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Abstract
The release of Volatile Organic Compounds (VOCs) from the fuel storage system
in vehicles into the atmosphere poses a serious threat to both health of living or-
ganisms and plants. To capture these evaporative emissions, the carbon canister is
installed. The canister has a bed of activated carbon which adsorbs the incoming
VOCs from fuel tank and prevents their escape into the atmosphere. These adsorbed
hydrocarbons are then purged by establishing a flow of air through the canister and
the desorbed volatiles are sent to the engine for energy recovery.

This study focuses on the development of both 1D and 3D simulation models of
carbon canisters. A major part of this project was related to the experimental work
that was performed on two fabricated canisters. The experiments were carried out
for loading, purging, purge gas heating and carbon bed insulation cases. The ex-
perimental results were obtained in the form of mass gain, temperature profiles and
concentration measurements. These results were used to calibrate the simulation
models and compare the results.

The adsorption phenomena was incorporated into the simulation models by imple-
mentation of adsorption model. The Linear driving Force (LDF) model was used to
define the rate of adsorption. The Dubinin Astakhov isotherm was used to describe
the equilibrium adsorption of n-Butane on activated carbon. This model was im-
plemented both in GT-SUITE for 1D modelling and STAR-CCM+ for 3D modelling.

There was a varying degree of accuracy for both the 1D and 3D model compared to
the experimental results. The 1D model was able to predict the mass change of can-
ister very well but greatly over estimated the temperatures inside the bed. On the
other hand, the 3D model was not able to predict accurate breakthough time with
breakthrough occurring earlier in comparison to experiments. The temperature pro-
files however showed better agreement with experimental data than the 1D model.
The purge gas heating simulations showed that the model was underestimating the
mass loss of the canister in comparison to the experimental data. A comparison of
results for insulated and uninsulated canister is also shown. Finally, the effect of
change in altitude is shown on the canister loading.

The 3D model showed promise since it provided better results and additional details
than the 1D model. It is also concluded that the calibration is of prime importance
with the tuning parameters varying for each 1D, 2D and 3D simulation cases. The
3D model needs further calibration to accurately predict the mass change and tem-
perature profiles. The experimental procedure for concentration measurement was
found to have high degree of error and hence no good comparison was achieved with
the simulation results.

Keywords: Carbon canister, Linear Driving Force (LDF), Dubinin Astakhov isotherm,
GT-Suite, STAR-CCM+.
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1
Introduction

1.1 Background

Ozone layer in the upper atmosphere, called Stratosphere, protects our plant from
harmful ultraviolet rays. But ozone near the surface acts as the main ingredient in
the formation of smog. Smog is formed by a set of complex photochemical reactions
involving Volatile Organic Compounds (VOCs), nitrogen oxides(NOx) and sunlight
which form ground level ozone. Smog poses serious health problems which include
respiratory problems, eye infections and damage to the immune system. It also in-
hibits plant and forest growth which results in loss of biodiversity as well as damage
to the economy. In the 1960s, serious concerns arose in the US due to deteriorating
air quality in Urban settlements [2]. This led to the formation of the US Environ-
mental Protection Agency (EPA) in the 1970. Since the tail pipe emissions from
vehicles was the major source of VOCs and NOx [3].

In the 1970s EPA imposed regulations on all light duty vehicles for control of emis-
sions. This led to development of implementation of catalytic reduction techniques
for tail pipe emissions control and carbon canisters for the evaporative emission
from fuel tank. Efforts to reduce tail pipe emissions have been very successful and
significant reduction in VOCs and NOx have been achieved over the years. This
led to renewed focus on the less obvious source of emissions i.e. the evaporative
emissions from fuel tank [4].

The evaporative emissions result from the evaporation of fuel inside the fuel tank
which leads to pressure build up inside the tank. This evaporation is triggered by
two scenarios. Firstly, due to ambient temperature increase, the fuel inside the tank
begins to vaporize and secondly, during refueling, the gas phase inside the fuel tank
is compressed by the incoming liquid fuel. In a closed fuel tank, both these scenarios
will lead to an increase in the fuel tank pressure. But for safety reasons, the fuel
tank is not pressurized. The easiest solution is to release the build up vapor to the
atmosphere. Since these vapors are made up of high concentrations of hydrocarbons
(HC), they need to be captured.

To capture the compounds from these evaporative emissions, the carbon canister
is installed. The carbon canister is now part of the On-board Fuel Vapor Recovery
(ORVR) system which is the vehicle fuel vapor emission control system employed
by the automotive industry. As years go by, the legislation for emission control

1



1. Introduction

have become more and more stringent. So far the vehicle manufacturers have been
able to cope up with these regulations by using larger sized canisters and improved
activated carbon [5].

With the rise of hybrid vehicles, the vehicle manufacturers are now faced with a
new problem. In a normal car with internal combustion engine, the loaded canister
is purged when the vehicle is running and the purged HCs are send to the engine. In
hybrid vehicles, the fuel tank is the same so the evaporative emission levels are the
same. But problem arises due to the fact that for short travels, in hybrid vehicles,
the internal combustion engine might not run at all so the canister won’t be purged
and eventually the canister will become saturated and start to emit HCs into the
atmosphere. To control this issue, new and improved canister with improved purg-
ing mechanism is required to keep up with the increasing number of hybrid vehicles.

Figure 1.1 shows the various legislation around the world that would be implemented
after 2020. The purpose of this image is to show the presence of different kinds of
regulations that each country or region follows, the choice of which is completely
dependant on governmental policies. So far, US has the most stringent emission
control laws but with each passing year, the other regions are moving towards more
strict laws as well[1].

Figure 1.1: World wide emission legislation for passenger cars Forecast 2020+ [1].

2



1. Introduction

1.2 Thesis objective
The purpose of this thesis include the following:

• Understanding the effect of radial heat transfer during adsorption and desorp-
tion.

• Investigating the butane concentration profiles in radial and axial directions
during the adsorption and desorption process.

• Understanding the effect of heat addition to purge flow on the desorption
process.

• Developing a 3D canister model.

1.3 Demarcation
The scope of this project is limited to the study of carbon canisters with cylindrical
geometry and hence, the actual canister geometry is not considered. The aim of
the project is to understand how the temperature and concentration profiles look
like inside the canister and to produce a working 1D and 3D model that are able to
capture these profiles. For the experimental study, two canisters of different dimen-
sions were fabricated. However, for the simulations, both in 1D and 3D, the small
canister geometry was simulated and the larger canister geometry was out of scope
of simulations. Furthermore, for 3D model, only the loading cycle of canister, as ex-
plained later, was simulated. Also, the 3D model developed for the loading process
was run with laminar flow model. Finally, for the entire study, the fuel used was n-
Butane and no tests or simulations were carried out with actual fuel such as gasoline.

For the simulation models, the activated carbon pellets were assumed to be spherical.
This assumption was used to simplify the simulations. In reality, the activated
carbon pellets are not entirely spherical and somewhat resemble a cylindrical shape.

1.4 Approach
This project is divided into both experimental and simulation work. The experi-
ments are carried out on two cylindrical canisters having different dimensions. Pa-
rameters such as mass change of canister, temperatures and concentrations inside
the carbon bed were monitored during both the loading (adsorption) and purg-
ing (desorption) experiments inorder to obtain the necessary data for calibration of
simulation models and later comparison of model results with the experimental data.

The simulations were performed both in 1D and 3D. The 1D simulation of carbon
canisters were performed in GT-SUITE v2018 developed by Gamma Technologies
and 3D simulations were performed in STAR-CCM+ software developed by Siemens.
MATLAB by Mathworks was used for comparison of experiment and simulation data
and creation of plots.

3
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2
Theory

In this chapter, the theory behind the adsorption principle is covered briefly. An
introduction to the adsorption model used is also presented along with the choice
of model used in this study. The working principle of a carbon canister is discussed
and the methods of modelling the canister using Computational Fluid Dynamics
(CFD) are also presented.

2.1 Working of a Carbon canister
A carbon canister diagram is shown in figure 2.1. In simple words, the canister is just
a container filled with activated carbon pellets. The canister has three connections.
The tank port (1) connects the canister to the fuel tank, the purge port (2) connects
the canister to the engine and the atmospheric port (3), as the name suggests, is a
connection that is open to atmosphere [6].

Figure 2.1: Dual channel carbon canister.

The canister is designed to capture all the hydrocarbon vapors that are originated
in the fuel tank. As stated before, these vapors can either be formed in the fuel

5



2. Theory

tank due to temperature increase or during the refuelling process. The vapor-air
mixture enter the canister via the tank port. Before coming into contact with the
activated carbon, the flow passes through a foam which serves two purposes. Firstly,
it helps to hold the activated carbon in place and secondly, it creates a resistance to
flow so that the incoming flow through the canister is more uniform. This flow of
vapors into the canister is known as the ’loading’ process. As the vapors flow into
the canister, the hydrocarbons are adsorbed onto the activated carbon pellets. The
adsorption process, being exothermic, leads to an increase in temperature inside the
activated carbon bed. Figure 2.2 (left) shows the flow direction during the loading
process. During the loading process, the purge port (2) is closed so the flow moves
from the tank port to the atmospheric port. Since the hydrocarbon vapors are ad-
sorbed inside the bed, only the air exits the canister via the atmospheric port.

Since the canister has limited capacity to store the incoming hydrocarbons from the
fuel tank, the activated carbon bed needs to be regenerated. This is achieved by
the ’purging’ process wherein a reverse flow of atmospheric air is established via the
atmospheric port (3) through the canister. This air contact with the loaded carbon
results in the desorption of the stored hydrocarbon and a temperature drop occurs
inside the carbon bed due to the endothermic desorption. Figure 2.2 (right) shows
the flow direction during the purging process. During the purging process, the tank
port (1) is closed and air enters via the atmospheric port (3) and the hydrocarbon
laden air leaves the canister via the purge port (2) and is sent to the engine where
these hydrocarbons are burned and their energy is recovered. The driving force
for this purge flow is provided by the low pressure created inside the engine, below
atmospheric pressure, which establishes the air flow through the canister.

Figure 2.2: Loading (left) and purging (right) flow inside the carbon canister.

In figure 2.1, the dual channel geometry is shown. This configuration helps in
achieving an optimum L/D ratio of the porous bed. Both the number of channels
and the L/D ratio are design choices. Several studies have been conducted regarding
different designs of carbon canister. Roger and Ried [7] researched the effects of
varying L/D ratio using dual channel geometry and concluded that an increase in

6



2. Theory

L/D ratio from 1 to 3.5 reduced the bleed emissions from the canister. Similar
results were obtained in a study performed by Zhang et al. who also stated the
benefits of using a L/D ratio greater than 1 and use of double cavity design [8].

2.2 Adsorption
Adsorption is the process by which molecules from the bulk fluid phase move to
a solid surface due to presence of physical forces or formation of a chemical bond.
The adsorbing fluid and the solid surface is termed as adsorbate and adsorbents
respectively [9].

2.2.1 Working principle
In adsorption, the molecules collect on the solid surface. These surfaces can be
external surface or internal surfaces i.e. crevices inside the solid. Adsorption can
also occur on a liquid surface. On the other hand, absorption refers to the movement
on fluid into the solid or liquid, and unlike adsorption, where molecules only adhere
to the surface, absorption results in penetration of molecules inside the solid or
liquid. The term sorption is sometimes used to describe the take up of a gas or a
liquid by a solid without explaining whether the process of take up is adsorption or
absorption [10]. A pictorial comparison between adsorption and absorption is shown
in figure 2.3.

Figure 2.3: Difference between adsorption and absorption.

Further classification of adsorption process can be done based on whether the forces
involved in adhesion are physical or chemical in nature. In physical adsorption, the
force of attraction between the adsorbate molecule and adsorbent solid are the Van
der Waal forces. These are weak dispersion forces that hold the adsorbate molecule
onto the adsorbent. There is no chemical specificity involved in physical adsorption
meaning any gas would adsorb onto any solid if the temperature is low enough
and/or the pressure is high enough. In chemical adsorption, chemical bond formation
occurs and hence this process is specific for each adsorbate and each adsorbent. In
comparison to physical adsorption, chemical adsorption usually occurs at elevated
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2. Theory

temperatures. Furthermore, the process is generally slower than physical adsorption
and generally involves an activation energy.

2.2.2 Kinetics and equilibrium
To understand adsorption, it is important to know the adsorption equilibria in-
formation i.e. how much adsorbate can adsorb onto an adsorbent under certain
conditions. A common characterization of adsorption equilibria is by the use of
adsorption isotherms [11]. The isotherm relates the amount of adsorbate adsorbed
onto an adsorbent to the partial pressure of the adsorbate in the gas phase. The
temperature of the system is kept constant for each isotherm line.

Several models have been proposed over the years that describe the equilibrium
isotherms for adsorption. Since the models are empirical or semi empirical, the
models are restricted to certain pressure intervals and this should be kept in mind
before implementing the models [12]. For this study, the Dubinin Astakhov isotherm
is used to describe the adsorption equilibrium. This model was found to provide
good results for n-butane adsorption onto activated carbon as stated by Möller [13].

2.2.2.1 Dubinin Astakhov Isotherm

The solids used as adsorbents in practical applications have complex structures and
hence deviate from the basic fundamental description such as the Langmuir model
[14]. The langmuir model explains the adsorption process using several assumptions
which are not satisfied for real solids. Hence the basic langmuir isotherm equation
does not describe the data well. This was also seen in the study conducted by Möller
[13] who came the the conclusion that the Dubinin-Astakhov model provides better
simulation results in comparison to Langmuir model. Dubinin-Astakhov model is a
semi-empirical approach that is used to describe the equilibrium data.

This model is only applicable for microporous solids [14]. In this class of solids,
micropore walls are in close proximity to each other, providing an enhanced adsorp-
tion potential within the micropores. This strong potential is due to the dispersive
forces. Dubinin formulated his theory based on these forces and he termed the
mechanism of adsorption as micropore filling. The Dubinin equation has its history
in the development of theory for adsorption in activated carbon. Since the study in
focus uses activated carbon, the Dubinin equation is used for simulations. Equation
2.1 shows the Dubinin Astakhov equation [14].

W = Woexp
[
−
(
ε

E

)n]
(2.1)

where W is mass of adsorbed species per unit volume of packed bed, Wo is the mass
of adsorbed species per unit volume of packed bed at the saturation pressure, the
parameter n describes the surface heterogeneity and ε is the adsorption potential.
With this parameter n in the adsorption isotherm equation, the Dubinin Astakhov
equation provides flexibility in the description of adsorption data of many microp-
orous solids ranging from a narrow to wide micropore size distribution.
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The adsorption potential ε is given by equation 2.2. It is described as the work
required to compress the gas phase from pressure P to saturation pressure Ps:

ε =
∫ ps

p
εdp = RTln

(
ps
p

)
(2.2)

Substituting equation 2.1 in equation 2.2 we get equation 2.3,

θ̄∗ = W

Wo

= exp

−
RTln

(
ps

p

)
E

n (2.3)

where θ̄∗ is the equilibrium fractional coverage.

2.2.2.2 Isosteric heat of adsorption

Isosteric heat of adsorption is the change in enthalpy of adsorbate when it adsorbs
onto an adsorbent. It gives the heat released per unit mass of adsorbed species at a
fixed value of coverage of adsorbate onto the adsorbent. It acts as an indicator for
the strength of the attractive forces acting between the adsorbate and the adsorbent.
The reason for obtaining the heat of adsorption at a fixed coverage is because this
heat of adsorption can change with variations in coverage. In a study conducted by
Fiani et al. on granular activated carbon, it was found that the isosteric heat of
adsorption resulting from adsorption of n-butane on the carbon was almost constant.
The value was approximately 22.1 kJ/mol for loadings between 0 and 0.3 kg of
n-butane per kg of carbon [15]. For simplification, a constant value of heat of
adsorption was used while calibrating the 1D and 3D models.

2.2.3 Linear Driving Force (LDF) model
The Linear Driving Force (LDF) model is a concept that describes the rate at which
an adsorbate (pure or in mixture with an inert component) adsorbs to an adsorbent
particle [16]. This model is used frequently for modelling of adsorption columns due
to its simplicity as well as physical and analytical consistancy. In a previous study
carried out by Möller [13], simulations with the LDF model were carried out using
the Dubinin Astakhov isotherm as well as Langmuir isotherm. It was shown that
the model employing Dubinin Astakhov isotherm was more accurate in comparison
to Langmuir isotherm. Therefore for this study, the LDF model along with Dubinin
Astakhov isotherm are used. The LDF equation is given by equation 2.4.

dc̄ (t)
dt

= KL [c̄∗ (t)− c̄ (t)] (2.4)

where c̄(t) denotes the average concentration of the adsorbate at time t in the ad-
sorbent particle and c̄∗(t) is the average concentration of adsorbate in the adsorbent
particle at time t that would be observed if equilibrium was achieved betwen the solid
phase and the fluid phase under prevailing conditions of temperature and pressure
[16]. kL is the effective LDF mass transfer coefficient. Equation 2.1 shows that the
gradient will be positive i.e. adsorbate will continue to adsorb onto the adsorbent
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if the concentration of adsorbate on the adsorbent is lower than the equilibrium
adsorption. On the other hand, if the concentration of adsorbate on adsorbent
is higher than the equilibrium adsorption, than the gradient will be negative and
the desorption process will occur. The adsorption can also be written in terms of
coverage:

dθ̄ (t)
dt

= KL

[
θ̄∗ (t)− θ̄ (t)

]
(2.5)

One important assumption for this model is the zero temperature gradient across
the radius of the adsorbent particle i.e. temperature anywhere on or inside the
particles will be the same [16].

2.2.4 LDF model using Dubinin Astakhov isotherm

Substituing the equilibrium fraction coverage θ̄∗ into the LDF model equation i.e.
equation 2.5 in equation 2.2, we get the final form of the LDF model equation that
is used in the simulations.

dθ̄ (t)
dt

= KL

exp
−

RTln
(
ps

p

)
E

n− θ̄ (t)
 (2.6)

The value of the saturation pressure ps was found using the Antoine equation which
relates the saturation pressure of a species to the temperature of the system. The
Antoine equation takes the form [17],

log10(ps) = A− B

C + T
(2.7)

The pressure, ps, is in bars while the temperature, T, is in Kelvin. In the above
equation the constants A, B and C are component specific parameters valid for
certain temperature ranges. For n-butane, there are two temperature ranges as
provided by the National Institute of Standards and Technology (NIST) and are
given in table 2.1 [18].

Table 2.1: Parameters for n-Butane used in the Antoine equation as given by
NIST.

Temperature range (K) A B C
195.11 - 272.81 3.85002 909.65 -36.146
272.66 - 425 4.35576 1175.581 -2.071

The values of E and n can be determined by fitting of n-butane experimental data
to adsorption isotherm. Erik Östermark [19] fitted the experimental data provided
by the activated carbon manufacturer, Ingevity, to fit the isotherm and determined
the values of E, n and Wo. Since the experimental data for the isotherm was the
same for this project as well, no isotherm fitting was done. Rather only the method
of isotherm fitting was validated and found to be correct.
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The values of E, n and Wo used in this study were 18422 J/mol, 1.43 and 191.5
g/L respectively. Using these values, the result of the isotherm fitting is shown in
figure 2.4. It can be seen that the isotherm fits very well at temperature of 25◦C
but it deviates from the experimental values at higher temperature of 100◦C. This
obeservation has some implications on the results obtained for purge gas heating
experiments and are discussed in chapter 4.

Figure 2.4: Isotherm fitting at temperature of 25◦ C (left) and 100◦ C (right) .

2.2.5 Activated carbon as adsorbent
The choice of adsorbent is a critical parameter that will effect the efficiency of the
adsorption process [14]. A material that has good adsorption capacity but slower
kinetics is not a good choice of adsorbent because slow kinetics imply that the
adsorbate molecule would take a longer time to travel through the pore structure
and reach the particle interior i.e. a greater mass transfer resistance is present [14].
In other word, this means that the gas residence time will be longer and the size
of the porous bed would have to be larger to compensate for the longer residence
time. On the other hand, if the kinetics are fast but the adsorption capacity of
the material is low, more mass of adsorbent would be required for a given inflow
of adsorbate [14]. A material that possesses both fast kinetics and higher loading
capacity would be an ideal choice. To summarize, an adsorbent material should
satisfy the following criteria:

• The solid material should possess high surface area or micropore volume,
• The porous network of the adsorbent should be relatively large to enable effi-

cient transport of adsorbate molecules to the solid interior.
To fulfill the first requirement, the pore size of the porous material must be small
and at the same time having good porosity. This means that a good porous solid
should have both micropores as well as macropores. The classification of pore sizes
as recommended by IUPAC (International Union of Pure and Applied Chemistry)
is shown below [14]:

• Micropores d < 2 nm,
• Mesopores 2 < d < 50 nm,
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• Macropores d > 50 nm.
The common porous materials used right now in industries include activated car-
bon, zeolites, alumina, silica gel etc. Among these solids, activated carbon have very
wide range of application because of its high surface area and micropore volume.
Activated carbon structure is made up of microcrystallites of graphite. These micro-
crystallites are arranged in a random orientation and the resulting spaces between
the crystals form the micropore volume. The pore size distribution of activated car-
bon is typically trimodal meaning simultaneous presence of micropores, mesopores
and macropores [14].

Typical ranges and properties of these three kinds of pores are given in table 2.2.
These values are taken from the book ’Principles of Adsorption and Adsorption
Processes’ by D. M. Ruthven [14].

Table 2.2: Pore sizes and their properties in typical activated carbons.

Micropores Mesopores Macropores
Diameter (nm) <2 2 - 50 >50
Pore volume (cm3/g) 0.15 - 0.5 0.02 - 0.1 0.2 - 0.5
Surface area (m2/g) 100 - 1000 10 - 100 0.5 - 2

It can seen in table 2.2 that the surface area of macropores is negligible in compari-
son to the micropore area and hence they are of little significance when it comes to
adsorption capacity. Instead they are considered to be transport channels that allow
transfer of adsorbate molecules from the bulk solid phase to the particle interior i.e.
mesopores and micropores.

The intermediate pore size is termed mesopores. These pores have a greater surface
area incomparison to the macropores. The mesopores contribute to the adsorption
capacity to a varying extent, depending on the thermodynamic conditions. These
pores also act as transport pores for the adsorbate molecules.

Micropores are spaces inbetween the microcrystallites that have sufficiently high ad-
sorption/dispersive forces to adsorb the adsorbate molecule. The micropores provide
the majority of the space for storage and the mechanism of adsorption is explained
by the process of pore volume filling [14].

2.3 Computational Fluid Dynamics (CFD)
Nowadays, Computational Fluid Dynamics (CFD) is being used in a wide variety
of applications such as automotive industry, shipping industry, turbomachinery etc.
It primarily involves the numerical solution of the equation of motion to predict the
flow behavior of a fluid. Coupled with additional models, CFD becomes a powerful
tool to accurately predict more complex behaviours such as turbulence, multiphase
flows, reactive flows etc. CFD offers a variety of advantages. A product design can
be tested on computer software without ever building a prototype. Also, it enables
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the user to modify design easily and test for the same conditions which would oth-
erwise take a lot of time if experimental prototypes were physically build.

For this study, the flow across a cylindrical carbon canister was modelled using CFD
tools. Since the adsorption process is highly dependent on the prevailing conditions
inside the carbon bed such as temperature and pressure as well as n-butane con-
centration, it is important to predict the gas flow through the carbon bed since
these thermodynamic properties and concentration will vary if the flow field inside
the canister varies. Also, since the system is non-isothermal, heat transfer plays an
important role and since heat transfer is dependent on fluid flow rates, the accuracy
of the simulation models would be greatly influenced by the resolution of flow field.

In this section, the methods for modelling of flow physics are discussed. Even though
in principle, the governing equations solved are the same for both 1D and 3D cases,
their formulations differ. Also, since two different softwares are used for 1D and 3D
simulations, the approaches used vary as well. Hence, the 1D and 3D modelling is
discussed separately.

2.3.1 1D/2D modelling in GT Suite
In a 1D model, the governing equations for fluid flow are solved for one spatial co-
ordinate and time. Before any governing equation can be solved, the system needs
to be sub divided into control volumes called cells [20]. The collection of these cells
form the grid. In what is known as the staggered grid approach, the cell is repre-
sented by its volume and its boundaries. The cell can interact with neighbouring
cells and exchange mass, heat and momentum. The scalar quantities such as tem-
perature or density are represented by a single value for the cell and these values
are uniform anywhere inside the cell. The vector quantities, such as velocity and
fluxes, are stored at the cell boundaries [20].

For resolving the fluid flow through the cells, the software solves the governing
equations which are the conservation equations for mass, energy and momentum.
Equation 2.8 is the equation for conservation of mass, also known as the continuity
equation.

dm

dt
=

∑
boundaries

ṁ (2.8)

where ṁ = ρuA, where ρ is the density of the fluid, A is the cross sectional area
through which the fluid is moving and u is the fluid velocity. The energy equation,
in terms of specific enthalpy, is as given by equation 2.9.

d(ρHV )
dt

=
∑

boundaries

(ṁH) + V
dp

dt
− hAs(Tfluid − Twall) (2.9)

where V is the volume of cell, H is the total specific enthalpy, As is the surface area
available for heat transfer across the walls, h is the heat transfer coefficient, Tfluid is

13



2. Theory

the temperature of the fluid while Twall is the wall temperature. The conservation
equation for momentum is given by equation 2.10.

d(ṁ)
dt

=
dpA+∑

boundaries(ṁu)− 4Cf ρu|u|2
dxA
D
−Kp(1

2ρu |u|)A
dx

(2.10)

where dp is pressure differential acting across distance dx, A is the cross sectional
flow area, u is the velocity at the boundary, Cf is the fanning friction factor, D is
the equivalent diameter and Kp is the pressure loss coefficient.

The above equations are applicable for flow through open channels such as pipes.
Special treatment is required for modelling the flow through packed beds where the
randomness of particles produces a random distribution of flow channels inbetween
the particles. It is difficult to resolve the flow though these openings since the ex-
act dimensions of these channels would be required and these very small openings
would further be discretized into even smaller cells for solving the governing equa-
tions. Instead, empirical correlations are used which describe the mass, energy and
momentum transfer across a packed bed [21].

As the fluid moves through the openings inside the packed bed, the drag force
(friction force) results in a loss of momentum of the flowing fluid. As a result, a
pressure drop is observed. For modelling the packed bed, it is essential that the
pressure drop is accurately depicted since the pressure drop directly impacts the
flow field inside the packed bed. Pressure drop across the bed is given by equation
2.11.

f = ε3
b

Sv(1− εb)
∆P
L

1
ρU2

o

(2.11)

where ∆P is the pressure drop of the packed bed of length L, Uo is the superficial
velocity of fluid and f is the friction factor. The friction factor, f, is given by the
Ergun equation. The Ergun equation formulation used in GT-SUITE is given by
equation 2.12.

f = (1− εb
2ε2

b

)( 150
Reb

+ 1.75) (2.12)

where εb is the bed porosity and Reb is the Reynolds number which is given by
equation 2.13.

Re = Dp

1− εb
ρεbν

µ
(2.13)

where Dp is the effective particle diameter and the chosen characteristic length for
packed bed. ρ is the fluid density, ν is the fluid velocity and µ is the fluid dynamic
viscosity. The effective particle diameter is given by equation 2.14.

Dp = 6(1− εb)
S

(2.14)

where S is the specific surface area of particles.
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Since there are two phases present inside the packed bed i.e. the solid phase (parti-
cles) and the gas phase, an energy equation will need to be solved for both phases.
The solid phase energy equation is given by equation 2.15.

ΨdTs
dt

= d

dx
(Fsλs

dTs
dx

) + hS(Tf − Ts)−
∑
k

∆HR,k.rk + P

V
+ hexSex(Tex− Ts) (2.15)

where Ψ is the effective heat capacity of the reactor, Ts is the temperature of solid
phase, Fs is the solid fraction inside the bed, λs is the thermal conductivity of the
particles, h is the heat transfer coefficient, S is the surface area per reactor volume,
∆HR,k is the enthalpy of reaction, rk is the rate of reaction, P is the power input, V
is the reactor volume, hex is the external heat transfer coefficient, Sex is the external
surface area per reactor volume and Tex is the external temperature.
The gas phase energy equation is shown in equation 2.16.

εbρcp
d

dt
Tf + εbρcpuis

d

dx
Tf = hS(Ts − Tf ) (2.16)

where cp is the specific heat capacity of the fluid and h is the interphase heat transfer
coefficient.

There is an option in GT-SUITE for modelling of heat transfer in 2D. This is
achieved by application of fourier law of heat conduction across the radial discretiza-
tion of the packed bed. The heat transfer from one volume to the next in radial
direction is given by equation 2.17.

qradial = λs
∆Ts,radial
∆Rradial

(2.17)

where ∆Ts,radial is the temperature difference between solids of two adjacent volumes
in radial direction and ∆Rradial is the discretization length in the radial direction.
The continuity equation for the packed bed is given by equation 2.18.

dρ

dt
+ d

dx
(ρuis) = 0 (2.18)

The momentum equation is given by equation 2.19.

εb
dP

dx
+ εb

d

dt
(ρuis) + εbuis

d

dx
(ρuis) = −Sf 1

2ρu
2
is (2.19)

where S is the surface area per reactor volume and f is the friction factor.
Mass balance for gas phase species is given by equation 2.20.

εbρ
d

dt
(Ωf,j) + εbρuis

d

dx
(Ωf,j) =

∑
K

σj,k.rk (2.20)

where Ωf,j is the mass fraction of species j in the fluid phase and σj,k is the sto-
ichiometric coefficient of species j in the reaction. In the case of adsorption, the
assumption is that only one molecule of adsorbate binds with one active site hence
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this coefficient is equal to 1.

There is a condition imposed on every cell which ensures that the sum of all cover-
ages i.e. empty site coverage and adsorbed site coverage, must equal one. This is
represented by equation 2.21.

∑
Kj

Θj = 1 (2.21)

2.3.2 3D Modelling in Star CCM+
Similar to 1D simulations, the mass, energy and momentum equations are solved
in 3D simulations. The only difference is that in 3D simulations, these equations
are solved across three different boundaries i.e. three directions (x1, x2, x3). Hence,
the governing equations are also written in three dimensional forms. The continuity
equation becomes [22]:

∂ρ

∂t
+ ∂ρU1

∂x1
+ ∂ρU2

∂x2
+ ∂ρU3

∂x3
= 0 (2.22)

Equation 2.22 can be written in tensor notation form. The equation is written as,

∂ρ

∂t
+ ∂ρUj

∂xj
= 0 (2.23)

In 3D case, j can be 1, 2 or 3 and represents the three directions. For the following
equations, the tensor notation is applied for simplification.
It is difficult to solve the continuity equation numerically so in CFD program, a
combination of continuity equation and momentum equation is used. The resulting
equation is called the Poisson equation for pressure [23]. For constant viscosity and
density the poisson equation is shown below:

∂

∂xi
(∂P
∂xi

) = − ∂

∂xi

[
∂(∂UiUj)
∂xj

]
(2.24)

The momentum equation, derived from newton’s 2nd law of motion is given by [23],

∂Ui
∂t

+
∑
j

∂Ui
∂xj

= −1
ρ

∂P

∂xi
+
∑
j

1
ρ

∂τji
∂xj

+ gi (2.25)

The above formulation is what is known as the Navier Stokes equations. The Navier
Stokes equations are used for simulation of velocity and pressure. The poisson equa-
tion, shown above, is used to solve for pressure as a dependent variable and velocity
is found by solving the momentum equation [23].

The energy equation is formulated by implementing the first law of thermodynamics
across a control volume boundaries. The governing equation for energy is shown
below,
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∂(ρcpT )
∂t

= −Uj
∂(ρcpT )
∂xj

+ λ
∂2T

∂xj∂xj
− P ∂Uj

∂xj
+ τij

∂Ui
∂xj

+
∑
n

Rn(C, T )(−∆Hn) + ST

(2.26)
In the above equation, the terms from left to right indicate accumulation, convec-
tion, conduction, expansion, dissipation, reaction source term and general source
term. For the 3D model, the heat of adsorption released and gained during loading
and purging, respectively, is implemented as source term, ST . The reaction term is
not present.

The species source term is used to solve the transport of species across a control
volume. For a constant density fluid, the species transport equation is,

∂Cn
∂t

+ Uj
∂Cn
∂xj

= ∂

∂xj

(
Dn

∂Cn
∂xj

)
+R(C, T ) + Sn (2.27)

In the above equation, the terms from left to right indicate accumulation, convec-
tion, diffusion, the reaction source term and the general source term. In the 3D
model, the mass adsorbed and desorbed during loading and purging, respectively, is
implemented as a source term, Sn. The reaction term is not present.
The species source term, Sn is given by the following expression [24],

Sn = −(1− εb)ρpMC4H10
∂n

∂t
(2.28)

where ρp is the pellet density of activated carbon (kg/m3), εb is the porosity of the
carbon bed,MC4H10 is the molecular weight on n-Butane (kg/mol), n is the dynamic
adsorption (mol/kg C) and t is the timestep.

In the species source term, the term ∂n
∂t

is the change in adsorption and is given by
the LDF model. It should be noted that the equation 2.4 shows the LDF expression
in terms of concentration. However, for ease of implementation and unit consistency
in the 3D software, STAR-CCM+, the LDF model equation is written in terms of
adsorption, n, with units of (mol/kg C).

Similar to the LDF model, the Dubinin Astakhov equation is also written in terms
of adsorption and is given by the following expression,

n∗ = nmaxexp

−
RTln

(
ps

p

)
E

m (2.29)

Where nmax (mol/kg Carbon) is the maximum adsorption and is the adsorption
property of a specific adsorbate adsorbing onto an adsorbent.

The energy source term, ST is given by the following expression [24],

ST = − ∆HSn
MC4H10

(2.30)
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∆H is the heat of adsorption (J/mol). This heat of adsorption is used as one of the
tuning parameters in the calibration of 3D model.
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3
Experimental and simulation

method

In this chapter, the methods employed for testing and evaluation of carbon canisters
are discussed. These include both the experimental and the modelling approach.
Some of the methods are built upon the previous work presented by Erik Östermark
[19] and Erik Möller [13] while some additional methods have been introduced for
better understanding of the inter-bed processes such as concentration profiles in the
radial and axial directions.

3.1 Experiments

In order to validate the simulation results, its usually a good idea to verify them
using experimental data. To achieve a good comparison, the operating conditions,
boundary conditions and the geometry of the apparatus should be identical to the
one used in the simulation. Furthermore, the adsorption model used in the simula-
tion needs to be tuned to match the experimental results. The experiments provide
the temperature and mass change data which is required for model calibration. The
following sections elaborate on the approach used to obtain this data.

3.1.1 Setup

In the previous study conducted by Erik Östermark [19], he studied the results of
simulation for larger diameter canisters. He found that during loading and purg-
ing, the results for 1D and 2D simulations were identical for smaller diameters but
started to deviate for larger diameter canisters. In order to investigate this further,
this study was conducted on two carbon canisters of varying dimensions. Another
motivation for constructing a larger sized canister was to obtain distinguishable gas
samples in different radial positions which are difficult to obtain in a smaller sized
canister.

3.1.1.1 Large canister

The actual canister is shown in figure 3.1. This canister was filled with 5.38 litres
(1560 grams) of BAX 1500 activated carbon from Ingevity.
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Figure 3.1: The large experimental canister.

Figure 3.2: Large canister dimensions
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3.1.1.1.1 Canisters geometry The canister dimensions are shown in figure
3.2. The body of the canister was made out of a PVC pipe. The carbon bed was
compressed with the help of perforated plates and plastic foam on both the top
and bottom sides and screwed in place. Connections were made on the top and
bottom of the body using a smaller PVC pipe. The bottom connection couldn’t be
made at the very bottom because the canister was placed on a mass balance during
experiments. Instead two connections at the bottom were made in the canister wall
to maintain even distribution of the flow inside the canister.

3.1.1.1.2 Sensors and sampling ports The positions of thermocouples, gas
syringe ports and pressure ports are shown in figure 3.3. In the large canister there
are 17 thermocouples installed. There is one thermocouple each at the top and
bottom of the canister which provides the inlet and outlet temperatures. There are
15 thermocouples inserted in the carbon bed. There are 5 thermocouples installed
at each of the three axial positions (25%, 50% and 75% of the bed height). At each
axial position the thermocouples are installed at different radial positions starting
from wall to bed center.

There are 4 ports for pressure measurement. A port is located at both top and
bottom of the perforated plate and plastic foam that are holding the bed at both
the top and bottom of the carbon bed. The reason for having four ports is to measure
pressure drop across the carbon bed both including and excluding the perforated
plate and plastic foam.

There are 15 gas syringe needles inserted inside the carbon bed to collect gas sam-
ples. The positions of these syringes are similar to the thermocouple positions with
slight variation in the radial positions.

3.1.1.1.3 Insulation The large canister was insulated with insulation foam at
the location of the carbon bed after one set of loading and purging experiments were
conducted without any insulation. The reason for insulating the canister was to see
the the extent of heat loss to the surrounding air during loading and heat gain from
the surrounding air during purging. The small canister was not insulated.

3.1.1.2 Small canister

The actual canister is shown in figure 3.4. This canister was filled with 0.5 litres
(146.3 grams) of BAX 1500 activated carbon from Ingevity.
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Figure 3.3: Large canister sensors and sampling ports positions

Figure 3.4: The small fabricated canister.

3.1.1.2.1 Canisters geometry The canister dimensions are shown in figure
3.5. Similar to the large canister, the body of the canister was made out of a PVC
pipe and the carbon bed was compressed with the help of perforated plates and
plastic foam on both top and bottom sides and screwed in place. Connection were
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made on the top and bottom of the body using a smaller PVC pipe. The bottom
connection could not be made at the very bottom because the canister was placed
on a mass balance during experiments. Unlike the large canister, only one bottom
connection was made for the smaller canister since the diameter of the pipe is small
and having multiple connections will have little effect on flow distribution.

3.1.1.2.2 Sensors and sampling ports The positions of thermocouples, gas
syringe ports and pressure ports are shown in figure 3.6. In the small canister there
are 16 thermocouples installed. There are two thermocouple each at the top and
bottom of the canister which provides the center and near wall temperatures at inlet
and outlet of the open channel. There are 12 thermocouples inserted in the carbon
bed. There are 3 thermocouples installed at each of the four axial positions (20%,
40%, 60% and 80% of the bed height). At each axial position the thermocouples are
installed at different radial positions starting from wall to bed center.

The location of the pressure ports is similar to the large canister. There are 4
ports for pressure measurement. The reason for having four ports is to measure
pressure drop across the carbon bed both including and excluding the perforated
plate and plastic foam.

Figure 3.5: Small canister dimensions
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Figure 3.6: Small canister sensors and sampling ports positions

There are 9 gas syringe needles inserted inside the carbon bed to collect gas samples.
The syringes are located at 3 axial positions (25%, 50% and 75% of the bed height).
At each axial position, there are 3 syringes located at different radial positions from
wall to bed center.

3.1.1.3 Canister length to diameter (L/D) ratio

The pressure drop and cross sectional area are important parameters that need to
be optimized to achieve an optimal canister design that minimizes pressure drop
and maximizes the working capacity i.e. the amount of hydrocarbons held within
the carbon bed. These parameters are optimized by selecting a good L/D ratio of
the canister geometry. During purging, a larger L/D ratio leads to an increases in
the localized airflow over the carbon bed resulting in a more effective removal of the
adsorbed hydrocarbons. During purging, the flowrates are higher which results in
less axial dispersion. On the other hand, too large a ratio would lead to excessive
pressure drop across the bed. Generally a ratio of 2-3 is selected by canister man-
ufacturers [5]. Therefore, the chosen L/D ratio for the larger and smaller canister
was 2 and 1.89 respectively.

3.1.1.4 Entrance length

For a non developed flow entering a conduit, there is a minimum distance that is
required for the flow profile to fully develop. Ideally, for experimental purposes,
the flow entering the porous bed should be fully developed. However, this would
require a longer length of inlet channel. Due to the limitations regarding handling
of the canister, this entrance length was disregarded. The pipe length above the
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porous bed in smaller and larger canister were 270 mm and 300mm. Furthermore,
it was concluded that the presence of foam and perforated plate at the carbon bed
entrance would provide enough flow resistance so that the flow entering inside the
carbon bed would be close to uniform i.e. no gradient in the radial direction.

3.1.1.5 Canister cycling

Before running any actual loading and purging experiments, both the canisters were
cycled several times to age the canister. Cycling refers to the loading and purging of
the canister. Since the carbon used was new, cycling would help achieve a minimum
coverage of hydrocarbons inside the carbon bed. Cycling was stopped once the mass
of the canister after each cycle was almost constant. The mass change during cycling
of the small and large canister is shown in figure 3.7.

Figure 3.7: Mass change during cycling of small canister (left) and large canister
(right).

3.1.2 Tests
This section will describe the procedure followed for carrying out the different kinds
of experiments on both the large and small canister. The procedure followed for
each canister is similar and any difference between the two procedures is mentioned
in the following sections.

3.1.2.1 Pressure drop

Before running the simulation cases, it is vital to ensure that the flow characteristics
in the model are the same as the one in the experiments. One way to achieve this
is to validate that the pressure drop across the system, in this case the carbon bed,
is the same for both the experiment and simulation. For this purpose, the pressure
drop test was carried out on both the canisters.
Figure 3.8 shows the position of the pressure ports on the canister for pressure
measurement during the pressure drop test. The test is carried out to obtain two
pressure drop measurements i.e. ∆ P1−4 and ∆ P2−3. The former is the pressure
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drop across the entire carbon bed including the perforated plates and plastic foams
while the latter excludes the perforated plates and plastic foam.
To run the test, the apparatus is connected to the test rig which supplies air flow
to the canister from the top. The flow rate is gradually increased in increments and
pressure drop is measured after each increment. The air flow rate and incremental
increase in flow for both the canisters is shown in table 3.1.

Table 3.1: Experimental conditions for pressure drop test for both canisters.

Small canister Large canister
Air flow rate (lit/min) 0 - 100 0 - 200
Air flow increments (lit/min) 10 20

Figure 3.8: Position of pressure ports on the canister for pressure measurement.

3.1.2.2 Loading

The pictorial view and the schematic for the loading experiment is shown in figure
3.9 and 3.10 respectively. During the loading experiment, the canister is placed on a
mass balance and the mass reading was noted manually for the entire duration of the
experiment. The loading experiment was carried out by flowing a mixture of 50%vol
n-butane and 50%vol nitrogen from the canister top. The inlet flow was adjusted
so that the butane flow was 40g/hr for the small canister and 60g/hr for the large
canister. This was done by adjusting the rotameters that controlled the volumetric
flow of Butane and nitrogen. The choice of 60g/hr butane flow rate for the large
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canister was merely because of the fact that this was the maximum possible flow rate
that was achievable with the available apparatus. Otherwise, a larger flow rate would
have reduced the time for loading experiment of the large canister. The outlet of
the canister was connected to another dummy canister. The dummy canister is also
placed on a mass balance and it serves as an indicator for when the breakthrough of
butane occurs from the actual canister. Once 2g of butane breakthough is achieved,
the loading experiment is stopped. The thermocouples are connected to a logging
system and the temperatures at different regions inside the canister are monitored
continuously. The gas samples are taken after 1.5 hrs of starting the experiment and
then after every 30 minutes till the end of the experiment. Each collected sample
is injected into the Automotive Emission Analyzer at one minute intervals. The
analyzer signal is also continuously logged and the signals need to be processed
afterwards to get actual butane concentrations.

Figure 3.9: Experimental setup for loading of canister.

3.1.2.3 Idle time

After each loading experiment was carried out, the canister was left to cool down to
room temperature. This was referred to as ’idle time’ during which the temperature
inside the carbon bed was monitored. Once the temperature inside the carbon bed
reached room temperature, the canister was ready for the purging experiment.
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Figure 3.10: Schematic for the experimental setup during loading of canister.

3.1.2.4 Purging

After the canister had reached room temperature after the loading experiment, the
canister was ready for the purging experiment. The canister connections are re-
moved and a new arrangement is done as shown in figure 3.11. The bottom ports of
the canister are open to atmosphere while the top port is connected to an ejector via
a rotameter. The ejector used high pressure air to create vacuum and hence a flow
was established through the bottom of the canister and out the ejector. The ejector
outlet was carefully placed inside the exhaust duct for safe removal of hydrocarbon
vapors. Again, the canister was placed on a mass balance and the mass change
was recorded manually until the end of the experiment. The purge flow rate was
controlled by adjusting the rotameter. For the large canister, the purge flow was set
to 30 lit/min while the flow rate for the small canister was set to 25 lit/min. Similar
to the loading experiment, the temperatures and analyzer signals were monitored
continuously throughout the experiment. The gas samples for the purging experi-
ment were taken from the start and at smaller intervals of 10min and 15min for the
small and large canister respectively. The purging experiment was stopped when
the mass of the canister was nearly constant.

3.1.2.5 Purge flow heating

As mentioned in the previous section, the purge flow experiments are conducted
with atmospheric air at room temperature. To find the effect of heating the purge
flow on the desorption process, a purge gas heater was used which heated the purge
flow before it entered the canister. The purge flow heater was created by using a
heating element of an air heater. The temperature of the air going out of the heater
was controlled by varying the applied voltage across the heating element.
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Figure 3.11: Experimental setup for purging of canister.

3.1.2.6 Gas sampling

The gas samples taken during the loading and purging experiments were analyzed
by using the Automotive Emission Analyzer. The analyzer is meant for continuous
detection but for the purpose of detecting gas samples the analyzer was run with its
detection port open to atmosphere. The analyzer hydrocarbon signal was detected
continuously. The gas sample was introduced into the inlet port of the analyzer and
as a result a signal was obtained from the analyzer. In order to obtain the actual
value of n-Butane in the gas sample, this signal was processed after the experiment.

The analyzer can detect Hydrocarbon levels in ppmvol and gives the Hexane equiv-
alent value. To convert this value to n-Butane equivalent, the original value was
multiplied by a factor,

Factor = Number of carbon atoms in Hexane

Number of carbon atoms in Butane
= 1.5 (3.1)

The signal or peak was integrated over the time the signal existed and the resulting
value was multiplied by the Factor i.e. 1.5.

3.2 Simulations
Simulation of the carbon canister were performed in two programs, Gamma Tech-
nologies ’GT-SUITE’ and Siemens PLM software ’STAR-CCM+’. 1D/2D simula-
tions were performed in GT-SUITE while 3D simulations were carried out in STAR-
CCM. 1D simulations were carried out for both the loading and purging cases while
the 3D simulations were run for the loading case only. Furthermore, only the small
canister was simulated using the 3D model and the large canister was out of scope
because of the extremely high computational cost.
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3.2.1 GT Suite
The 1D GT-SUITE model was created to simulate a single carbon bed with cylin-
drical geometry. The model is capable of simulating both the loading and purging
processes. The simulation method and the model settings are largely based on the
model developed by Erik Östermark [19]. However, the canister geometry is different
and the model is modified to accommodate for these changes.

3.2.1.1 Simulation Model

The GT-SUITE model schematic is shown in figure 3.12. There are different tem-
plates available in GT-SUITE that can be used to accurately depict the canister
geometry as well as the adsorption model and the resulting mass transfer. In the
underlying paragraphs, the functionality of each template is discussed.

Figure 3.12: 1D model layout in GT-SUITE. The template titles in GT-SUITE
are shown in brackets ().

To specify the system, the inlet and outlet boundary conditions needs to be set.
There are several templates available for specifying different types of boundary con-
ditions in GT-SUITE. For this simulation, the ’EndFlowInlet’ template was used to
specify the inlet condition. The inputs required by this template are:

• One of the following:
– Volmetric flow rate,
– Mass flow rate,
– Velocity or
– Mass flux.

• Temperature.
• Composition.

For this model, the inlet volumetric flow rate was specified along the temperature
and composition. The boundary conditions used for the different cases are tabulated
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in section 3.2.1.5.

The outlet boundary condition is specified by the template ’EndEnvironment’. The
inputs for this template are:

• Absolute pressure,
• Temperature,
• Composition.

In addition to the above, additional conditions such as altitude and humidity can
also be specified. The outlet boundary condition used for all the cases was the same
except for the altitude variation cases where the altitude was specified as an addi-
tional parameter.

To include the open area above the carbon bed, as shown in figure 3.2 and 3.5,
the ’PipeRound’ template was used. This template models a pipe with round cross
section. The following parameters were provided as inputs for this template:

• Pipe inlet and outlet diameter,
• Pipe length,
• Discretization length (length of individual sub-volumes),
• Wall material thermal properties and initial wall temperature.

Additionally, the thermal properties such as heat transfer correlations can be changed
but for this study, these settings were set to default. The body force due to accel-
eration can also be specified and in this case, it was set to 9.81 m/s2 i.e. force due
to gravity.

The ’CatalystBrick’ template in GT-SUITE provides capabilities to model a flow
through monolithic catalyst (’Standard channel geometry’ selection in template) or
a packed bed (’General geometry’ selection in template). The parameters required
by the template include:

• Frontal diameter/area,
• Bed length,
• Discretization length (length of individual sub-volumes),
• General geometry parameters (Specific area, solid fraction, f.Re and Nusselt

number),
• Wall material thermal properties and initial wall temperature.

The template can be incorporated with a 2D model object to produce results in the
radial direction as well. The specific area and solid fraction are physical properties
of the BAX-1500 activated carbon and these values were taken from the model used
by Erik Östermark [19] who obtained the BAX-1500 activated carbon data from the
manufacturer, Ingevity [+].

The template ’SurfaceReactions’ is used to incorporate the adsorption/desorption
process and the mass transfer of butane that occurs during the process from the
fluid phase to the solid phase. This template specifically deals with heterogeneous
reaction mechanism. It calculates the coverage of the active site species and the
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concentration expressions can be made functions of site coverage fractions. The
inputs for this template included:

• Basis for the reaction rate (e.g. area, reactor volume or active site),
• Solver settings,
• Specification of site element(s), ,
• Coverage data (e.g. coverage species, initial coverage of species, enthalpy of

formation of coverage species),
• Parameters for formulation of rate of reaction (e.g. pre-exponential multiplier,

concentration expression).

For this study, the active site density was used as the basis for the rate expres-
sion with concentration specification in mol/m3. This value was obtained from the
BAX-1500 isotherm fitting results that was carried out by Erik Östermark [19]. This
template also has an option for solving the diffusion inside the porous bed which
would indicate whether the reaction is kinetics controlled or dependent on the mass
transfer dissusion rate. If the diffusion is turned ’on’, it means that the reaction
rate is assumed to be equal to the mass transfer diffusion rate. If it is turned ’off’,
the reaction is kinetics limited and there is no gradient between the bulk phase
and the surface concentration of the fluid phase. For this study, this option was
turned ’off’ and the effects of interphase mass transfer were incorporated into the
pre-exponential factor, KL, of the LDF model. It was noted by Erik Östermark [19]
that there was a very small difference in results when the diffusion was turned ’on’
so the effect of diffusion ’off’ on the pre-exponential factor is likely to be small.

The ’ExhaustATDevice2D’ template can be used to add 2D resolution of the carbon
bed. This template is used along with the ’CatalystBrick’ template. The number
of radial zones needs to be defined and the radial heat transfer is solved for by
implementation of equation [21] which solves for thermal conduction in the radial
direction.

Several ’SignalMonitors’ were also setup in the GT-SUITE model to log the simu-
lation results. The monitors included:

• Pressure drop monitor across the porous bed (CatalystBrick),
• Mass change monitor for the porous bed,
• Temperature monitor for different positions inside the porous bed,
• Concentration monitor for different positions inside the porous bed.

The positions for temperature and concentration measurements inside the bed were
selected to match the experimental measurement positions as shown in figure 3.3
and 3.6 for the large and small canister respectively.

The initial conditions for the model are shown in table 3.2.
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Table 3.2: Initial conditions for the 1D GT-SUITE model for the loading and
purging cases.

Loading Purging
Pressure (atm) 1 1
Temperature (C) 23 23

Composition (-) 50% Butane - 50% N2
mixture Air

3.2.1.2 Numerical setup

In the 1D/2D GT-SUITE model, the implicit flow solver was used. In this method,
all the equations are solved for all the sub-volumes simultaneously. This is achieved
by iterative solution of a non-linear system of algebraic equations. The advantage of
using the implicit method is that a relatively large time step can be made resulting
in faster computational speed. The larger time step outweighs the increased compu-
tational cost of performing iterations for every time step. It is stated in GT-SUITE
template help that this method should only be used if the wave dynamics are not
important and the maximum mach number of the system is less than 0.3. All the
cases solved for in this study satisfy these criteria so implicit solver was used for ev-
ery case. The time step for the implicit solver is a user defined input in GT-SUITE.
The time step used in the 1D/2D model was 0.02s and the number of iterations per
time step were set to 1000.

Discretization is the division of a part resulting in sub-volumes. In CFD, the fun-
damental equations, such a continuity, energy and momentum equations, are solved
for these sub-volumes. This suggests that the computational time of the simulation
would be in a direct relation with the number of sub-volumes in the system. The
discretization length is a measure of the size of the sub-volume. If larger discretiza-
tion lengths are used, the total number of sub-volumes would be lower which would
result in lower computational time but this might result in lower accuracy. On the
other hand, if this distance is lower, a more accurate solution can be obtained but
with longer computational times. It should be noted that there is a limit at which
further decrease in discretization length will no longer change the solution accuracy
and any further decrease in discretization length would only result in an increased
computational cost with no improvement in results. A good solution would be one
that operates near this limit which would result in maximum possible accuracy and
a reasonable computational time. Figure 3.13 shows the discretization in 1D and
2D. It can be seen that moving from 1D to 2D, the number of sub-volumes greatly
increases.

In the 1D model, the discretization length (dx) for the carbon bed was 5mm while
the inlet pipe discretization length was 25mm. For the 2D case, the carbon bed was
split into 9 radial zones and the resulting discretization length (dy) was 3.89mm.
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Figure 3.13: Discretization length representation for carbon bed in 1D and 2D.

3.2.1.3 Implementation of adsorption model

As mentioned in previous section, the template ’SurfaceReactions’ is used to incor-
porate the adsorption model with the porous bed template ’CatalystBrick’. For an
actual reaction, the expression for rate of reaction in GT-SUITE is given by,

R = A.T b.exp(−Ta/T ). {conc} .G(i).θ(i) (3.2)
where R is the reaction rate, A is the pre-exponential multiplier, T is the temper-
ature, b is the temperature exponent, Ta is the activation temperature, conc is the
concentration expression, G(i) is the general and inhibition functions and θ(i) is the
coverage expression.

For the adsorption case, equation 3.2 is simplified so the rate of reaction in terms of
rate of change of coverage is given by the LDF model and is given by equation 3.3.

R = A {conc} (3.3)
where A = KL, which is the pre-exponential factor in the LDF model as given
by equations 2.4-2.6. The concentration expression, in terms of equilibrium and
dynamic coverage is given by,

{conc} = θ∗ − θ (3.4)

θ∗ is the equilibrium coverage and is given by the Dubinin Astakhov isotherm. θ
is the dynamic coverage. The initial value of θ for the empty and filled sites is an
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input required by the software. The software then calculates θ after each timestep
by addition of the rate of change of coverage, obtained from equation 3.3, to the
value of θ before timestep.

3.2.1.4 Calibration

Previous work regarding calibration of 1D model was performed by Erik Möller [13]
and Erik Östermark [19]. This calibration was performed in GT-SUITE using the
’TotalErrorFunction’ component. This component finds the difference between a sig-
nal and a set of measured data that the user specifies by varying the user specified
tuning parameters. For the 1D model calibration, the experimental data provided
was the change in mass of the canister and the carbon bed inlet and outlet tem-
peratures. The set tuning parameters were the pre-exponential factor, KL, and the
heat of adsorption ∆H. In the previous studies, it was concluded that for a carbon
canister, the mass change of the canister was of primary concern and hence more
weight was given to the mass change. In GT-SUITE, this was achieved by specifying
the ’Weighting factor’ inside ’TotalErrorFunction’. The value was set to 9 and 1 for
mass change and temperature values respectively.

The model was run using the previous values of tuning parameters obtained by Erik
Östermark [19] and it was found that the 1D model was showing very good agreement
with experimental data of canister mass change. Hence, for all the simulation cases,
the values of tuning parameters were kept the same as the previous study. The
values of tuning parameters used are shown in table 3.3.

Table 3.3: Tuning parameter values for 1D GT-SUITE model.

Pre-exponential factor (-) 0.0025
Heat of Adsorption (kJ/mol) -155

3.2.1.5 Simulation cases

The simulation cases run on the 1D model are discussed in the following sections.
The 1D model was used for simulation of both large and small canister. The 1D
model was also used to do sensitivity analysis for purge gas heating and altitude
change. The 2D model was used to simulate the small canister only since the
computational time for solving the large canister was very large.

3.2.1.5.1 Pressure drop In the 1D model, the pressure drop across the car-
bon bed was validated with the experimental results. As mentioned before, in the
experiments air flow was established across the carbon bed and pressure drop was
measured at different flowrates of air. The same inlet condition was provided in the
1D model as shown in table 3.1. The pressure drop obtained from the model was
then compared with the experimental results. The following cases were run:

1. Pressure drop across small canister for air flowrates between 0-100 L/min with
10 L/min increments.
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2. Pressure drop across large canister for air flowrates between 0-200 L/min with
20 L/min increments.

3.2.1.5.2 Loading After the pressure drop results were matched and the tuning
parameters were set, the model was run for loading and purging cases. For the
canister loading the following cases were run in 1D model:

1. Small canister with inlet flowrate of 0.4 L/min of 50% Butane -50% Nitrogen
mixture.

2. Large canister with inlet flowrate of 0.8 L/min of 50% Butane -50% Nitrogen
mixture.

The following case(s) were run in 2D model:

1. Small canister with inlet flowrate of 0.8 L/min of 50% Butane -50% Nitrogen
mixture.

3.2.1.5.3 Purging For the purging process the following cases were modelled in
1D model:

1. Small canister with inlet air flowrate of 25 L/min.
2. Large canister with inlet air flowrate of 30 L/min.

The following case(s) were run in 2D model:

1. Small canister with inlet air flowrate of 25 L/min.

3.2.1.5.4 Purge gas heating For testing the results of the purge gas heating,
the 1D model was used. Instead of using a constant inlet air temperature, a a
transient time dependent temperature profile of inlet air, obtained from purge gas
heating experiments, was used used as input in the 1D model. The results of mass
change of the canister were obtained for each case and compared with the experi-
mental results. The inlet temperatures for different cases are shown in figure 3.14.

3.2.1.5.5 Altitude To see the effect of altitude variation on the canister per-
formance during loading, 1D model was used and altitude at the outlet was varied.
The following cases were run:

1. Sea level.
2. Altitude 1000m.
3. Altitude 2000m.
4. Altitude 3000m.
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Figure 3.14: Inlet temperatures during purge gas heating experiments.

3.2.2 Star CCM+

The software STAR-CCM+ was used for 3D modelling of the canister. Since the pro-
cesses to be simulated were quite long in real time, only the small canister was mod-
elled. Furthermore, only the loading process was simulated with a higher flowrate
of 0.8 L/min of 50% Butane -50% Nitrogen mixture.

3.2.2.1 Geometry construction

The geometry for the small canister was constructed using the software, ANSA pre
processor by BETA CAE solutions. The dimensions for the canister geometry were
the same as those of the small experimental canister. the geometry is shown in
figure 3.15.

The surface mesh for the geometry was also created in this software which was later
imported into STAR-CCM+.

3.2.2.2 3D model setup

Before running the simulations STAR-CCM+, the user has to provide some neces-
sary inputs such as model selection, solver settings etc. The work flow required in
STAR-CCM+ is shown in figure 3.16. A brief detail is also provided below.
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Figure 3.15: Small canister geometry as made in ANSA pre processor.

For setting up the 3D model, the surface mesh needs to be imported to the software.
The surface mesh generated in ANSA pre processor is imported into the software.
The geometry is split into different parts as per the surface topology. For the canister
model, the geometry was split into five parts,

1. Inlet open channel.
2. Porous medium at inlet side.
3. Carbon bed.
4. Porous medium at outlet side.
5. Outlet open channel.

After splitting, these parts are assigned to regions and each region surface is assigned
a boundary.
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Figure 3.16: Small canister geometry as made in ANSA pre processor.

After specifying the regions, the volume mesh can be generated. For generating a
mesh some inputs are required such as the type of mesh, cell size etc. The ’trimmed
mesh’ type was selected and the cell size was set to 1 mm.

To solve the 3D simulation, physics models need to be specified which provide the
governing equations that the software ultimately solves. For the canister model, the
following model selection was done.

• 3D model.
• Implicit unsteady.
• Laminar.
• Ideal gas.
• Constant density.
• Porous media model.
• Porous media drag model.
• Porous media thermal equilibrium.
• Multi-component gas.

Since the loading process is transient, the implicit unsteady model was selected. The
flow characteristic was chosen to be laminar. This was done because the flow char-
acteristic inside the carbon bed is laminar and since flow velocities are very small,
the flow characteristic inside open channels could be characterised as laminar. This
assumption was made to simplify the case and to speed up the simulation since
moving to turbulence models means additional equations need to be solved which
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increases computational cost.

The gases were assumed to follow the ideal gas law and the system was solved as
a constant density system. The multi-component gas model was used to select the
two gases present in the system i.e. n-Butane and Nitrogen.

To specify the carbon bed, the porous media model was chosen. The regions Porous
medium at inlet side, carbon bed and Porous medium at outlet side were selected
for this model. In this model the bed porosity and tortuosity can be input. The
porous media drag model was used to calculate the pressure drop through the carbon
bed. The porous media thermal equilibrium model was selected which establishes
zero temperature gradient between the carbon bed solid particles and the gas phase.

The boundary conditions need to be specified for all the surfaces in the different
regions. For the inlet region, the inlet boundary condition of ’mass flow inlet’ was
specified for the inlet surface. All the other surfaces for this region were specified
as adiabatic wall boundary. For the porous medium at carbon bed inlet and outlet,
the boundaries were specified as adiabatic walls. For the carbon bed, the heat loss
to the surrounding was important so the wall boundary was set to convective heat
transfer and convective heat transfer coefficient was specified. For the outlet region,
the outlet surface was specified as ’pressure outlet’ and all other surfaces were set
to adiabatic wall boundary.

3.2.2.2.1 Pressure drop To obtain a pressure drop in the porous media, the
porous media drag model was used. This model requires input of inertial and viscous
resistances. These values were calibrated to obtain the same pressure drop as in
the experimental case. For the calibration, a steady state simulation for the same
geometry was run without any adsorption model equations using single component
gas i.e. air. A constant isotropic tensor was used for the viscous resistance while the
inertial resistance was ignored. The inertial tensor is only important if the Reynold’s
number is large but this was not the case.
The timestep for the implicit solver was chosen to be 50 ms and the solution time
was near 40 min. Furthermore, plots were setup which continuously monitored
the temperature and n-Butane concentration inside the carbon bed at the same
locations as the thermocouples and gas syringes inside the experimental canister
respectively. Additionally, scenes were setup to view the temperature variation and
n-Butane concentration in the canister by setting up a ’derived part’ which was a
2D symmetric plane cut of the canister.

3.2.2.2.2 Adsorption model In the 3D simulations, the adsorption model was
setup using mass and energy source terms and writing equations in field functions.
The species source term for n-Butane is given by equation 2.28 and the energy source
term is given by equation 2.30. These equations are written with the help of field
functions.
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3.2.2.2.3 Calibration Similar to 1D model, the 3D model needs to be cali-
brated as well to match the experimental results. The tuning parameters were the
pre-exponential factor, KL, in LDF equation and heat of adsorption ∆H. Unlike
the 1D model in GT-SUITE where the optimization was carried out by the software
using ’TotalErrorFunction’, the calibration was performed in STAR-CCM+ manu-
ally. The values of tuning parameters were changed and the simulation result was
compared with the experimental data. This was a time consuming process since the
entire simulation had to be run for the results of a single set of tuning parameter
values. The value of tuning parameter used for the final simulation are given in
table 3.4.

Table 3.4: Tuning parameter values for 3D STAR-CCM+ model.

Pre-exponential factor (-) 0.0035
Heat of Adsorption (kJ/mol) -18
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4
Results and discussion

In this chapter, the results and findings of the experiments and simulations will be
discussed. The flow profiles and behaviours observed during experiments are stated
and the underlying causes for these behaviours are explained. The results of the
simulation models, both 1D and 3D, are shown and a comparison is made between
experimental results and simulation results. The differences between the results are
mentioned and reasoning is provided for these differences. In the plots shown in this
chapter, the following nomenclature is used:

1. The plots for temperature and concentration profiles are shown at different
axial positions inside the bed and shown in terms of percentage of the bed.
The 0% position refers to the top of the bed and 100% position refers to the
bottom of the bed.

2. In the plots showing results for different radial positions, the radial distance
is shown as distance in mm from wall. This means that 0 mm refers to wall
position and all the other values are distances from wall towards bed center.

4.1 Pressure drop
For modelling purposes, it is crucial that the pressure drop across the porous bed be
known. The pressure drop directly affects the flow profile and since the adsorption
model equations are strongly coupled with the flow behaviour, the pressure drop
needs to be matched perfectly with the actual experimental results and validated.
The pressure drop measured across the experimental canisters are shown in figure
4.1.

In the plots, the higher pressure drop line includes the pressure drop associated with
the foam and perforated plates used both on top and bottom of the bed. The low
pressure drop line only measures pressure drop across the activated carbon bed.

The pressure drop obtained using the 1D and 3D model are shown in figure 4.2. It
can be seen that the 1D model made in GT-SUITE almost overlaps the experimental
pressure drop line for large canister while it over estimates the pressure drop for the
small canister. This deviation is associated with the fact that the pressure ports for
the small canister were not located perfectly near the carbon bed top and bottom
and the pressure difference reading was excluding some length of the bed resulting
in a lower pressure drop in experimental results.
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4. Results and discussion

Figure 4.1: Pressure drop across the small canister (left) and large canister (right).

For the 3D model made in STAR-CCM+, constant user specified resistances for
porous drag model were provided which resulted in a linear increase in pressure
drop with increase in flowrate. It can be seen that at low flowrates, the model
over estimates the pressure drop while it underestimates the pressure drop at higher
flowrates. A pressure drop plot quite close to the experimental results was achieved
by implementing the ergun equation as field function in STAR-CCM+ but at very
low flowrates, the model was having instabilities. Since, the 3D model was used
to simulate the loading case in which case the flowrate is less than 1 L/min, the
simulation was simplified by use of user defined resistances which are close enough
to experimental results at very low flowrates.

Figure 4.2: Comparison of pressure drop obtained by experiment and simulation
across the carbon bed in small canister (left) and large canister (right) .
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4.2 Loading
As stated before, for loading experiments, the following loading experiments were
carried out,

1. Small canister loading with inlet flowrate of 0.4 L/min of 50% Butane and
50% nitrogen mixture by volume.

2. Small canister loading with inlet flowrate of 0.8 L/min of 50% Butane and
50% nitrogen mixture by volume.

3. Large uninsulated canister with inlet flowrate of 0.8 L/min of 50% Butane and
50% nitrogen mixture by volume.

4. Large insulated canister with inlet flowrate of 0.8 L/min of 50% Butane and
50% nitrogen mixture by volume.

Since the profiles are very similar, only the experimental results of one case for each
canister are shown here. These are experiment (1) and (3) as shown above. The
comparison between insulated and uninsulated canister is discussed in a separate
section.

4.2.1 Small canister
Figures 4.3 and 4.4 show the mass change and temperature profiles, respectively, for
the small canister loading experiments. For a normal loading case, the small canister
mass gain was between 40-45g before breakthrough was achieved. The mass change
was more or less linear and the deviations were caused by the fact that the canister
was connected to pipes and a large number of wires and very slight movement re-
sulted in mass scale reading variation.

Due to the exothermic adsorption process, the temperature inside the carbon bed
increases. This temperature rise is highest in the bed center and lower near the wall.
This radial temperature gradient is caused by heat loss to the atmosphere from the
canister walls. As the butane becomes adsorbed onto the carbon, the temperature
rises. The heat released is distributed in three forms:

1. Heat loss to the surrounding via the walls,
2. Heat transferred downstream via the incoming flow of nitrogen and
3. Heat retained by the activated carbon pellets.

After the carbon becomes saturated, the temperature rise stops and instead the
incoming flowrate starts to cool the carbon. This can be seen in figure 4.4 where
first the temperature increase is observed and after a maximum value is achieved
the temperature starts to go down.

From the isotherm data of BAX1500, provided by Ingevity, the equilibrium adsorp-
tion is reduced by 45% when the temperature is increased from 100◦F to 180◦F. As
can be seen in the temperature plots, there is a difference of about 40◦C between the
bed center and near wall temperatures. This means that the equilibrium adsorption
of the activated carbon in the radial direction will also vary with lower values in bed
center and higher values near the wall.
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4. Results and discussion

Figure 4.3: Mass change during loading of small canister.

Figure 4.4: Temperature change during loading of small canister at four axial
positions. For each axial position, the temperature at three radial positions are
plotted.
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Figure 4.5: Mass change during loading of large canister (without insulation).

Figure 4.6: Temperature change during loading of large canister (without insula-
tion) at three axial positions. The radial positions are shown as distance from the
wall in each plot.
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This also means that the adsorption potential i.e. the rate of adsorption will be
different along different radial positions since the gradient of adsorption will be
different. This gradient is the difference between the equilibrium adsorption and
the dynamic adsorption at any given time.

4.2.2 Large canister (Without insulation)
Figures 4.5 and 4.6 show the mass change and temperature profiles, respectively,
for the large uninsulated canister loading experiments. The mass gain for the large
canister was about 450-480g before breakthrough occurs. As compared to the small
canister, the large canister has about ten times more activated carbon and the
time taken before breakthrough occurs is roughly ten times more for the same in-
let flowrate of butane. The temperature profiles achieved are similar to the ones
achieved for the small canister.

4.3 Purging
For the purging process, the following experiments were carried out:

1. Small canister purging with inlet flowrate of 25 L/min of air.
2. Large canister purging with inlet flowrate of 30 L/min of air.
3. Small canister purging with inlet flowrate of 25 L/min of air at higher tem-

perature using purge gas heater.
Cases 1 and 2 are discussed in this section and the case with purge gas heating is
discussed in a separate section.

4.3.1 Small canister
Figure 4.7 and 4.8 show the mass change and temperature profiles, respectively, for
the small canister purging experiments. For a flowrate of 25 L/min of air at room
temperature, a mass loss of approximately 50g is observed. At the start of purging,
the rate of change in mass is very high and as time goes on the mass loss of canister
slows down and ultimately reaches an almost constant value. Since desorption is an
endothermic process, a temperature drop is observed inside the carbon bed. This
temperature drop is quite steep in the first few minutes and can be associated with
the higher mass loss that occurs initially. This low temperature zone causes the
following heat transfer processes,

1. Heat transfer from the surrounding into the carbon bed near the bed wall,
2. Heat transfer from the relatively hot air inflow to the carbon bed pellets.

When the rate of heat required for desorption becomes less than the rate of heat
gained from the above mentioned heat transfer processes the temperature in the bed
starts to rise.
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Figure 4.7: Mass change during purging of small canister.

Figure 4.8: Temperature change during purging of small canister at four axial
positions.
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Figure 4.9: Mass change during purging of large canister (without insulation).

Figure 4.10: Temperature change during purging of large canister (without insu-
lation) at three axial positions.
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4.3.2 Large canister (Without insulation)
Figure 4.9 and 4.10 show the mass change and temperature profiles, respectively,
for the large uninsulated canister purging experiments. The mass loss for the large
canister is about 450g. Similar to the small canister, a sharp mass change is observed
initially and the rate of change in mass drops as time goes on until it reaches an
almost zero value. The temperature profiles are similar to the ones obtained for
small canister. The volumetric flux in this canister is lower than that for smaller
canister. This is because of the fact that a maximum purge flowrate of 30 L/min
was achieved with the available experimental apparatus. This was a limitation since
the larger canister would have a lower flux in comparison to the smaller canister and
so the flow conditions inside the carbon bed of the two canisters would be different.

4.4 Simulation results
This section will discuss the results obtained from the 1D and 3D models. A com-
parison between the simulation results and experimental results is also shown and
the differences and causes of deviations are discussed.

As explained earlier in chapter 3, the majority of the cases run in simulations were
for small canister only. The exception being the 1D modelling of large canister. This
was done to reduce the computational cost of these simulations.

4.4.1 Butane Storage (Loading)
As mentioned earlier, the mass change of a canister, especially during loading, is
of primary interest since this provides information such as canister storage capacity
and breakthrough time which are crucial parameters when testing for bleed emis-
sions from the canister. Hence, while calibrating the models, both 1D and 3D, the
primary target result was to match the mass change.

Figure 4.11 shows the 1D model results for the loading and purging processes as
compared to the experimental results. For the loading process, the initial empty
site coverage fraction was set to 0.76. This meant that 24% of the active sites were
filled at the start of loading. This value was an approximate guess value obtained
from the initial cycling data as discussed in section 3.1.1.5. For the purging process,
the initial empty site coverage was set to 0.2. There was no possible way to know
this value experimentally so the value which best fit the experimental result was
chosen for this purpose.

It can be seen that the mass change obtained by the 1D model has very good
agreement with the experimental results. However, as will be shown later, the tem-
perature profiles are greatly overestimated.

Figure 4.12 shows the results of the 3D model along with the 1D model and ex-
perimental results. It can be seen that the 3D simulation results deviate from the
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experimental ones and two observations can be made. Firstly, the 3D model has a
low mass gain in first few minutes and secondly, the breakthrough is achieved earlier
than the experimental results. This to be expected since the 3D model was not fully
calibrated.

Figure 4.11: Mass change during loading (left) and purging (right) for experiment
and 1D simulation.

Figure 4.12: Comparison of mass change during loading between experimental
and simulation results.

Unlike the 1D model where the software was able to tune the tuning parameters, in
the 3D model this was done manually. Furthermore, in addition to the calibration
of tuning parameters KL and ∆H, the values of maximum adsorption, nmax, and
dynamic adsorption, n, were also unknown. The value of nmax is a property of a
particular adsorbate adsorbing onto an adsorbent. Unfortunately, this value was
not known. Furthermore, the dynamic adsorption, n, initial value was also guessed.
It should be noted that n/nmax gives the coverage of the filled active site. For the
final simulation, the values used for calibration are given in table 4.1.

The value of dynamic adsorption shown in table 4.1 corresponds to an initial filled
active site coverage of 0.3. This is a quite high value and limits the adsorption
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capacity of the bed in the 3D model. Due to lack of time, no further calibration was
done. With a lower coverage, the loading capacity would be higher and a better fit
can be expected with the experimental results. It can also fix the issue of earlier
breakthrough that is seen in figure 4.12.

Table 4.1: Calibration parameters for 3D model.

Pre-exponential factor, KL (-) 0.0035
Heat of Adsorption, ∆H (kJ/mol) -18
Maximum adsorption, nmax (mol/kg C) 8.249
Dynamic Adsorption, n (mol/kg C) 2.475

4.4.2 Temperature profiles
Figure 4.13 shows the temperature profiles obtained by the 1D and 3D models
along with the experimental results. It can be seen that both models overestimate
the temperature profiles. However, the temperature profiles for the 3D model are
closer to the experimental values than the 1D model.

Figure 4.13: Comparison of temperature profiles obtained by 1D (left) and 3D
(right) simulations for small canister loading process with inlet flowrate of 0.8 L/min
(50% n-Butane and 50% Nitrogen).
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It should be noted that the 3D model needs further calibration. A decrease in the
∆H value and more accurate values of the maximum and dynamic adsorption can
improve the results further.

4.4.3 Purge gas heating

In the work conducted by Erik Östermark [19], it was shown by simulation work
that the addition of heat to the purge flow can enhance the purging process since the
desorption process is favoured at higher temperatures. However, the results were
not validated by experiments. In this study, the purge gas heating experiments
were carried out. Figure 4.14 shows the results of the experiments along with the
1D simulation results.

Figure 4.14: Left: Comparison of mass loss during purging of small canister be-
tween simulation and experimental results. Right: Inlet temperatures for different
cases of purge flow heating.

From the graph it can be seen that the case with purge flow inlet at room tem-
perature , about 22◦C, shows good agreement between experiment and simulation
results. However, at higher inlet temperatures, the mass change profiles start to
deviate. Two observations can be made. Firstly, the initial rate of change in mass
is smaller in comparison to the experiments and secondly, the amount purged is less
than the experimental results. There are several reasons for these variations and
they are linked to both shortcomings in the experimental procedure and simulation
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method.

During the purge gas heating experiments, it was noted that the mass scale reading
was always varying by approximately ±2-3g. Also, since most of the experimental
setup was made of plastic material, there was possible expansion taking place due to
high temperature which might have contributed to the change in mass scale readings.

As stated before in section 2.2.4, the values of E, n and Wo used in this study
gave good isotherm fit at 25◦C but at higher temperature of 100◦C the isotherm
fitting line started to deviate from experimental values. In figure 2.4 (Right) at low
pressure, the model value suggests that the activated carbon is able to hold more
n-butane than the experimental results. This means that when purging, the model
would release lesser n-butane than the experimental results which might be one of
the reasons for the results obtained as shown in figure 4.14.

4.4.4 Altitude variation

In the 1D model in GT-SUITE, there is provision to change altitude in the ’EndEn-
vironment’ template. This feature was utilized to see the effect of altitude variation
on the adsorption process inside the small canister. Figure 4.15 shows the results
of canister mass gain for different altitudes. All the other parameters such as inlet
flowrate and composition are kept constant.

Figure 4.15: Effect of altitude variation on the n-butane storage capacity of the
small canister (1D model results).

Table 4.2 shows the absolute atmospheric pressure at different altitudes.
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Table 4.2: Absolute pressure observed in atmosphere at different altitudes (Values
taken from GT-SUITE software).

Altitude (m above sea level) Absolute pressure (bars)
0 1.01325

1000 0.90171
2000 0.80036
3000 0.70846

It can be observed that with an increase in altitude, the capacity of the canister
starts to reduce. It can also be seen that the rate of adsorption, given by the slope
of the line in the graph, also decreases. The low capacity is due to the fact that
at high altitudes, the absolute pressure is lower and the equilibrium coverage starts
to reduce because of inverse dependence on absolute pressure. The lower rate of
adsorption is also due to the fact that the equilibrium coverage amount is reduced
and the term

[
θ̄∗ (t)− θ̄ (t)

]
in equation 2.5 reduces, resulting in a lower value of

dθ̄(t)
dt

.

4.5 Canister Insulation

To see the effect of heat loss to the surrounding, the large canister was insulated and
the loading and purging experiments were performed again. The results of loading
and purging experiments are shown in figure 4.16 and 4.17 respectively.

In the loading experiments, a noticeable increase in temperature inside the carbon
bed was observed. The mass change profile was almost the same except for the fact
that the breakthrough was achieved 24 minutes earlier for the insulated canister.
This was expected since a higher temperature would mean a lower equilibrium cov-
erage and hence a lower capacity for the bed to hold the n-butane. As a result,
the breakthough is achieved earlier. It should be noted that at higher temperature,
the rate of adsorption is also reduced but there was no way to check this with the
experimental readings taken.

In the purging experiments, the major difference in the temperature profile is ob-
served near the wall where lower temperatures are observed for the insulated can-
ister. Also, the temperature rise after the minimum temperature is reached is also
slower for the insulated canister. The recorded mass loss for the insulated canister is
also lower in comparison to the uninsulated canister. At lower temperatures, lesser
n-butane is released from the activated carbon. Since the heat gain from the sur-
rounding help to keep the temperature up during the purging process, more mass
loss is observed for the uninsulated case.

Needless to say, insulation hinders both the loading and purging processes and a
wall material with higher conductivity would aid in both these processes.
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Figure 4.16: Mass change and temperature profiles during loading process for
insulated and uninsulated canister.
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Figure 4.17: Mass change and temperature profiles during purging process for
insulated and uninsulated canister.
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4.6 Concentration profiles
An attempt was made to find the concentration profiles inside the carbon bed. For
this purpose gas samples were taken from different positions inside the carbon bed
at different times. The automotive gas analyzer was used to record the sample
readings. The signal profile for one of the loading experiments, carried out on the
small canister, is shown in figure 4.18.

Figure 4.18: The signal data received from the automotive emission analyzer for
Hydrocarbon concentration in ppmvol for the loading experiment conducted on small
canister with total inlet flowrate of 0.4 L/min.

In the above graph, each peak represents a single gas sample. This signal was pro-
cessed, as mentioned before, to get the actual n-butane concentrations. The actual
concentration of n-butane at four different times is shown in figure 4.19. From the
graphs it can be seen that the concentration profiles are varying quite alot. Taking
the sample reading of 20 mm at 25% bed location as an example, we see from the
first 3 points that with time the concentation of n-butane is increasing but the fourth
reading is quite low which indicates a drop in concentration. This trend does not
seem realistic since with time the bed starts to saturate and the concentration of
n-butane at any given point should increase and reach the inlet flow concentration
i.e. 50% vol.

There were several shortcomings observed in this method of concentration mea-
surement. Firstly, it was observed that when the analyzer was fed with the same
composition gas multiple times, the concentration for each sample was not the same.
There was a variation of ±10% which is quite high. Secondly, it was observed that
there was a lag in signal recording sometimes where the analyzer stopped recording
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for a few seconds. Since the entire signal of a sample lasts for upto 10s, this lag in
analyzer recording introduced a very large error in the integration of the signal.

Figure 4.19: Loading experiment results of n-Butane concentration at 3 different
radial positions inside the small canister with total inlet flowrate of 0.4 L/min.

Due to these inconsistencies and errors, this method of concentration measurement
was not a reliable one. It would’ve been better to use gas chromatography to analyze
the gas samples. For this project the chromatograph was not available. Further-
more, the chromatograph takes longer time to analyze a single sample so it was not
considered due to very large number of gas samples.

The concentration scene in the 3D model is shown in figure 4.20. It can be seen
that the concentration near the wall is slightly higher than the bed center. However,
in the absence of reliable concentration profiles from experiments, it is difficult to
make a good comparison.
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Figure 4.20: 3D simulation scene for butane concentration mass fraction in small
canister with total inlet flowrate of 0.4 L/min.

The gas sampling experiments for the large canister showed a more clear profile and
lesser error in values. Also a larger concentration gradient between points near the
wall and bed center was observed. In the large canister, the experimental results
were indicating that the breakthrough was occurring at locations near the wall.
However, since the large canister was not modelled in 2D or 3D, no comparison of
results could be done.
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5
Conclusion

A working 1D and 3D model of a carbon canister was developed. The results of both
models were validated with experimental data and found to have varying degree of
accuracy. The 1D model was able to predict the mass change during loading and
purging processes better than the 3D model. On the other hand, the 3D model tem-
perature profiles had better agreement with the experimental profiles than the 1D
model. The concentration profiles obtained from the experiments had high degree
of error so the 3D model concentration profile results could not be validated. The
purge gas heating cases run in 1D model were validated with experimental data and
found to be underestimating the mass loss during purging at higher temperatures.
The objectives of the thesis were achieved with varying degree of accuracy.

The experimental procedure carried out had several shortcomings. First of all, the
method used for measuring n-butane concentration using automotive emission ana-
lyzer was found to have very low accuracy. It was found that the analyzer is only
good for long term continuous measurement and short sample times give results
with very high tolerance. While constructing the canisters, it was a challenge to
correctly position the thermocouples and the gas syringe needles and after filling
the canister with activated carbon there was no way to check if the positions were
correct. During the purge gas heating experiments, it was a challenge to prevent
movement of the apparatus and a continuous variation in mass scale was observed,
especially at higher temperatures.

The 1D model provides accurate data for mass change during loading and purg-
ing. However, for obtaining accurate description of temperature and concentration
profiles, 3D model was found to be a better choice. The 3D model developed in
this study is not an optimum model since it requires further calibration. Further
optimization of tuning parameters can improve the 3D model results further. For
3D model calibration, some additional data of the BAX-1500 activated carbon was
needed which was not available so reasonable guesses were made e.g. the maximum
adsorption nmax value in 3D model.

Additionally, the effect of altitude variation on the canister loading capacity was seen
and it was found that with increasing altitude, the capacity of the canister dropped
significantly. An experimental study was done to see the effect of insulation on the
canister performance and it was found that having walls with high conductivity aids
both the loading and purging processes.
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6
Future work

As stated earlier, the 3D model requires further calibration. In this study, the
calibration was carried out manually which required a lot of time. An effective cal-
ibration method for 3D model should be investigated to reach an optimized result
based on tuning parameters.

The experimental procedure for concentration measurement needs improvement.
Major issue in the measurement was the low accuracy of the Automotive Emission
Analyzer which was giving inconsistent results. A possible remedy to this problem
can be the use of chromatography technique instead of the emission analyzer to
obtain better concentration results. The results of the simulation should than be
validated.

From the obtained results, 3D modelling seems to provide more utility as it can be
used to investigate different geometries. A way forward would be to simulate the
actual carbon canister along with validation of results based on experiments carried
out on actual canister.

Once the 3D model has been validated, the canister geometry can be investigated
to find any shortcomings in the current design and improvements can be suggested
to modify the canister geometry with better efficiency.
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