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Abstract:  
In various industries, specialized filters with activated carbon are used for 
adsorbing mercury from air-flows. MRT has eight such Activated Carbon 
Filters (ACFs) in one of their devices. The main purpose of research is to 
study the flow in the ACF filter and suggest a mathematical model for the 
complete system through which an improved design can be found. 

Simulation of a single ACF illustrates how the current system’s air flow 
does not cover the whole filter leaving part of the carbon bed unused for 
the adsorption. This is validated by experimental data. A theoretical study 
based on a mathematical model is made and the improved air flow pattern 
of a re-designed ACF is presented. An additional improvement is that by 
switching inlet and outlet the usable time of the filters is prolonged. 
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Notation 

A                          Cross-sectional area (m2)  

DH                                     Hydraulic diameter of the pipe (m) 

Dp                                      Diameter of the activated carbon particle (m)  

Ε                           Void fraction of the particle  

k                            Permeability of the carbon bed(m2) 

L                            Height of cylinder (m)  

Pb -Pa                     Total pressure drop (Pa) 

Q                           Volumetric flow rate (m3/s) 

R                           Radius of perforated basket (m)  

Re                          Reynold’s number  

Rep                                     Reynolds number for packed bed 

r                             Radius of the inner basket(m) 

t                             Contact time(sec)  

                           Carbon bed thickness (m) 
u                            Velocity of fluid(m/s)  

uz                                         Velocity of fluid in z-direction(m/s) 

vs                                         Superficial velocity(m/s)  

μ                            Dynamic viscosity of the fluid (kg/m)  

υ                            Kinematic viscosity of the fluid(m2/s)  

                          Porosity of the carbon bed 

                          Solidity of the basket  
ρ                            Density of the fluid (kg/ m3)   

                          Forchheimer drag 
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Abbreviations 

AC               Activated Carbon 

 

ACF             Activated Carbon Filter 

 

CFD             Computational Fluid Dynamics 

 

EBCT           Empty Bed Contact Time 

 

FE                 Finite Element 

 

GAC             Granular Activated Carbon 

 

HID               High-Intensity Discharge 

 

MRT            Mercury Recovery Technology 
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 Introduction 

Environmental pollution is a major problem being encountered in the world 
today. Technology has become the key aspect in making human lives easier. 
This leads to extensive use of chemicals, toxins, and various harmful 
products which affects the environment adversely. Pollution has become one 
of the main reasons for the decrease in the life span of human and animals. 
To overcome the environmental pollution, the concept of recycling has been 
introduced. Recycling has become one of the major industries in the world 
today to encounter the excessive pollution created by the ever-increasing 
population.  

Mercury is one of such pollutant. Approximately 620 million fluorescent 
mercury bulbs are discarded annually which equates to about 2-4 tons of 
mercury being disposed annually [1]. Mercury is also a bio accumulative 
toxin. To overcome this problem, the recycling of mercury bulbs has been 
initiated and this lead to the introduction lamp reclamation process [2]. In 
this process, the discarded mercury bulbs are used to recover the deposited 
mercury in the bulbs and manufacture new fluorescent bulbs. Figure 1.1 
shows various applications of mercury.      
  

 
Figure 1.1: CFL bulbs and batteries. [3]. 

 

MRT AB manufactures machine for lamp recycling, CRT recycling, flat 
panel recycling and mercury recovery from waste products. MRT Systems 
in Karlskrona, Sweden, deals with the recycling of the waste materials like 
mercury, fluorescent lamps, HID lamps and CRT batteries. ACF are used for 
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mercury recovery process. The amount of carbon bed used for the mercury 
recovery process in the ACF was not efficient. So, to understand this 
problem, a study on the flow pattern inside the ACF is carried out by 
deducing a mathematical model for ACF and parametric suggestions to 
increase the amount of mercury recovered are provided.  

 

1.1 Background 

In ACF mercury recovery process takes place. The mercury recovery process 
is done by adsorption process with the help of sulphur impregnated activated 
carbon present in the filter. A single ACF has three preeminent parts - an 
inner basket, a thin cylinder and a perforated basket. Activated carbon 
granules present in between the perforated basket and the inner basket. 
Figure 1.2 shows a clear view of the single ACF.    
  

 
Figure 1.2: Schematics of a carbon filter. [3]. 

The process of mercury recovery process is explained below in three stages. 
Figure 1.3 portrays the recovery procedure. 
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In stage one, the components containing mercury are separated from the 
other materials in a completely dry process. This can be achieved by crushing 
and separating or end-cut air push technology. 

In stage two, the phosphor powder and other mercury bearing components 
are treated in a patterned distillation process. In both these areas MRT [3] 
have several technical solutions with varying capacities meeting specific 
requirements.  

 

 
 

Figure 1.3: Mercury recovery process layout. [3]. 

 

In stage three, fluorescent tubes are fed from the outside of the container. The 
tubes enter a beater on a conveyer belt where they are cut into pieces. During 
the first separation division, the phosphor powder starts in the patterned 
transportation system and then the material drops into a separating unit 
(which separates the metal part and glass fractions). The metal ends are 
additionally crushed and then divided into thinner metals, aluminum ends, 
and cap. Then, the line glass is subjected to the second division of crushing 
and air treatment, after which it finally enters the rotary discharge feeder. 
This process would make the glass as clean as available crush and sieve 
technology. Later all the powder is transferred to cyclone dust and carbon 
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filters. The phosphor powder is collected in barrels beneath the cyclone, 
which is sent to a distillation process.  

Lamps and bulbs which contain mercury are collected and kept in a crusher 
machine. This mercury and air mixture are cleft into four equal parts before 
entering the first four cylinders and it distributes equally into each ACF due 
to the sub pressure maintained in the inner basket. The total air entering the 
inner basket is sucked by the output fan situated at the outlet of all eight ACF 
and sent to the next four cylinders. The same process is continued and the 
remaining air is sent out into the atmosphere while the mercury in activated 
carbon granules Figure 1.4 is collected by heating the granules at a higher 
temperature. 

 

 
 

Figure 1.4: Activated carbon granules. [4] 

 
Mercury is collected in the ACF by the process of adsorption where the 
sulphur impregnated activated carbon adsorbs the mercury from the air 
passing through the filter. When the air flow meets the activated carbon, the 
granules adsorb mercury per their adsorption rate and adsorption capacity. 
The air flow entering the activated carbon filter makes the sulphur 
impregnated carbon to react with the air flow so that the mercury present in 
the air flow forms a stronger bond with sulphur (sulphur adsorbs the 
mercury) leaving the remaining gases to the atmosphere.  
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1.2 Problem Description 

In MRT systems for recycling mercury, eight ACF are used Figure 1.5. As 
the air flow passes into the pipe which distributes into eight filters, a lack of 
even air distribution is observed in each filter. Also, there is no precise data 
and simulated model available at MRT systems that show the air flow pattern 
inside the filter. The main challenge for MRT is to find a new filter design 
which is economically viable, reliable and has more adsorption capacity. The 
filters are already in use at MRT are of two types; an eight-carbon filter type 
and a four carbon filter type, it depends on the requirement of the mercury. 
The present work deals with eight ACF with a volume of 2000 m3/hr with 
carbon weight 440 kg for each.  

The main study of the current research is to analyse the flow inside the filter 
and suggest a mathematical model using the parameters of the ACF filter, 
which can correlate flow rate, the geometrical and flow parameters and 
enhance air flow inside the filter. The flow can be studied by performing a 
CFD analysis using the porous media flow equations on the entire system. 

 

 
 

Figure 1.5: The ACF system. 
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1.3 Aim and Objectives 

The main purpose of this thesis is to study the air flow pattern in an ACF 
filter and suggest a mathematical relation for the entire system to revamp the 
filter design. The aim is carried out by designing the single ACF model in 
Auto Desk Inventory and simulating FE model of single ACF in COMSOL 
Multiphysics and validated by comparing the results of the simulation with 
experimental work. Using flow simulation governing equations, Brinkman-
Forchheimer equations, mathematical relations are formed between flow rate 
and various parameters of the filter. Finally, a re-design single ACF model is 
formed with increased mercury removal rate and improved efficiency. 

The main objectives of this thesis work include:    
  

 Literature survey of CFD analysis and ACF, adsorption 
phenomenon and factors affecting the adsorption rate is carried 
out.          
   

 Simulate a FE model single ACF and understand how it works. 
         

 Create mathematical relations between flow rate and various 
parameters of the ACF filter.     
   

 Use of optimizing tools for the theoretical study of new filter 
design.    

 Detailed documentation of thesis work will be submitted to the 
MRT systems. 

 

1.4 Research Questions 

1. How can the flow inside a single ACF be studied and explained?  
  

2. What are the mathematical relations that can be formed for the filter 
correlating the flow rate, various geometrical parameters and flow 
parameters?  

3. How does single ACF be optimized with improved efficiency of mercury 
removal rate? 
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 Related Work 

W. F. Naylor has published a paper [5] which describes the activated carbon 
performance using the EBCT [Empty Bed Contact Time]. The paper 
explained how EBCT can constitute the effectiveness of GAC in fixed bed 
adsorption process. A description of the adsorption process, the forces 
involved between the GAC and the particles to be adsorbed is provided. A 
report is presented on adsorption and mass transfer zone parameters which 
in turn relate to the design considerations of the activated carbon filter. 

R. D. Vidic and D. P. Siler published a thesis [6] on mercury adsorption by 
activated carbon granules. The paper explains the study of dynamic 
adsorption capacity of various activated carbons at various temperatures and 
at various granules sizes. The thesis explained the impregnation of various 
elements to the activated carbon granules. This paper illustrated how the 
impregnation affects the adsorption at various temperatures. 

In Chapter 3 [7], a detailed explanation  on the activated carbon particle size 
with respect to adsorption rate, pressure drop and the wall forces in the filter 
system is provided. The book also describes different kinds of activated 
carbon particles, properties and chemical composition in them. A clear idea 
of the design parameters including contact time and linear velocity is 
detailed.   

Mathematical equations for flow through porous media i.e. Brinkman-
Forchheimer flow equations are well explained in [8]. The paper explains the 
flow which is described by the Brinkman-Forchheimer equation and the 
effective viscosity is calculated as a function of porosity [9]. In this thesis, 
no relations to effective porosity with the activated carbon bed are discussed 
but a study on mathematical equations is characterized.  
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 Studied system 

The function of activated carbon filter is to adsorb the mercury content from 
the input given in form of air flow. The perforated basked and inner basket 
are both meshed to allow the air mixture to flow in the carbon bed. The 
carbon bed is placed between the perforated and inner basket. A rectangular 
plate is aligned at the inlet which is attached to the perforated basket. As the 
air flow enters through the inlet, it hits the rectangular plate and distributes 
the air flow throughout the ACF. The diameter of the inlet is 125 mm and the 
height of the activated carbon filter is 995 mm, the volume of the air is 2000 
m3/hr. The amount of activated carbon in the filter is about 55 kg per filter. 
The diameter of the perforated and inner basket are 400 mm and 200 mm 
respectively. The diameter of the holes meshed in the two baskets is 2 mm. 
The activated carbon used in the current system are the granulated activated 
carbon of 4mm diameter, which is impregnated with sulphur.  

Figure 3.1 represents the rectangular plate on the inner perforated basket. 

 
 

Figure 3.1: Rectangular plate on a perforated basket. 
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Figure 3.2: A single ACF. 

 

Figure 3.2 represents the single ACF used in MRT systems  

 

3.1 Material Data and Material Model 

The activated carbon filter is manufactured using structural steel i.e. 
(S235JRG2). The representation of the of structural steel indicates that the S 
refers to the Structural grade, 235 indicates the minimum yield strength in 
MPa, JR refers to the base steel and G represents that rimming the steel is 
not allowed. The activated carbon used in the filter system is granular 
activated carbon which is of 4mm diameter and is also sulphur impregnated. 
The properties of Structural steel, Inflow gas [Air-flow] and Activated 
carbon bed [Porous material] are shown in the table. 
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Table 3-1: Material Properties. 

 

Material Properties Structural Steel 

[SI] Units 

Inlet Flow Gas 

[SI] Units 

Porous Material 

[SI] Units 

Apparent Density NA NA 560 kg/m3 

Density 7800 kg/m3 4.028 kg/m3 NA 

Dynamic Viscosity NA 0.00109 Pa.s. NA 

Material Density NA NA 540 kg/m3 

Modulus of 
Elasticity 

210 Gpa NA NA 

Packed Density NA NA 660 

Permeability NA NA 7.278*10-8 m2 

Poisson’s Ratio 0.3 NA NA 

Porosity NA NA 0.1818 

Yield Strength 235 N/m2 NA NA 
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 Method overview 

 
  

Figure 4.1: Method overview. 

 

The process followed in the research is presented as a flow chart in Figure 
4.1. 



 19 

The process starts with collecting the experimental data at MRT systems. To 
validate the simulation and theoretical results, calculated experimental data 
is needed.  

The experiment’s main aim is to figure out the input velocity and output 
pressure of the single filter using the probe meter. The values are used to find 
out the flow rate and the contact time of the filter. A numerical model is built 
to produce the flow pattern.  

The numerical model is built in a way that the simulation environment 
matches with the experimental conditions as close as possible [10]. A single 
ACF filter is designed and analysed using CAD software. Transfer of the 
porous properties to solid is done such that without design carbon bed, 
properties of the carbon bed is applied to the solid for better computational 
effort. Flow pattern is obtained here and is validated to the result obtained 
from the experiment.  

If the comparison seems to be reasonable, mathematical relations are 
deduced and theoretical flow patterns are formulated. A correlation between 
the flow rate and the geometrical parameters of the filter is formed. In 
mathematical modeling, the design of the filter is assessed. A relation 
between flow rate and design parameters of the filter is obtained by which 
with specified design parameters respective flow rate is obtained. The 
parameters can be changed and the filter can be re-designed.  

As far as a constructive study is concerned, this is the most appropriate way 
to follow. The flowchart in Figure 4.1, shows the corresponding data 
collection from experimental and numerical methods and their comparison. 
The work helps to configure the working conditions of the filter in the future 
if needed. A co-ordinated study is considered in this research to avoid errors.  

Limitations: 
Some of the limitations made for this study are  

 Considering the adsorption phenomenon like adsorption rate and 
adsorption capacity to be uniform throughout the Activated carbon 
filter and its flow process. 

 Neglecting the minor errors in collecting the experimental values by 
probe meter. 
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 Computational Fluid Dynamics 

Engineers are always interested to learn and predict the behaviour of systems 
and to know the system variables. The interest, in turn leads to understanding 
the behavior for optimizing operations. The approach was to build a 
mathematical model based on the physical phenomena that govern system 
behaviour and solve by using boundary conditions to find a solution. The 
new approach is to use the computational fluid dynamics, i.e., the differential 
equations governing the system are converted to algebraic to find out the 
solution.  

Computational fluid dynamics [11] is a branch of fluid dynamics which 
provides a practical approach of simulating real forces by numerical 
solutions governed by equations. The guiding equations for Newtonian fluids 
are Navier-Stokes equation. The flow guiding equations are remarkably 
arduous such that analytic solutions cannot be obtained for practical 
applications.  

The modern techniques have come into action that computational techniques 
replace the differential equations with algebraic equations, which are easier 
to solve by the digital computers. Digital computers can also allow 
measuring the nature of flow in extremely difficult conditions where it is 
impossible to measure. The basic approach of computational fluid dynamics 
method is to determine the values of the flow quantities at many points, 
where these points are connected together in a grid system called mesh. In 
the same way, the differential equations are converted to algebraic equations 
and the system is solved to predict the nature of the flow.  

The purpose of the flow simulation is to predict how the behaviour of a 
system can change with the given inlet and outlet conditions. Computational 
fluid dynamics have turned up by the advent of digital computers. Due to this 
reason, many numerical methods are evolved to solve flow problems. The 
flow solutions obtained by using CFD simulation scale the engineering 
systems with actual operating conditions. The CFD applications are mainly 
used in automobile fields, aviation field and biomedical applications.  

The general CFD simulation is shown in Figure 5.1. 
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Figure 5.1: CFD Simulation on a plane. [12]. 

 

5.1 Fluid flow 

Fluid mechanics [13] deals with the deformation of the materials with no 
specific limit under a shearing force. In presence of small shearing force, the 
impact will be more on the fluid body while the velocity deformation has a 
lesser impact. Two facts make fluid mechanics differ from solid mechanics. 
They are,         
  

 The nature and the properties of the fluid are completely different 
from solid.        
   

 Usually, fluids deal with continuous streamlines which have no 
beginning and end, whereas in the case of solids each and every 
individual element is considered.     
    

It is known fact that matter exists in three forms: solids, liquids, and gases, 
where the liquids and gases are fluids. When the fluids are subjected to 
forces, they generally move or flow through the direction of force. Fluids are 
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substances which flow relative to each other when subjected to shearing 
force. 

The fluid flow has to be predicted to understand the nature of the flow. 
Reynolds has introduced a non-dimensional quantity that helps in predicting 
the nature of the flow. Reynolds number [Re] is the defined as the ratio of 
inertial forces to viscous force.       
  

                                                         (5.1) 

Where, 

 = density of the fluid  

= mean velocity of the fluid 

= hydraulic diameter of the pipe 

 =dynamic viscosity of the fluid 

 = kinematic viscosity of the fluid 

 = volumetric flow rate 
A= pipe cross-sectional area  

     

From equation (5.1) we can understand and calculate the Reynolds number 
and predict the nature of the flow. The above Reynolds formula (5.1) is used 
for the flow of fluid in pipes or tubes. Whereas the Reynolds number [14] for 
the porous bed packed medium is  

                                                  (5.2 ) 

 

= density of the fluid, = superficial velocity 

=diameter of the activated carbon particle 

=void fraction of the particle       
  

Superficial velocity ( ) is the ratio of volumetric flow rate of the phase to 
the area of cress section. The fluid flow is mainly categorised into two types. 
The two categories are laminar flow and turbulent flow.  
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Depending upon the type of fluid flow, the amount of fluid friction that is 
tending to grow releases the stresses within their body. This friction due to 
the fluid determines the energy that is required to sustain the desired flow 
which tends the fluid to stick to the boundaries of the body. 

 

5.1 Laminar flow   

The name itself defines that the fluid moves in laminar or layers relative to 
one another. In fluid dynamics, laminar flow is also known as streamline 
flow and is seen when the velocities are low. There are no eddies formations 
or swirls in the flow. 

 

 
 

Figure 5.2: Laminar flow. [15]. 

 

General laminar flow in a pipe is shown in Figure 5.2.  

In a closed pipe or two flat parallel plates with a fluid flowing in it at low 
velocities, the flow is laminar. To predict the type of flow, Reynolds 
conducted an experiment which defines that the laminar flow is seen when 
the Reynolds number is less than 2000 

 

5.2 Turbulent flow: 

Turbulent flow tends to occur at higher velocities of fluid which results in 
lateral mixing of fluid particles. As per Reynolds experiments, this turbulent 
flow is predicted when the Reynolds number is greater than 4000.  
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Figure 5.3: Turbulent flow. [15]. 

 

General laminar flow in a pipe is shown in Figure 5.3. 

This type of flow results in the formation of eddies with an unpredictable 
motion of flow. The particles of the fluid move in irregular patterns with no 
definite layers. 

 

5.3 Fluid Flow Equations  

5.3.1 Fluid flow          

To describe the motion of the viscous fluids, Claude-Louis Navier and 
George Gabriel Stokes have introduced the Navier-Stokes equation which 
construes the motion of the viscous fluids. Navier-Stokes equation 5.3. 
emanated from Newton’s second law [16], by assuming the stress in the fluid 
is the sum of a diffusing viscous term and a pressure term. 

 

       ( 3) 

 

5.3.2 Fluid flow in porous media       
From the above equation inertia, pressure, viscous and external forces are 
taken into account to describe the motion of the flow. The Reynolds number 
and Navier-Stokes equation can determine the nature of the flow and predict 
the behaviour of the fluid flow. The fluid flow changes from medium to 
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medium, and so the nature of the flow wouldn’t be same in every medium. 
The current thesis mainly focuses on the fluid flow through porous media.  

To understand the flow of fluid through porous media conditions, basic 
equations are derived. The imperative factors of the porous media conditions 
are the porosity of the medium and the permeability. The concept of these 
parameters is formulated by the Henry Darcy. Darcy’s [17] column 
experiments has contrived that the total flow rate is directly proportional to 
the total pressure drop divided by the fluid viscosity and permeability.    

 

                                                                           ( 4) 

 

Where Q=Flow rate, A= Cross-sectional area 

= Total pressure drop 
L= Pressure drop over the length 

=Dynamic viscosity 
 

5.3.3 Fluid flow in packed beds 

 

 
Figure 5.4: 2 D cross-section 3 D image of sandstone. [17]. 
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Overview of the Adsorption process is shown in Figure 5.4. 

In the porous media, the void spaces are occupied by gases or liquids. The 
solid grains are represented by the white color in the image whereas the void 
and pore spaces are in black color. The is the space where the fluid 
occupies the void space or the pore space,  is the volume of the fluid that 
occupies in the void or porous space,  is the volume of the fluid that 
occupies in the solid phase and   is the interfacial area where generally 
the chemical reaction takes place.  

Darcy’s law is broadly used for the laminar flow, i.e., the fluid flow which 
has the Reynolds number less than 2000. The equations used for fluids 
having transitional and turbulent flows are derived from the basic Darcy’s 
equations. The Brinkman equation is used to analyse the transitional flow in 
porous packed bed media retrieved by using Darcy’s factor and adding the 
Brinkman coefficient to it. 

 

                                                                  (5.5) 

 

Similarly, to determine the resistance applied to the fluid flow then 
Forchheimer drag [18] comes to action adding to the Brinkman’s equation. 

 

                                                     (5.6) 

 

Considering the flow in packed beds, there will be some turbulent resistance 
to the fluid flow, so to add this turbulence to the flow equation, Forchheimer 
drag is added as an extension to the Brinkman’s equation. Forchheimer drag 
mainly predicts the pressure drop in the fluid flow in a packed bed. 

 
 

 



 27 

 Computational Fluid Dynamic Analysis 

The CAD model of the ACF is created in Autodesk Inventor which is based 
on the given input data by MRT systems. As the given geometry of the ACF 
is very large and complex, symmetry is considered for the Computational 
Fluid Dynamic Analysis of the ACF. The model is simplified by ousting the 
smaller components like screws, rivets, and branch attachments etc. which 
are not required for the CFD analysis. Using Autodesk Inventor, the CAD 
model is simplified and exported to COMSOL where the symmetry of the 
model is considered for computational purpose and continued with the CFD 
analysis. 

 

6.1 Model Description 

The COMSOL CAD model consists of ACF filter with the outer cylinder and 
two screens inside the filter.  

               
 

Figure 6.1: Single activated carbon filter- COMSOL. 
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Figure 6.1 represent the CAD geometry model in COMSOL. The Laminar 
flow & Free and porous flow modules are used to do a stationary study of 
flow in the ACF system.  

 

6.2 Meshing of the Model 

The meshing of the ACF is done precisely to obtain the flow distribution in 
the ACF as a motive result. In the current project, meshing plays an important 
role as the ACF filter design is very complex to mesh due to the sharp edges 
and multilayer boundaries, meshing the part which consists of those edges 
and multilayers can be adjusted and treated by meshing with the fine mesh 
size as the system. Generally, high pressure and velocity are expected to be 
near the inlet and partially at the outlet. The main motive is to obtain a fine 
mesh for the current ACF. Though it takes the computational time for 
meshing and solving the problem, the increased accuracy of the problem 
makes the case more reliable to draw the conclusions. The minimum element 
size used to generate the mesh is 0.0012m. Boundary layer properties are 
defined at the symmetric region due to sharp edges present near the inlet and 
outlet regions.  
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Figure 6.2: Element size properties. 

Then, the entire symmetry part of ACF meshes with tetrahedron elements.  
Figure 6.2 shows the element mesh controls of COMSOL. The meshed ACF 
model is shown in Figure 6.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3 Physics Setup 

The activated carbon filter CAD model is imported to the COMSOL model, 
two physics modules are being considered in the simulation i.e. laminar and 
the free and porous media. Laminar flow is considered to study the flow 
pattern when Activated carbon bed is absent, whereas the free and porous 
media flow are considered to study the flow pattern when the Activated 
carbon bed is present. The stationary study is carried out for the model. 

Figure 6.3: Tetra mesh of single ACF. 
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6.3.1 Defining Boundary conditions 

Initially after importing the geometry, material data is given accordingly to 
the above-mentioned properties. After giving the material properties to the 
ACF the boundary conditions are to be given to compute the problem. The 
following are the boundary conditions for the laminar flow and porous media 
flow. 

The main aim of the CFD analysis is to understand the flow pattern. Due to 
reason that the given system i.e. ACF design is too complex to study and 
understand the flow. To reduce the computational effort initially, the flow 
pattern is studied in ACF without the Activated carbon bed to have a better 
view of the ACF, and to observe the flow pattern to compare with the flow 
pattern when carbon bed is present. It also easier for understanding the 
computational process to add the remaining complexities such as the porous 
matrix properties for the given ACF and the same process is repeated in the 
free and porous media physics with the presence of activated carbon bed. The 
boundary conditions which are used for the currently activated carbon filter 
are as follows  

For laminar flow in cylindrical and rectangular ACF 

 Inlet velocity = 8 m/s 
 Outlet Sub pressure = -875 Pa  
 Internal wall- Rectangular plate - No slip  
 Screen1- Perforated basket –Solidity – 0.714  
 Screen2- Inner basket –Solidity – 0.714 
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Figure 6.4: Laminar flow physics. 

 
For Free and porous flow in cylindrical and rectangular ACF 

 Inlet velocity = 8 m/s 
 Outlet Sub pressure = -875 Pa  
 Wall – No slip  
 Screen1- Perforated basket –Solidity – 0.714  
 Screen2- Inner basket –Solidity – 0.714 
 Screen3- Rectangular plate – resisted as wall condition. 

              

 

 

 

 

 

 

 

 

 

 

 

 

 

6.4 Creating porous media 

In COMSOL, free and porous media flow physics is added to the geometry.  
Porous matrix properties are induced only to the carbon bed region of the 
geometry. These porous media are created by selecting a new work plane to 
one side of the filter. The dimensions of the selected region are the same as 
that of the carbon bed region. The selected of different work plane just to 

Figure 6.5: Porous media physics. 
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create a porous carbon bed again and transforming the carbon bed properties 
to this newly created carbon bed zone. So that it is easy to differentiate the 
porous media flow and free flow in ACF. Porosity, permeability and 
Forchheimer drag are defined under this module.  

 

 
 

Figure 6.6: Porous media domain. 

 

6.5 Creating wall and porosity parameters 

After the ACF geometry is divided symmetrically by inserting a plane along 
the central axis, the boundary conditions are applied to the geometry. 

For laminar flow, the inlet surface, outlet surface and the interior wall of the 
geometry are selected as the boundary conditions. The exterior of the 
perforated outer basket and perforated inner basket are selected respectively 
as screen 1 and screen 2 and rectangular plate as an interior wall for the 
current model and are also assigned to the boundary conditions.  

For porous media, the inlet surface, outlet surface of the geometry is selected 
as the boundary conditions. The exterior of the perforated outer basket and 
perforated inner basket are selected respectively as screen 1 and screen 2 and 
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the rectangular plate is selected as screen 3 for the current model and are also 
assigned to the boundary conditions.  

The concept of screens is incorporated into this thesis to facilitate the 
presence of the perforated baskets. This helps to bring the simulation model 
closer to reality. An input value of porosity is given to the screens to create 
the required meshed basket [19]. Under the interior wall boundary condition, 
slip condition is assigned so that the flow can be allowed to slip. The input 
values assigned to the inlet and outlet boundary conditions are velocity and 
pressure respectively. The parameters [20] are obtained as: 

 porosity = 0.1818 
 Permeability [k] =7.72*10-8 m2 
 Forchheimer drag coefficient [βf] [12] = 13978. 

 

6.6 Final Setup of ACF CFD 

After creating all the boundary conditions and input parameters for the ACF 
model and applying it in COMSOL, the required flow in the ACF can be 
obtained as the result. 

 
 

Figure 6.7:  Final setup. 
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6.7 Results 

The ACF model considered in the thesis has a complex system. Therefore, it 
is quite difficult to obtain the nature of the flow inside the filter. To make the 
task at hand easier, the flow is initially assumed to be laminar while 
excluding all the porous properties. This assumption gives us a general 
understanding of how the flow is expected to behave when the porous 
properties are included in the simulation. The entire simulation is computed 
after applying all the boundary conditions and porous matrix properties to 
the system. Velocity and pressure distribution for laminar and porous flow 
are shown in the below figures. 

Flow rate obtained for laminar flow of ACF = 0.12 m3/s.  

Flow rate obtained for ACF with porous properties = 0.11 m3/s. 

Contact time for single ACF with porous media = 1.14 seconds. 
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Figure 6.8: Velocity and flow distribution for laminar flow. 

 

Velocity and flow distribution for laminar flow is shown in Figure 6.8. 
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Figure 6.9: Velocity and flow distribution for porous flow. 

 

Velocity and flow distribution for porous flow is shown in Figure 6.9. 
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From these results, important data such as the superficial velocity in the ACF, 
the velocity along the length of ACF and the pressure distribution in ACF 
can be obtained. 

By observing the velocity distribution profile in COMSOL, the flow is 
represented in the form of streamlines which are distributed in the entire filter 
from the inlet to the outlet. COMSOL converts partial differential equations 
to algebraic equations for computing the problem. Therefore, the flow rate 
of the system is calculated by integrating the velocity vector of the ACF. 
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 Proposed Re-Design of ACF 

After the flow pattern of a single ACF is obtained, Initial steps were taken 
by forming the mathematical model and to optimize the model, as there were 
no design guidelines specified for the current model, during insertion of set 
of values for the radius of the carbon bed or the length of the cylinder, there 
are no defined range to obtain solution and there is no specific motivation for 
the confined objective function and parameter values. The inlet of the filter 
is located on the surface of the cylinder at half the length. By observing the 
flow pattern in the current ACF model, it can be concluded that the flow is 
not distributed all over the cylinder, especially the lower part of the cylinder 
is not covered when compared to the other part of the cylinder. Therefore, 
the lower part of the carbon bed is not being used efficiently.  

This is the main factor of having lower adsorption rate of mercury in the 
carbon bed. If the flow is unevenly distributed, the mercury is adsorbed 
maximum to the adsorption capacity of the carbon bed, so certain areas of 
the carbon bed are not covered and the adsorption capacity of these areas is 
unused.  

Re-design must be done in such way that more amount of fluid flow comes 
in contact with the carbon bed. The main idea is to make the flow distribute 
evenly so that lower part of the carbon bed is also covered and shift the inlet 
direction without having any effect on the geometrical parameters and flow 
rate. By changing the inlet to the bottom of the cylinder, the lower part of the 
carbon bed is used efficiently by the fluid flow. The flow outlet is unchanged 
so that the flow would cover the upper part of the filter.  

After simulating, it can be observed that the re-designed model uses more 
amount of carbon bed than the current model ACF.  

 

Flow rate obtained for ACF with porous properties = 0.1 m3/s. 

Contact time for single ACF with porous media = 1.12seconds. 
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Figure 7.1: Velocity and flow distribution for redesigned porous flow. 

 

Velocity and flow distribution for redesigned porous flow is shown in Figure 
7.1. 
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 Mathematical Relations 

The mathematical relations are formed to understand how the design 
considerations are being done to the present ACF model and also to suggest 
whether the geometrical parameters are correlated with constant flow rate 
2000 m3/hr. Where for a single filter is 350 m3/hr and it should maintain a 
constant flow rate over the eight filters. So, a relation between flow rate and 
other parameters is derived and checked whether for the flow rate the 
geometrical parameters are equated correctly if not, producing the right 
values for the geometrical parameters to get a better relation. 

There is no exact limit to the geometrical parameters so instead of producing 
a new model with some parameters and showing better performance model 
with those parameters, by forming a relation between the geometrical and the 
flow rate so that by changing the geometrical parameters, the flow rate can 
be known. In MRT systems they use MPT centrifugal fan at the outlet and 
which allows maintaining the whole system at a constant flow rate of 2000 
m3/hr.  

Using these mathematical relations and checking whether for the applied 
constant flow rate the applied geometrical parameters are exactly correlated, 
if not producing new geometrical parameters which correlates the constant 
flow rate and also this relation enables to calculate the flow rate for different 
geometrical parameters which makes easier to the company understanding 
and future setup of the ACF model. 

 

8.1 Fluid flow in free media  

 A single ACF contains three phases, free media phase, Interface between the 
free media phase and porous media phase and porous media phase. So we 
need to determine the relations in three phases as flow pattern and the 
equations which determine the flow are different. We are finding a relation 
between the flow rate and other geometrical parameters in all three phases 
[21]. Navier-Stoke equations govern the motion of fluids. Navier-Stoke 
equations are limited to only free media phase like flow between parallel 
plates or flow in the circular pipe. Left side part is inertia forces which are 
equal to pressure forces in addition to viscous forces. 

Flow in free media is described by the stationary, Navier-Stokes equations: 
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                                              (8.1) 

 

 
 

Velocity profile u (x) = 0, u (y) = 0, u (z) = 8  

 

For the z-direction, simplifying Navier-Stokes equation and applying 
boundary conditions we get, 

 

                                                                         (8.2) 

 

Where 

 

 

 

 

Flow rate                                       (8.3) 

 

Superficial velocity =                                  (8.4) 

 

Contact time =                                      (8.5) 
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8.2 Fluid flow in porous media  

The flow equation in porous media depends mainly on two types Brinkman 
equations and Brinkman-Forchheimer equation. 

8.2.1 Brinkman 

The flow equation in porous media phase depends on Brinkman equations 
which are an extension of the Navier-Stoke equation with adding porosity 
and permeability parameters. Brinkman equation mainly deals with the 
Porous media phase considering the flow as the laminar flow [21]. So, the 
mathematical relations formed applies to the carbon bed when the inside flow 
is laminar flow without any turbulence resistance.  

The flow interface between the free media phase and the porous media phase 
constitutes Brinkman equation because at the interface initially there will be 
no turbulence resistance. As the contact between the fluid flow and the 
carbon bed is less in the initial stages of the porous media the fluid flow 
follows the Brinkman’s equation. So, the mathematical relations formed by 
Brinkman’s equation applies to the interface between the free media phase 
and the porous media phase. The initially velocity profile is determined, 
respective flow rate, superficial velocity and contact time is determined. 
Contact time means the time taken for the contact between the flow and 
carbon bed. The reason for determining contact time, the adsorption process 
mainly depends on the contact time, more the contact time between the flow 
and the granules more adsorption occurs which finally increase the efficiency 
of mercury removal.   

Flow in the interface between free media phase and porous media phase is 
described by the stationary, Brinkman equations: 

 

                                (8.6) 

 

Double integration is done on both sides and applying boundary conditions 
we get velocity  
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                                                                               (8.7 ) 

 

Below quantities flow rate (m3/s), superficial velocity (m/s) and contact time 
(sec) are found using mat lab code which is presented in appendix 

 

Flow rate   (8.8) 

 

Superficial velocity= (8.9) 

 

Contact time =  =  (8.10) 

 

 

8.2.2 Brinkman-Forchheimer  

The flow equation used in porous media phase is a Brinkman-Forchheimer 
equation. Now finding a relation between the flow rate and other geometrical 
& flow parameters in porous media phase. 

Fluid flow in only porous media follows Brinkman-Forchheimer equations. 
Here to study the flow in porous media Forchheimer drag coefficient is added 
as an extension to the Brinkman equations. Mostly the flow in packed carbon 
beds will have some resistance applied by the carbon bed granules. Due to 
this resistance friction is created around granules and turbulence drag will be 
formed in the carbon bed. To introduce this turbulence drag, Forchheimer 
drag is added as an extension to the Brinkman equations.  

 

Flow in porous media is described by the stationary, Brinkman-Forchheimer 
equations: 
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The method in free media is repeated and after applying boundary conditions 
we get, 

       (8.11) 

Finding the roots, the above equations we get velocity  
 

                                         (8.12) 

 

                                        (8.13) 

 

                             (8.14) 

 

Roots and below quantities are found using mat lab code which is presented 
in the appendix. 

For the considered geometrical and flow values we get  

 

Flow rate  

 

Superficial velocity =  

 

Contact time =   
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 Motivation 

9.1  Validation 

9.1.1 Validation of simulated ACF model with experimental data 

The main aim of simulating the ACF model is to produce flow pattern for the 
current ACF model. But to verify the obtained flow pattern, experimental 
data must be needed to compare with simulated data & theoretical data to 
give an exact validation. 

From the obtained simulated FE model, flow rate, superficial velocity and 
contact time are calculated. Experimental data is taken from the MRT 
systems where the experiment is carried out over eight filters and flow rate 
and contact time are calculated for a single ACF. Theoretical data is 
calculated from the mathematical relations of Brinkman-Forchheimer 
equations (8.1.3). 

Table 9-1 represents the comparison of flow rate, superficial velocity and 
contact time for all three different calculations. 

 

Table 9-1:  Comparison of approaches. 
 

Flow 
Parameters 

Simulated Experimental Theoretical Redesign 

Flow rate 
(m3/s) 

0.11 0.097 0.07 0.105 

Superficial 
velocity (m/s) 

0.089 0.077 0.059 0.0836 

Contact time 
(sec) 

1.14 1.3 1.68 1.18 

 

Table 9-1 the values obtained from the experimental model is similar to the 
corresponding theoretical and simulated models. In reality, there are factors 
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that influence the flow rate and the flow parameters of the ACF model which 
cannot be incorporated in the simulation.   

 

9.2 Conclusions 

In various industries, specialized filters with activated carbon are used for 
adsorbing mercury from air-flows. MRT Systems has eight such Activated 
Carbon Filters (ACFs) used in their mercury recovery process. MRT wants 
to better understand the flow process in the ACF and to better assess the 
factors affecting the mercury recovery efficiency. 

The research in the thesis has accomplished this by studying the air-flow in 
a single ACF and suggesting a mathematical model for the complete system. 
Through this work an improved design can be found 

The adsorption of mercury is mainly depending on three factors  

1. The amount of mercury passing over the activated carbon. 
2. The time of contact between the mercury and Activated Carbon. 
3. Adsorption rate and Adsorption capacity of the Activated Carbon. 

 
In this research, the factors 1 and 2 are studied while assuming the adsorption 
rate and adsorption capacity of factor 3 to be constant throughout. The study 
of air-flow in a single ACF gives the amount of activated carbon bed that has 
been in contact with the mercury containing air-flow.  This also gives 
information on the contact time. A change in the air flow can give better 
adsorption of mercury and to study this, the current ACF is designed in 
Autodesk Inventor and a FE simulation analysis is carried out in Comsol 
Multiphysics. The flow in the filter is a regarded as a porous media flow. The 
governing flow equations for porous media flow are the Brinkman equations 
but there will be some turbulence created by the flow when it comes in 
contact with carbon granules. So, this turbulence is added as an extension to 
the Brinkman equations which are then known as the Brinkman-Forchheimer 
equations. The activated carbon bed is defined as a porous matrix.  
In the second step a mathematical model is derived from the flow equations 
and an optimized re-design can be made. A re-designed ACF is made without 
any change in the design parameters by moving its inlet direction so that the 
flow direction is changed so that more of the carbon bed is covered, which 
indirectly increase the mercury recovery efficiency. 
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Importing the current ACF design into Comsol Multiphysics and applying 
the respective porous media physics and porous matrix properties. The 
symmetry of model is considered for better computational effort. User 
defined mesh which is between normal and fine is applied to current ACF 
model and computed. A mathematical model is derived with Brinkman- 
Forchheimer equations which give co-relation between the flow rate and the 
geometrical and flow parameters of single ACF. Using this relations design 
optimization of ACF can be done with efficient mercury removal rate. Re- 
design ACF is formed by moving its inlet to the bottom and same FE 
simulation is repeated. 

From the current ACF simulation, the flow enters the filter through the filter 
and hits the rectangular plate and disturbs throughout activated carbon bed 
and due to pressure drop maintained at the outlet the air-flow is transferred 
to the next filter. But it is observed that flow is not covered throughout the 
activated carbon bed. Most of the bottom part of carbon bed is not used 
efficiently by the air-flow such that there is no adsorption process over the 
bottom part. The simulation results are validated by experimental data which 
is collected in MRT Systems and verified using the analytical results 
obtained from the mathematical model equations. After analysing the flow 
in current ACF, the inlet is shifted to bottom part where there is no contact 
of air-flow and activated carbon bed. The contact between the air-flow and 
activated carbon bed has been increased throughout the carbon bed by 
shifting the inlet to the bottom, which indirectly increases the mercury 
recovery from the single ACF. The flow in re-design covers more of the 
activated carbon bed compared to the current model. After comparing the 
simulation results of current ACF and re-design ACF with the experimental 
data, the percentage of error is approximately thirteen and eight percentage 
respectively for both the models. By comparing the re-design and current 
ACF, an additional study has been made by switching the inlet and outlet of 
ACF for better use of the activated carbon bed. In re-design ACF when the 
inlet is at bottom of the filter some part of the carbon bed is not used 
efficiently on other side of the carbon bed. So, to increase the efficient use of 
the carbon bed the inlet at the bottom is switched to other end so that more 
efficient use of carbon bed can be observed.  

This research describes the flow pattern in a single ACF, a successful re-
design of the current ACF model and mathematical relations between design 
parameters and flow parameters. With the help of the latter MRT can change 
the design parameters of the ACF. The presented re-design ACF has more 
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efficient use of activated carbon bed than current ACF. So MRT Systems 
will have more amount of mercury removal rate from the air-flow with less 
wastage of activated carbon bed. By this research, MRT Systems has a more 
thorough understand of the working of the single ACF and of the process of 
mercury removal. 
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  Future work 

From the mathematical relations formed, the eight-carbon filter can be 
optimized to a single carbon filter for more economical and reliable use. 
Previously, there was no relation to the geometrical parameters and flow 
parameters but by using this study, design optimization can be carried out on 
the ACF model to obtain the optimum parameters. 

Using the obtained current ACF flow pattern, relations between the mass 
transfers in ACF can be formed. 

Using the flow pattern and the suggested mathematical model, adsorption 
can be calculated and the efficiency of the adsorption rate of mercury 
recovery can be increased. Also, using this work, adsorption can be 
considered as the focus and the efficiency of the mercury removal can be 
estimated. 

The FE model is simulated in COMSOL Multiphysics 5.1. The mesh used in 
the study is a user-defined mesh with mesh size between normal and fine. 
Therefore, use of a finer mesh can improve the accuracy of the results. 
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  Appendix 

 

 
Figure A 1 Wall Conditions 
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Figure A 2 Selection of rectangular plate 
 

 

Figure A 3 Selection of screen 1 
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Figure A 4 Selection of screen 2 
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                           Figure A 5 Mesh settings 
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   Figure A 6 Selection of rectangular plate for re-design 
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                   Figure A 7 Pressure distribution of re-design 
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                   Figure A 8 Flow distribution of re-design (side view) 
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           Figure A 9 Flow distribution of re-design (cylindrical view) 

 

             Figure A 10 Flow distribution of current model (side view) 
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  Figure A 11 Overview of current model flow distribution 

                          

  Figure A 12 Flow distribution of current model (cylindrical view) 
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%%Theoretical calculations  
  
%Brinkman-Forchheimer  
% syms p pf Z ep k Rz u 
 syms Z   
H=1; %height of cylinder 
den=4.098; %density 
pf=13978; %forchheimer drag  
ep=0.1818; %porosity 
k=7.728e8; %permeability  
R=0.2; %radius of perforated basket 
r=0.1; %radius of inner basket 
u=0.00109; %dynamic viscosity 
  p=-875; %outlet pressure 
  A=2*3.14*R*H; %area 
  B=R-r; %bed depth 
%after doing the integration we get velocity distribution as 
follows 
Uz1 = -(2*(- p*pf*Z^4*ep^2*k^2 + (Z^4*ep^2*u^2)/4 + 
R*Z*p*pf*Z^2*ep^2*k^2 - Z^2*ep*k*u^2 + k^2*u^2)^(1/2) - 
2*k*u + Z^2*ep*u)/(2*Z^2*ep*k*pf); 
  
Q1=(int([Uz1], Z,0,0.2)); %flow rate 
E=abs(vpa(Q1,5)); %flow rate 
V=E/A; %superficial velocity 
C=B/V; %contact time 
%% 
  
PB=540%bulk density 
PP=660%Particle density 
ep=1-(PB/PP) %porosity 
  
t=1.25%tortuosity 
r=0.002%radius of the carbon granule 
P=(ep*(r^2))/(8*t) %permeability 
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