.7: Gas fraction profiles along the catalyst bed length of simulation case 3

The Figure B.7 shows the gas fraction profiles of % H, 0, & H,O over catalytic bed length
given in [m]. The profiles are results of simulating case 3 .
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Figure B.8: Pressure losses over the catalyst bed length (case 3)
AP Deviation wrt Deviation wrt
[bar] R, [%] R2, [%]
Model Result (case 3) 0.647 +2.70% —0.467%
R1 Pasini et al Model Result [5] 0.63 0 -3.08%
R2 Experimental Result [5] 0.65 3.17% 0

Table B.1: Comparison of pressure losses and respective deviations

The Table B.1 shows comparison of model simulated pressure difference to that of Pasini
etall5].
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Figure B.9: Pressure distribution over the catalyst bed for case 4 to 7
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Figure B.10: Pressure distribution the catalyst bed for case 8 to 11
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Figure B.11: Pressure deviation between model results and Jung et al simulated results (case 4 extended to
catalyst bed length of 29 [mm)])
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Figure B.12: Pressure deviation between model results and Jung et al simulated results (case 5 extended to
catalyst bed length of 29 [mm)])
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Figure B.13: Pressure deviation between model results and Jung et al simulated results (case 5 extended to
catalyst bed length of 29 [mm)])
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Figure B.14: Pressure deviation between model results and Jung et al simulated results (case 7 extended to
catalyst bed length of 29 [mm])
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Figure B.15: Pressure deviation between model results and Jung et al simulated results (case 8 extended to
catalyst bed length of 29 [mm])
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Figure B.16: Pressure deviation between model results and Jung et al simulated results (case 9)
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Figure B.17: Pressure deviation between model results and Jung et al simulated results (case 10 extended)
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Figure B.18: Pressure deviation between model results and Jung et al simulated results (case 11)

Catalys‘t bed Model Jung et al simulated Jung et al experimental
Location

[bar] [bar] [bar]

(mm]

1.13 253 25.34 25.33

14.68 24.55 2391 24.47

27.4 23.29 21.44 20.18

29 23.13 (Extened) 21.09 -

Table B.2: Key pressure values (case 4)
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Catalyst bed location Model Jung et al simulated Jung et al experimental
[mm)] [bar] [bar] [bar]
0.99 14 14.02 14.02
14.68 13.53 13.26 13.43
274 12.9 (Extended) 12.10 11.0
29 12.81 (Extended) 11.95 -

Table B.3: Key pressure values (case 5)

Catalyst bed Location Model Jungetal simulated Jung et al experimental

[mm)] [bar] [bar] [bar]
1.16 31.8 31.8 31.8
14.72 13.3 30.7 31.48
27.4 29.69 27.36 28.51
29 - 21 -

Table B.4: Key pressure values (case 6 tuned)

Catalyst bed location Model Jungetalsimulated Jung et al experimental

[mm] [bar] [bar] [bar]
1.16 19.86 19.86 19.86
14.72 19.37 18.78 19.23
27.4 18.38 16.58 16.14
29 - 16.2 -

Table B.5: Key pressure values (case 7))

Catalays.t bed Model Jung et al simulated Jung et al experimental
Location
[bar] [bar] [bar]
(mm]
0.95 28 28 28
14.67 27.14 (extended) 26.46 27.5
27.38 25.8 (extended) 24.15 22.09
29 25.68 (extended) 23.86 -

Table B.6: Key pressure values (case 8)
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Catalyst bed location Model Jungetal simulated Jung et al experimental

[mm] [bar] [bar] [bar]
1.01 18.5 18.5 18.5

14.73 18.16 17.78 18.37

27.41 17.22 15.83 16.65
29 17.08 15.53 -

Table B.7: Key pressure values (case 9)

Catalyst bed location Model Jungetal simulated Jung et al experimental

[mm] [bar] [bar] [bar]
0.97 30.8 30.8 30.8
14.68 29.40 28.29 29.42
27.39 27.7 24.95 22.3
29 27.48 24.52 -

Table B.8: Key pressure values (case10)

Catalyst bed location Model Jungetal simulated Jung et al experimental

[mm)] [bar] [bar] [bar]
4,93 12.66 12.64 12.71
14.92 12.12 12.29 12.08
25.02 11.88 11.48 11.3
33 11.57 10.96 -

Table B.9: Key pressure values (casell)
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Figure C.1: Predicted massflow of test E16

The figure C.1 shows the predicted massflow, using relation 5.1 and a moving average
with a window of 100 samples on the predicted flow rate.
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Spectrogram
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Figure C.2: Spectogram (Test E14)
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Figure C.3: Design process showing the steps need to be taken to size a catalyst-bed
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APPENDIX D: ADDITIONAL MODEL
VALIDATION DATA

CASE 14V

Case 14V the data is sampled between 29.5 and 32 seconds of the test. This sampling
width for experimental data is chosen considering any transient of pressure and tem-
perature data. In the sampling window chosen the tank pressure is relatively constant.
From the pressure data it can be seen that tank pressure has a transient from and a rel-
ative stable at 56.3 at bar. Considering the roughness of the pressure data, the sample
mean is computed for 3 pressure sensor data and used in validation process. Similarly
the average massflow is determined for the sampling region to be an average of 4.61
(g s711. Case 14V is simulated with the conditions listed in table D.1.

Parameter Value Units
Pressure 54.06 [bar ]
Mass flow 461  [gs7Y

Inlet temperature  296.15 K]
HTP concentration 88 % [w/w]

Table D.1: Case 14V model input conditions

The temperature profile of the flow is shown in Figure D.1, with the simulated model
results and experimental result. The saturation conditions of water is met at a L/D of
0.68 with a temperature of 541.2 kelvin. The dry out locations results for H,O is at L/D
of 1.07 and H,O is at 1.27. The experimental data captures the flow temperature in the
pre-boiling region and the gas phase. At a L/D of 0.455 the measure temperature range
302 [K] - 310 [K] the simulation predicts a temperature of 382 [K]. The gas phase flow
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temperature at L/D 1.818 is measure in the range of 859(K] to 885[K] this corresponds to
areaction progression of 92% to 93.7% of the model. This temperature range is reached
between L/D of 1.66 and 1.73 in the simulated results. According to the simulated results
98% of the reaction progression is reached at L/D 2.02 with a temperature of 952 [K]. The
third thermocouple located at L/D 3.091 measured temperature range of 892 [K] to 903
[K]. The adiabatic decomposition temperature calculated by the model results with a
temperature of 984.2[K], this is realised at a L/D of 2.418.
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Figure D.1: Flow temperature over the catalyst bed with measured experimental results (Case 14V )

The Pressure data in Figure D.3 shows the pressure losses experienced by the flow. The
experimental data shown in the plot is the average value of the pressure measured. Fig-
ure D.2 displays the actual pressure measured.
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Figure D.2: Pressure distribution over the catalyst bed with measured experimental results (Case 14V )
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Figure D.3: Pressure distribution over the catalyst bed with averaged experimental results (Case 14V)

L/D  Simulated Measured range Measured sample Mean

Flow temperature  0.459 325[K] 302 - 310 [K] 306 [K]

Flow temperature 2.018 912 [K] 859 - 884 [K] 874 [K]

Flow temperature 3.119 - 892 - 905 [K] 900 [K]
Pressure 0.459 54.06 [bar] 52.0910 - 55.7820 [bar] 54.06 [bar]
Pressure 2.018 53.96 [bar] 51.7410 - 55.4660 [bar] 54.54 [bar]
Pressure 3.119 53.77 [bar] 52.3930 - 54.3410[bar] 53.38 [bar]

Table D.2: Measured and simulated parameters of Case 14V

The pressure overall loss of the simulation results in 0.290 [bar] and the pressure loss cal-
culated using the average of experimental data results a loss of 0.685 [bar]. The overall
pressure loss percentage from the simulation is calculated as 0.543% and the experimen-
tal pressure loss percentage is calculated to be 1.283%. With the results it can be seen
that simulated pressure losses are smaller than actually measured, however the results
shown figure D.2 shown good agreement as the prediction by the model is within the
given measured ranges of pressure at each location. The pressure roughness of the data
depicted in Figure D.2 shows that the pressures in the sampling region of the data used.
The simulated pressure data shows to be within the bounds of the pressure roughness of
the measure data. The pressure roughness of the threes sensors are calculated as 6.83%,
6.96% & 3.65% in the increasing order of L/D. The absolute pressure drop of the flow in
the simulated (0.290 [bar]) and the average of the measures pressure (0.685 [bar]). Con-
sidering the range of pressure roughness, the pressure losses are significantly small. The
simulated pressure of the flow are within the bounds of the measured pressure sensors
roughness as shown in D.2.

CASE 15

Case 15 the data is sampled between 23 and 26.5 seconds of the test. This sampling width
for experimental data is chosen considering as any transient of pressure and tempera-
ture data in and sampling window is chosen in region when tank pressure is relatively
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constant. From the pressure data it can be seen that tank pressure has a transient from
and a relative stable plateau between 23 and 26.5 seconds, in this region the pressure
remains relative constant at 82.3bar. Considering the roughness of the pressure data,
the sample mean is computed for 3 pressure sensor data and used in validation process.
Similarly the average massflow is determined for the sampling region, the massflow is
derived by the pressure drop over the injector to be an average of 6.10 [gs™!]. Case 15 is
simulated with the conditions listed in table D.3.

Parameter Value Units
Pressure 77.9 [bar]
Mass flow 6.12  [gs7l]

Inlet temperature  296.15 K]
HTP concentration 88 % [w/w]

Table D.3: Case 15 model input conditions

The temperature profile of the flow is shown in Figure D.4, with the simulated model re-
sults and experimental results. As expected it can be seen in comparison to case 14, the
saturation conditions occur at higher temperature as the operating pressure are higher.
The saturation conditions of water is met at a L/D of 0.92 with a temperature of 565.9
kelvin. The dry out locations results in higher L/D compared to the case 14, dry out lo-
cations for H,O is at L/D of 1.29 and HO is at 1.47. The experimental data captures
the flow temperature in the pre-boiling region and the gas phase, the data shows good
alignment with the model results. At a L/D of 0.455 the measure temperature range 314
[K] - 337 [K] the simulation predicts a temperature of 344 [K]. The gas phase flow tem-
perature at L/D 1.818 is measure in the range of 834[K] to 851[K] this corresponds to a
reaction progression of 90.5% to 91.5% of the model. This temperature range is reached
between L/D of 1.767 and 1.80 in the simulated results. According to the simulated re-
sults 98% of the reaction progression is reached at L/D 2.140 with a temperature of 952
[K]. The third thermocouple located at L/D 3.091 measured temperature range of 899
[K] to 923 [K]. The adiabatic decomposition temperature calculated by the model results
with a temperature of 984.2[K], this is realised at a L/D of 2.513.



151

1000

800 -

Temperature, [K]
[=2]
(=]
o
T

—=— Model results
O Experimental results
Il Il 1 Il
5 2 25 3 35
LD, [-]

Figure D.4: Flow temperature over the catalyst bed with measured results (case 15)

The Pressure data in Figure D.6 shows the pressure losses experienced by the flow. The
experimental data shown in the plot is the average value of the pressure measured. Fig-
ure D.5 displays the actual pressure measured.
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Figure D.5: Pressure distribution over the catalyst bed with measured results (case 15)
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Figure D.6: Pressure distribution over the catalyst bed with averaged experimental results (case 15)
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L/D  Simulated Measured range Measured sample Mean

Flow temperature  0.459 344 [K] 314 - 337 [K] 326 [K]

Flow temperature 1.818 860 [K] 834 - 851 [K] 842[K]

Flow temperature  3.091 - 899 - 923 [K] 912 [K]
Pressure 0.459 77.72 75.9160 - 79.7780 [bar] 77.73[bar]
Pressure 1.818 77.63 75.9420 - 79.3130 [bar] 77.50 [bar]
Pressure 3.091 77.42 76.0470 - 78.480 [bar] 77.19 [bar]

Table D.4: Measured and simulated parameters of Case 15V

The pressure overall loss of the simulation results in 0.312 [bar] and the pressure loss
calculated using the average of experimental data results a loss of 0.539 [bar]. The over-
all pressure loss percentage is calculated as 0.404% and the experimental pressure loss
percentage is calculated to be 0.677%. With the results it can be seen that simulated
pressure losses are smaller than actually measured, however the results shown figure
D.5 shown good agreement as the prediction by the model is within the given measured
ranges of pressure at each location. The pressure roughness of the data depicted in Fig-
ure D.5 shows that the pressures in the sampling region of the data used. The simulated
pressure data shows to be within the bounds of the pressure roughness of the measure
data. The pressure roughness of the threes sensors are calculated as 4.97%, 4.35% &
3.15% in the increasing order of L/D. The absolute pressure drop of the flow in the sim-
ulated (0.312 [bar]) and the average of the measures pressure (0.539 [bar]). Considering
the range of pressure roughness, the pressure losses are significantly small. Hence the
simulated pressure of the flow are within the bounds of the measured pressure sensors.

CASE 16

Case 16 the data is sampled between 29 and 33.5 seconds of the test. This sampling width
for experimental data is chosen considering as any transient of pressure and tempera-
ture data in and sampling window is chosen in region when tank pressure is relatively
constant. From the pressure data it can be seen that tank pressure has a transient from
and a relative stable plateau between in the chosen time sampling range, in this region
the pressure remains relative constant at 82 bar. Similar to the other cases the sample
mean is computed for 3 pressure sensor data and used in validation process. Similarly
the average massflow is determined for the sampling region, the massflow is derived by
the pressure drop over the injector to be an average of 6.10 [gs™!]. Case 16 is simulated
with the conditions listed in table D.5.

Parameter Value Units
Pressure 77.9 [bar ]
Mass flow 6.10 [gs’I]

Inlet temperature  296.15 K]
HTP concentration 88 % [w/w]

Table D.5: Case 16 model input conditions
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The temperature profile of the flow is shown in Figure D.7, with the simulated model re-
sults and experimental results. The saturation conditions of water is met at a L/D of 0.92
with a temperature of 566.3 kelvin. The dry out locations for H,O is at L/D of 1.282 and
H,0 is at 1.46. The experimental data captures the flow temperature in the pre-boiling
region and the gas phase, the data shows good alignment with the model results. At a
L/D of 0.455 the measure temperature range 341 [K] - 356 [K] the simulation predicts a
temperature of 345 [K]. The gas phase flow temperature at L/D 1.818 is measure in the
range of 883 (K] to 915[K] this corresponds to a reaction progression of 93.6% to 95.6% of
the model. This temperature range is reached between L/D of 1.88 and 1.98 in the simu-
lated results. 98% of the reaction progression is reached at L/D 2.155 with a temperature
0f 953 [K]. The third thermocouple located at L/D 3.091 measured temperature range of
948 [K] to 954 [K], this is 3.68% to 3.07% lower than the adiabatic temperature. The adia-
batic decomposition temperature calculated by the model results with a temperature of
984.2[K] ata L/D of 2.513.
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Figure D.7: Simulated flow temperature over the catalyst bed and experimental results (case 16)

The Pressure data in Figure D.8 shows the pressure losses experienced by the flow, the
measured experimental data is depicted at each sensor locations. The experimental data
shown in the plot is the average value of the pressure measured. Figure D.9 displays the
actual pressure measured.
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Figure D.8: Pressure distribution over the catalyst bed and averaged experimental results (case 16)
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Figure D.9: Pressure distribution over the catalyst bed and experimental results (case 16)

L/D  Simulated Measured range Measured sample Mean
Flow temperature  0.459 345 [K] 341 - 356 [K] 340 [K]
Flow temperature 1.818 853 [K] 883 - 915 [K] 899 [K]
Flow temperature 3.091 - 948 - 955 [K] 951[K]
Pressure 0.459 77.89 76.4140 - 79.6200 [bar] 77.89[bar]
Pressure 1.818 77.80 76.3970 - 79.3940(bar] 77.80 [bar]
Pressure 3.091 77.59 76.3480 - 78.7060 [bar] 77.52[bar]

Table D.6: Measured and simulated parameters of Case 16V

The pressure loss over the catalyst bed of the simulation results in 0.310 [bar] and the
pressure loss calculated using the average of experimental data results aloss of 0.38 [bar].
The overall pressure loss percentage of simulation is calculated to be 0.40% and the ex-
perimental pressure loss percentage is calculated to be 0.49%. With the results it can be
seen that simulated pressure losses are smaller than actually measured, however the re-
sults shown figure D.9 shown good agreement as the prediction by the model is within
the given measured ranges of pressure at each location. The pressure roughness of the
data depicted in Figure D.9 shows that the pressures in the sampling region of the data
used. The simulated pressure data shown is within the bounds of the pressure rough-
ness of the measure data. The pressure roughness of the three sensors are calculated as
4.11%, 4.85% & 3.04% in the order of increasing L/D. The absolute pressure drop of the
flow in the simulated (0.310 [bar]) and the average of the measured pressure (0.38 [bar]).
Considering the range of pressure roughness, the pressure losses are significantly small.
The simulated pressure of the flow can be has good agreement and within the bounds of
the experimentally measured pressures, shown in Figure D.9.

CASE 19

Case 19 the data is sampled between 60 and 80 seconds of the test. This 20 second sam-
pling width for experimental data is chosen from near steady pressure and temperature
data. In the sampling window tank pressure is relatively constant, hence the pressure
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drop on the injector and the massflow on the catalytic bed is assumed to be constant.
This enables to use an average flow rate determined from the data to be used for the
model input. From the pressure data it can be seen that tank pressure has a transient
from and a relative stable plateau between in the chosen time sampling range, in this
region the pressure remains relative constant at 109.98 bar. Similar to the other cases
the sample mean is computed for 3 pressure sensor data and used in validation process.
Similarly the average massflow is determined for the sampling region, the massflow is
derived by the pressure drop over the injector to be an average of 8.18 [gs~!]. Case 16 is
simulated with the conditions listed in table D.7.

Parameter Value Units
Pressure 102.6 [bar ]
Mass flow 8.18  [gs!]

Inlet temperature  296.15 K]
HTP concentration 88 % (w/w]

Table D.7: Case 19 model input conditions

The temperature profile of the flow is shown in Figure D.10, with the simulated model re-
sults and experimental results. The saturation conditions of water is metata L/D of 1.24
with a temperature of 584.9 kelvin. The dry out locations for H,O is at L/D of 1.635 and
H,0, is at 1.806. The experimental data captures the flow temperature in the pre-boiling
region and the gas phase, the data shows good alignment with the model results. AtaL/D
0f 0.455 (the pre boiling region) the measure temperature range 303 [K] - 310 [K] the sim-
ulation predicts a temperature of 324 [K], the predicted temperature is 14[K] higher. The
gas phase flow temperature at L/D 1.818 is measure in the range of 594 (K] to 637[K] this
corresponds to a reaction progression of 71.1% to 77.8% of the model. This temperature
range measured captures the range Hy( dried out and H»O; dry out. The flow tempera-
ture at L/D 1.818 determined by the model is 655[K] corresponding to 79.5% of reaction
progress, this is about 18[K] higher than the measured temperatures. In the simulated
results 98% of the reaction progression is reached at L/D 2.477 with a temperature of 953
[K]. The third thermocouple further downstream of the catalyst bed located at L/D 3.091
measured temperature range of 905 [K] to 937 [K], this is 8.05% to 4.80% lower than adi-
abatic temperature. The adiabatic decomposition temperature calculated by the model
results with a temperature of 984.2[K] at a L/D of 2.857.
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Figure D.10: Simulated flow temperature over the catalyst bed and experimental results (case 19)

The Pressure data in Figure D.8 shows the pressure losses experienced by the flow, the
averaged experimental data is depicted at each sensor location. The experimental data
shown in the plot is the average value of the pressure measured. Figure D.12 displays the
actual pressure range measured and the simulated pressure curve.
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Figure D.11: Pressure distribution over the catalyst bed and averaged experimental results (case 16)
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Figure D.12: Pressure distribution over the catalyst bed and experimental results (case 19)
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L/D  Simulated Measured range Measured sample Mean

Flow temperature  0.459 324 [K] 303 - 310 [K] 308 [K]

Flow temperature 1.818 655 [K] 594 - 637 [K] 611 [K]

Flow temperature  3.091 - 905 - 937 [K] 929 [K]
Pressure 0.459 102.594 99.6370 - 104.9100 [bar] 102.60 [bar]
Pressure 1.818 102.51 100.1300 - 104.7700 [bar] 102.57 [bar]
Pressure 3.091 102.26 100.440 - 103.570 [bar] 102.24 [bar]

Table D.8: Measured and simulated parameters of Case 19V

The pressure loss over the catalyst bed of the simulation results in 0.34 [bar] and the pres-
sure loss calculated using the average of experimental data results aloss of 0.36 [bar]. The
overall pressure loss percentage of simulation is calculated to be 0.33% and the experi-
mental pressure loss percentage is calculated to be 0.35%. The simulated flow pressure
and the averaged experimental results are shown in figure D.11. The two results show
good agreement as the prediction by the model is within the given measured ranges of
pressure at each location. The pressure roughness of the data depicted in Figure D.12
shows that the pressures in the sampling region of the data used. The simulated pres-
sure data shown is within the bounds of the pressure roughness of the measure data. The
pressure roughness of the three sensors are calculated as 5.14%, 4.52% & 3.06% in the or-
der of increasing L/D.. Considering the range of pressure roughness, the pressure losses
are significantly small. The simulated pressure of the flow can be has good agreement
and within the bounds of the experimentally measured pressures, shown in Figure D.12.

CASE 20

Case 20 the data is sampled between 50 and 63 seconds of the test. This 13 second sam-
pling width for experimental data is chosen from near steady pressure and temperature
data. In the sampling window tank pressure is relatively constant, hence the pressure
drop on the injector and the massflow on the catalytic bed is assumed to be constant.
This enables to use an average flow rate determined from the data to be used for the
model input. From the pressure data it can be seen that tank pressure has a transient
from and a relative stable plateau between in the chosen time sampling range, in this
region the pressure remains relative constant at 112 bar. Similar to the other cases the
sample mean is computed for 3 pressure sensor data and used in validation process.
Similarly the average massflow is determined for the sampling region, the massflow is
derived by the pressure drop over the injector to be an average of 8.15 [gs~!]. Case 20 is
simulated with the conditions listed in table D.9.
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Parameter Value Units
Pressure 104.72  [bar]
Mass flow 8.15 [gs7]

Inlet temperature  296.15 K]
HTP concentration 88 % [w/w]

Table D.9: Case 20 model input conditions

The temperature profile of the flow is shown in Figure D.13, with the simulated model re-
sults and experimental results. The saturation conditions of water is met ata L/D of 1.24
with a temperature of 587.3 kelvin. The dry out locations for H,O is at L/D of 1.613 and
H,0; is at 1.779. The experimental data captures the flow temperature in the pre-boiling
region and the gas phase, the data shows good alignment with the model results. AtaL/D
of 0.455 the measure temperature range 315 [K] - 333 [K] the simulation predicts a tem-
perature of 325 [K], the predicted temperature is 3[K] higher than the average. The flow
temperature at L/D 1.818 is measure in the range of 572[K] to 623[K], this corresponds
to a rather large reaction progression of 37% to 75.3% of the model. The temperature is
seen to be decline from as the test progress, this maybe associated to a local exhaustion
of the catalyst or other local inhibiting phenomena. This temperature range measured
captures the Hy saturation temperature (587[K]). The flow temperature at L/D 1.818
determined by the model is 663[K] corresponding to 80% of reaction progress, this is
about 40[K] higher than the measured temperatures. In this test the temperature at L/D
1.818, the measure temperature declined over the sampling region (leading to a wide
range of measured temperature), potentially indicating a local catalyst exhaustion in the
performed test. This would cause the sample mean of the measured temperature to be
lower than nominal. In the simulated results, 98% of the reaction progression is reached
at L/D 2.432 with a temperature of 953 [K]. The third thermocouple further downstream
of the catalyst bed located at L/D 3.091 measured temperature range of 939 [K] to 944 [K],
this is 4.59% to 4.10% lower than adiabatic temperature. The adiabatic decomposition
temperature calculated by the model results with a temperature of 984.2[K] at a L/D of
2.857.

1000

800 -

600 -

Temperature, [K]

400 —a— Model results

O Experimental results

200 I I I 1 1 1
0 0.5 1 15 2 25 3 3.5

LD, [

Figure D.13: Simulated flow temperature over the catalyst bed and experimental results (case 20)
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The Pressure data in Figure D.14 shows the pressure losses experienced by the flow, the
averaged experimental data is depicted at each sensor location. The experimental data
shown in the plot is the average value of the pressure measured. Figure D.12 displays the
actual pressure range measured and the simulated pressure curve.
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Figure D.14: Pressure distribution over the catalyst bed and averaged experimental results (case 20)
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Figure D.15: Pressure distribution over the catalyst bed and experimental results (case 20)

L/D  Simulated Measured range Measured sample Mean

Flow temperature  0.459 325[K] 315 - 333[K] 321 [K]

Flow temperature 1.818 663 [K] 572 - 623 [K] 595 [K]

Flow temperature  3.091 - 939 - 944 [K] 942 [K]
Pressure 0.459 104.712 103.5800 - 105.7000 [bar] 104.72 [bar]
Pressure 1.818 104.63 103.4100 - 105.7700 [bar] 104.56 [bar]
Pressure 3.091 104.39 103.1400 - 105.0600([bar] 104.15 [bar]

Table D.10: Measured and simulated parameters of Case 14V

The pressure loss over the catalyst bed of the simulation results in 0.33 [bar] and the pres-
sure loss calculated using the average of experimental data results aloss of 0.57 [bar]. The
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overall pressure loss percentage of simulation is calculated to be 0.32% and the experi-
mental pressure loss percentage is calculated to be 0.55%. The simulated flow pressure
and the averaged experimental results are shown in figure D.14. The simulated results
are within the measured ranges of pressure at each location. The pressure roughness of
the data depicted in Figure D.15 shows that the pressures in the sampling region of the
data used. The pressure roughness of the three sensors are calculated as 2.02%, 2.26%
& 1.84% in the order of increasing L/D. Even with low pressure roughness as recorded
above, the pressure drop is nearly an order in magnitude smaller to be validated accu-
rately. The simulated pressure of the flow can be has good agreement and within the
bounds of the experimentally measured pressures, shown in Figure D.15.
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