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Abstract

Commercial fire escape masks (FEMs) use packed bed filters to remove gaseous

and vaporous toxic components in the event of building fires to provide at least 15

min of respiratory protection. Packed bed filters incur a high pressure drop and

commercial masks are unable to remove environmental (fire) or process (reaction

and adsorption) heats. The aim of this work is to propose and optimise a novel

multifunctional monolithic adsorbent filter for application within an FEM, providing

a step change improvement above current commercial packed bed designs by (i)

reducing inhalation burden, (ii) maintaining or improving the capacity and kinetic

performance to adsorbed or react with harmful gases and (iii) extend the capability

of the filter to remove heat.

The initial prototype filter contained an array of nine monoliths within each of

two filter cartridges. Each monolith consisted of three functional sections including

a pre-cooler, an adsorbent activated carbon (AC) and post-cooler. The pre- and

post-coolers were a composite shape stable phase change material (SS-PCM) which

consisted of polyethylene glycol (PEG) 4000 / triallyl isocyanurate (TAIC). The AC

was included to facilitate the capture of toxic gaseous or vaporous components by

physisorption. The coolers were included in the design to absorb environmental heat

from the inhaled atmosphere and process heats released from adsorption or reaction.

Transient numerical models in three-dimensions were developed using the ANSYS

CFX 17.0 computational fluid dynamics (CFD) software to describe the momen-

tum, species and energy transport within the monolith filter. The representative

challenge conditions included an inhalation rate of 50 L min−1 containing a trace

amount of butane and an inlet air temperature of 80oC, where a safe inhalation air

temperature was deemed to be below 60oC. The best performing filter contained nine

monoliths each with a channel density of 734 channels per square inch (CPI). This

filter could protect the user from excessive inhalation temperatures for 22 min and

butane breakthrough for approximately 14 min whilst maintaining a low pressure

drop of 27.4 Pa. In comparison to an equivalent mass packed bed, the monolith pro-

vided additional high temperature protection, extended butane breakthrough time

by 84% and reduced pressure drop by 25%.
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Due to the complexity and time required to solve the transient three-dimensional

models, a computationally efficient numeric model was derived based on bi-linear

driving force (LDF). The bi-LDF model was used to describe the species transport

within the macro- and micropores of the monolith filter walls. According to the

International Union of Pure and Applied Chemistry (IUPAC), micropores have pore

sizes below 2 nm and macropores above 50 nm (Rouquerol et al., 1994). The numeric

model was used to investigate the purification of gas streams in a square channelled

monolith filter containing an impregnated AC section to adsorb and react with toxic

components and a heat absorbing section consisting of SS-PCMs. The modelled

test gas mixture contained an adsorbing component, cyclohexane (C6H12), and a

reacting component, carbon monoxide (CO), permitting the combined effects of

heat generation, heat absorption, component reaction and component adsorption

to be studied simultaneously for a novel filter. The bi-LDF model was validated

against the three-dimensional model and provided excellent accuracy at significantly

reduced computational time ca. 99.7%. Additionally, the bi-LDF model was used

to optimise the dimensions and configuration of the filter, specifically finding an

optimal channel diameter, dch, to wall thickness, tw, aspect ratio of dch = 1.3tw. The

optimal configuration consisted of a 2.0 cm long impregnated AC section followed

by a 2.5 cm SS-PCM section, providing 18 min of thermal protection and preventing

C6H12 vapour breakthrough for 21 min. Additionally, the impact of high humidity

on C6H12 adsorption at 25oC was investigated which indicated that the breakthrough

time was 9.5% lower at high humidity. Pt/TiO2 was confirmed to be a viable CO

oxidation catalyst above a minimum weight fraction of 2.5 wt%.

Adsorption and transport phenomena were investigated in a commercial FEM to

identify improvements to the filter geometry with respect to flow regime and ad-

sorption performance using the developed three-dimensional CFD models. It was

recommended to the industrial partner that the outer casing lid be removed, which

caused stagnant flow regions, and the packed bed should be extended by 1.1 mm to

account for the lost carbon due to the cartridge redesign.

The findings within this work indicate the optimal filter cartridge should contain

nine monoliths, each with a width of 2.75 cm and containing square channels with a

channel width of 0.52 mm and a wall thickness of 0.40 mm. Axial configuration of

monoliths should begin with an 2.0 cm impregnated adsorbent carbon section fol-

lowed by a 2.5 cm post-cooler section each with identical cross sectional dimensions.
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1 Introduction

Fire escape masks (FEMs) are seldom used for the protection of civilians in the

event of a building fire. However, fatalities during the event of a residential fire are

commonly the result of exposure to ashpyxiant gases or due to high temperatures.

As reported by the UK Home Office (2020) for individuals not wearing FEMs, during

a period spanning between 2009 and 2020, 53% of fire related deaths were caused

by asphyxiation and 26% were caused specifically by burns. The proportion of

fatalities remained relatively constant irrespective of the year and highlights that

death by inhalation of toxic gases continues to be the predominant factor impacting

mortality. There is limited use of FEMs even in large buildings such as high-rises,

bringing recent events to mind, for example the Grenfell Tower disaster in London

which claimed 72 lives (BBC, 2018). In addition, burns to the respiratory system

have been correlated to increased mortality rates and recovery times (Chong et al.,

2018; Ryan et al., 1998), highlighting a requirement for novel FEMs to not only

remove toxic gases but also protect against the inhaled heat from the fire.

Figure 1.1: (a) A typical fire escape mask. Image reproduced with permission from
Avon Protection (2021). (b) A section of a typical fire escape mask filter, depicting
the particulate pre-filter and the adsorbent granular bed containing catalyst.
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Current emergency respirators utilise packed bed filters containing granulated ad-

sorbent solids and catalyst to remove gaseous components and a particulate filter

to remove airborne solids, as shown in Figure 1.1. The filters are contained within

a protective hood with an internal half mask and tight fitting filter and neck seals.

It is common for commercial FEMs to provide protection to particulates, organic

vapours, acid gases, hydrogen cyanide (HCN) and carbon monoxide (CO) for a min-

imum of 15 minutes (Technical Committee CEN/TC 79, 2004). However, packed

bed filters have disadvantages including, higher pressure drop, weight and size, all

of which contribute to reducing the ease of escape. Granulated materials within the

filter have a higher variability of particle sizes making fine optimisation of the char-

acteristic particle dimension difficult (Crittenden et al., 2005). The catalysts often

used within these filters is hopcalite, which deactivates in moisture, leading to exces-

sive catalyst use (Karanjikar, 2005). In addition, current commercial respirators do

not have the ability to remove heat from the environment or heat generated due to

adsorption or reaction processes within the filter; highlighting areas of improvement.

Figure 1.2: (a) Phenolic resin derived activated carbon monolith and (b) illustration
of a monolith channel, highlighting the characteristic dimensions, including channel
diameter, dch, and wall thickness, tw. Typically values of dch and tw are given as 0.7
mm and 0.4 mm, respectively (Crittenden et al., 2005).

The main aim and focus of this research was to improve upon current designs by

proposing a novel multifunctional adsorbent filter and assessing the feasibility and

optimisation of the design using computational numerical modelling techniques. The

multifunctional filter was based on a monolithic adsorbent, as shown in Figure 1.2

(a), which depicts a cylindrical activated carbon (AC) monolith with numerous

straight empty channels. The unique feature of monoliths when compared to packed
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bed filters is the use of straight channels which reduces breathing burden (pressure

drop) for the user as the bulk flow does not traverse a tortuous flow path. Figure 1.2

(b) shows the characteristic dimensions of a monolith, namely the channel diameter,

dch, and wall thickness, tw. Due to the extrusion process used to form monolithic

structures, fine control of these dimensions can be obtained, permitting optimisation

(Crittenden et al., 2005). Controlling these dimensions will be imperative to achieve

good kinetic performance, transferring adsorptive from the bulk channel to the ad-

sorption sites. Consideration was given to the optimisation of these dimensions.

The filter design was multifunctional because in addition to an adsorbent and reac-

tive section to remove toxic components, a high heat capacity heat absorption sink

was included to remove the heat within the breathable air or the heat generated by

the adsorption or reaction processes within the filter. Investigations into high heat

capacity materials were completed with a focus on shape stable phase change mate-

rials (SS-PCM) as depicted in Figure 1.3. These materials are composite materials,

containing a heat absorbing component which changes phase within the operating

temperature of the filter, permitting heat absorption by utilisation of the latent heat

capacity, and a shape stabilising component, maintaining the solid form of the com-

posite above and below the phase change temperature. These materials have been

applied to energy storage applications and used in thermally protective clothing

(Fleischer, 2015), with limited applications in purifying filters for respiratory pro-

tection. To the authors knowledge transient numerical modelling of the interaction

between an adsorbent material and a heat absorbing component during the filtration

process has not been studied and will be investigated in this thesis in order to test

the feasibility of the proposed filter.

Figure 1.3: Heat absorbing phase change material (PCM) stabilised by a shape
stabilising matrix (SS-matrix). Adapted image from (Zhang et al., 2016).
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The final design of the multifunctional adsorbent filter would consist of an array of

monoliths placed within a cartridge preceded by particulate filter to remove larger

solids. The particulate filter was not studied in depth in this thesis. Optimisation of

the structure was required to determine the best overall device dimensions such as the

cartridge and monolith size, optimal channel dimension and geometry to maximise

mass transfer and minimise pressure drop and finally the optimal configurations and

quantities of the functional sections in order to provide a minimum protection time

of 15 min, both in terms of toxic component and inhalation temperature protection.
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1.1 Scope of Research

This research was focused on the development of numerical models to test the fea-

sibility and to optimise a novel multifunctional fire escape filter. The novelty of the

proposed filter predominantly lies in the addition of a heat absorbing component to

protect the user from high inhalation temperatures that could cause upper respira-

tory system burns in addition to using a monolithic filter with straight channels to

reduce the breathing burden on the user.

Several numerical models were developed in this research. The first was a bench-

marking model for the proposed multifunctional filter for the case of single com-

ponent adsorption under a high inhalation temperature condition using a detailed

three-dimensional computational fluid dynamics (CFD) model using the ANSYS

CFX 17.0 software. This numeric model was used to provide a description of the

flow regime, pressure drop, adsorption and heat absorbing processes and provide an

initial assessment of the ability of the device to remove not only a toxic component

but also the environmental heat generated by the building fire. Additionally, the

impact a heat absorbing component had on the adsorption capacity of the preceding

AC monolith was investigated. Validations of the three-dimensional CFD model

were conducted by the completion of mesh and time-step studies, comparison of the

model to experimental breakthrough curves and to analytical solutions of simplified

equations.

Secondly, a computationally efficient one-dimensional numeric model was solved to

describe the adsorption, reaction and heat absorption of the multifunctional system

with CO and cyclohexane (C6H12) as reactive and adsorptive challenge gases, respec-

tively, under a high inlet air temperatures. A bi-linear driving force (LDF) equation

was derived to describe the transport of the toxic components in a square channelled

monolith with phenolic resin derived AC carbon walls containing a bi-disperse pore

structure. This model aimed to provide a similar accuracy compared to a three-

dimensional CFD model, but provide a significant reduction in computation time.

The reduction in simulation time permitted rapid numeric simulation of the filter

enabling the optimisation of the quantity and configuration of the functional sections

in addition to the amount of catalyst loading required to remove carbon monoxide.
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An industrial project was completed with the aim of numerically modelling cyclo-

hexane adsorption through a commercial packed bed filter. A detailed computer

aided design (CAD) drawing of the commercial filter was provided by the industrial

partner. Particle size and pressure drop data was used to improve the accuracy

of the numerically modelled pressure drop arising from the solution of steady state

mass and momentum equations. A two-dimensional CFD model was produced to

model the toxic component profiles within the device which enabled identification of

potential improvements to the cartridge design in order to improve the mass transfer

profile.

Considerations to the three-dimensional channel structure was also investigated to

determine whether the mass transfer by using a more complex channel structure

could be improved. Different designs of short length monoliths were trialled to

determine whether instantaneous breakthrough of a toxic component could be pre-

vented and whether using a more complex structure was significantly detrimental

to breathing burden. Due to the radial variation of the modelled variables a three-

dimensional CFD model was required to effectively determine an optimal channel

geometry.

1.2 Thesis structure

This thesis has been separated into nine chapters which cover the development of

numeric models to simulate the transport, adsorption, reaction and heat absorbing

processes within a novel multifunctional fire escape filter for air purification.

Chapter 2 provides a review of literature regarding the current state of the art for

respiratory protective equipment in addition to the likely hazardous conditions that

fire escape masks must mitigate for a building fire application. A review of typical

mathematical equations used to describe transient and spatially dependent adsorp-

tion processes will be given in addition to potential metal impregnate candidates for

ambient temperature CO oxidation. The desirable properties of a heat absorbing

component will be summarised and potential candidate materials suggested.

Chapter 3 outlines the aims and objectives for the project which were based on

the findings from the literature review.

In Chapter 4 a benchmark numeric model was developed using the ANSYS CFX
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17.0 CFD software to describe the transport, adsorption and heat absorption pro-

cesses in three-dimensions of the proposed multifunctional monolithic adsorbent fil-

ter. The filter was compared to a typical packed bed filter from the perspective of

reducing i) inhalation burden ii) the ability to remove a toxic component, in this

case a trace amount of butane and iii) the additional capability to of the filter to

remove heat. To verify the accuracy of the model, mesh and time-step studies will

be conducted and the results will be compared to analytical solution to simplified

equations and experimental data where possible. The model provided an initial esti-

mate of the performance of the novel filter with regarding to providing thermal and

toxic component protection for a minimum of 15 minutes.

Chapter 5 discusses the derivation of rapid numeric models which can be used to

quickly screen potential optimal filter candidates whilst providing similar accuracy

to a CFD model. This model describes the adsorption, reaction and heat absorp-

tion within the novel filter for an adsorbing and reacting component under a high

inhalation temperature for a square channelled multifunctional monolith. As the

porous walls of the monoliths have a bi-disperse pore size distribution a novel ap-

proach using a bi-LDF model for square channelled monoliths was derived which

enabled the channel diameter and wall thickness ratio to be optimised. By screening

numerous candidates the configuration and quantity of the heat absorbing and AC

sections could be varied to reach the minimum allowable use time of FEMs using

the minimum amount of materials.

Chapter 6 discusses the findings from the industrial project which aimed to apply

numerical models to elucidate the flow and sorption process of contaminants in

commercial mask filters.

Chapter 7 researches different channel geometries aiming to improve the mass

transfer capabilities above straight channelled monoliths. Importance will be placed

on the balance of maintaining a low pressure drop afforded by straight channel struc-

tures whilst maximising mass transfer efficiency by altering the channel geometry or

increasing channel tortuosity.

Chapter 8 will summarise the key findings from each chapter of the thesis.

Chapter 9 explains the future work which will provide guidance on work that could

be conducted to extend the research within this thesis.
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2 Literature Review

This chapter summarises literature relating to the current state of the art of respi-

ratory protective equipment and the challenging conditions posed by building fires.

The review will also focus on numerical models for adsorption processes, potential

metal impregnate candidates for ambient carbon monoxide (CO) oxidation and a re-

view of heat absorbing components to provide thermal protection from the inhaled

air.

2.1 Fire escape mask challenges

Hazardous gases and vapours are present in building fires and as a mentioned

in chapter 1 are a leading cause of death. Fire contains four gaseous components

that can cause death by asphyxiation which include CO, hydrogen cyanide (HCN),

carbon dioxide (CO2) and low oxygen (O2). Of these, CO and HCN are deemed to

be the most noxious due to their ability to prevent respiration. CO preferentially

binds to haemoglobin in place of oxygen and both CO and HCN bind to cytochrome

oxidase, a key enzyme in the electron transport chain (Walker et al., 2015). In

addition, high quantities of CO2 further reduces the chance of escape as this results

in hyperventilation causing harmful gases to be inhaled at a greater rate (Purser,

1992). As oxygen concentrations fall within a fire due to the combustion process,

CO is produced as the combustion moves from complete to incomplete combustion.

HCN is dependent on the materials burning with the building containing nitrogen,

including common fabrics such as wool and nylon (Alarie, 2002).

Purser (2000) determined time until incapacitation for primates when exposed to

CO and HCN and found that for CO, either inhaling a low concentration for a

long time or a high concentration for a short time can cause incapacitation. This

is known as Haber’s rule which places equal importance on time and concentration

(Purser, 2000). For example, at 1000 ppm, time to incapacitation is 30 min whilst

at approximately 2500 ppm this figure reduces to 10 min. However, for HCN, at

low concentrations the time to incapacitation is high but rapidly increases above a

concentration of 200 ppm leading to a ’knock-out’ effect.
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In addition to toxic gases, sensory irritants are abundant. Fire can produce a thick

soot which optically impairs or the gases within the smoke can be irritants such

as acid gases, including hydrogen chloride (HCl), or volatile organic compounds

(VOCs) including formaldehyde and acrolein which causes pain or respiratory in-

juries (Walker et al., 2015; Purser, 1992). The quantity and types of irritant gases

present in the fire is related to the composition of the burned materials. For example,

acid gases are produced by materials within the building that contain halogens such

as polyvinylchloride or neoprene (Alarie, 2002). A list of common gas and vapour

irritant concentrations that hinder escape or cause incapacitation during a study of

a fully enclosed fire have been summarised in Table 2.1.

Table 2.1: Predicted concentrations to impair escape and cause incapacitation in
half the population (Purser, 2000).

Irritant Impair escape [ppm] Incapacitation [ppm]

HCl 200 900

SO2 24 120

NO2 70 350

Acrolein 4 20

Formaldehyde 6 30

High temperatures are an obvious concern in the event of a building fire where

temperatures in the room of origin of the fire can exceed 1000oC. However for the

application of FEMs which concerns facilitating the escape of individuals from a

building at room temperatures away from the room of origin are of interest. Exper-

imental studies recording temperatures in building fires within rooms located away

from the fire have suggested that temperatures can be anywhere between ambient

temperature or as high as 150oC in adjacent rooms with the highest temperatures

found close to the ceilings (Alarie, 2002; Crewe et al., 2014; Traina et al., 2017). The

likely temperature found within a building fire have been summarised in Figure 2.1.

High temperatures in fires can cause fatalities in three main ways including hyper-

thermia, external burns and inhalation burns (Purser, 2000) of which the latter will

be the concern of this research.

Computational studies have suggested at temperatures above 85oC tracheal surface

burns will occur after only 20 s (Cossell et al., 2007). In humid environments, tracheal

burns begin to be present above 60oC (Purser, 2000) and due to the increased heat
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capacity of air containing water, burns infiltrate further into the respiratory system,

impacting the Larynx, Trachea, Bronchi and Bronchioles (Purser and McAllister,

2016). Burns to these sites increases the risk of pneumonia after the incident (Walker

et al., 2015) or causes obstructive oedema in the Larynx, often a factor in mortality

rates (Purser and McAllister, 2016). Although a conservative limit, for the present

work, 60oC will be used as the maximum allowable inhalation temperature.

Figure 2.1: Summary of temperature ranges within different rooms of a building fire.

High inhalation rates are caused by excessive exertion, psychological stress and

elevated CO2 concentrations. Although greater inhalation rates increases the intake

of oxygen during escape from a fire this has an adverse impact as it also increases the

intake of asphyxiant and irritant gases. For example, the inhalation rate at walking

and running pace effectively doubles from 25 L min−1 to 50 L min−1. Although

CO2 can cause incapacitation due to asphxiation at extended exposure times, when

atmospheric concentrations are above 5 vol% the major hazard of CO2 is that it

causes hyperventilation, increasing the intake of other toxic gases. For example,

inhalation rates can be as high as 50 L min−1 for a concentration of 8 vol.% (Purser,

2010). High inhalation rates caused by these effects exacerbates the pressure drop

issue associated with packed bed filters which further increases the exertion required

to breath and has detrimental psychological effects (Martyny, Glazer and Newman,

2002; Szeinuk et al., 2000). This highlights the urgent need to investigate open

channel structures such as monoliths for future investigation.
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2.2 Respiratory protective equipment

2.2.1 Escape mask standards

According to Health and Safety Executive (HSE), a UK governmental agency that

regulates health and safety in the workplace, respiratory protective equipment (RPE)

should be adequate and suitable. Being adequate refers to whether the filter can

process the hazard at the given gas/vapour concentration within the atmosphere.

Suitability pertains to the RPE being appropriate for the wearer, situation and

task (Health and Safety Executive, 2013). To meet the standards of adequacy and

suitability, European (EN) or British (BS) standards have been put in place to ensure

these devices meet minimum standards. These standards cover the face mask, filter

cartridge and the filtering configurations (Health and Safety Executive, 2009).

The types of filter configurations can be broadly separated into filtering devices (res-

pirators), breathing apparatuses (BA) and FEMs. Respirators use filters contained

within half or full face masks to place a barrier between the user and the toxic

species. BA includes devices which supply air from an independent source, such as

air from a compressed air tank or air pumped through a hose from a source outside

the event. BA is functional with masks and loose-fitting face-pieces such as hoods

and suits (Health and Safety Executive, 2013). These devices include the self con-

tained breathing apparatus (SCBA) used by the fire service. FEMs can either be

filtering or BA type but focus was placed on the filtering type with hoods. FEMs

are designed to only be used once and should be immediately available such that the

device must not require assembly (Technical Committee CEN/TC 79, 2004). They

consist of a face-piece with a fitting for a filter cartridge, the users face is separated

from the atmosphere by the hood and various seals. Exhalation occurs via a separate

exhalation valve so exhaled air does not interfere with the combined filter.

Filtering FEMs with hoods have their own standard (BS EN 403:2004) specifying

the minimum requirements to allow personal escape from a fire in oxygen rich at-

mospheres (O2 > 17 %) (Technical Committee CEN/TC 79, 2004). These minimum

requirements, contain specifications for test conditions and device design, including

types of test gas, inlet test gas concentrations, breakthrough concentration, breath-

ing resistances and total device weight. Filter cartridges are separated into filters

that remove particulates only, gas and vapours only or combination filters which
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remove both particulates and gases and vapours (Technical Committe PH/4, 1997).

Particulate filters are defined by low, medium and high efficiency classes, denoted by

a coding system of P1, P2 & P3. Correct selection of the particulate filter, although

not studied here, will be important to the final respirator design, as a particulate

filter will precede the gas filter to remove smoke particulates.

Gas and vapour cartridges have a more complex coding system, as defined in Table

2.2, where colour codes represent the gases removed and can be found on the car-

tridge casing. These cartridges also have a class system of 1,2 and 3, but the classes

represent the capacity of gas a respirator can store (Technical Committee CEN/TC

79, 2005). For example, a combined filter that removes inorganic gas, acid gas and

carbon monoxide might have a filter code of B1E2COP3.

Table 2.2: Types of filters and corresponding colour and letter codes (Health and
Safety Executive, 2013; Technical Committee CEN/TC 79, 2005).

Hazardous species Filter code Colour on
filter

Standard

Particles (low, med & high ef-
ficiency)

P1, P2 & P3 White EN 143

Organic gases and vapours
(BP > 65oC)

A Brown EN 14387

Organic gases and vapours
(BP < 65oC)

AX Brown EN 14387

Inorganic gases and vapours
(excluding CO)

B Grey EN 14387

SO2 and other acid gases E Yellow EN 14387

Ammonia and organic ammo-
nia derivatives

K Green EN 14387

Oxides of nitrogen NO Blue & white EN 14387

Carbon monoxide CO Black EN 14387

Filters against specific sub-
stances

SX Violet EN 14387

The BS EN 403 (Technical Committee CEN/TC 79, 2004) specifies testing condi-

tions for FEMs. The inhalation rate required for most test gases is 30 L min−1.

The FEMs are tested for a period of 15 minutes against different hazardous gases to

determine if the device has the ability to reduce the concentration to non-hazardous
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levels. If the component concentration rises above the specified breakthrough con-

centration within 15 minutes the device does not meet the standard. The inlet and

breakthrough concentrations, as summarised in Table 2.4, are different for each haz-

ardous species and are set based on the likely concentrations found in fires and their

toxicity to the user, respectively.

Table 2.3: Standardised gas filter capacity testing based on BS EN 403 and BS EN
14387 (Technical Committee CEN/TC 79, 2004, 2008).

Gas testing BS EN 403

Test gas Concentration in air [ppm] Breakthrough concentration [ppm]

Acrolein 100 0.5

CO 2500 200

HCN 400 10

HCl 1000 5

Gas testing BS EN 14387

Code Test gas Concentration
in air [ppm]

Breakthrough
concentration [ppm]

Breakthrough
time [min]

A1 Cyclohexane 1000 10 70

B1 HCN 1000 10 25

B1 H2S 1000 10 40

E1 SO2 1000 5 20

K1 NH3 1000 5 20

NO-P3 NO 2500 5 20

NO-P3 NO2 2500 5 20

Table 2.4: Standardised test conditions for a multifunction fire escape filter based
on BS EN 403 standards and experimental studies of building fires (Purser, 2000;
Alarie, 2002; Crewe et al., 2014; Traina et al., 2017; Technical Committee CEN/TC
79, 2004).

Min. use
time [min]

Inhalation
rate

[L min−1]

Max.
∆P
[Pa]

Building
temperature

[oC]

Max outlet
temperature

[oC]

Max.
weight
[kg]

15 30 800 80 60 1

The BS EN 403 (Technical Committee CEN/TC 79, 2004) also specifies a maximum

allowable inhalation temperature of 90oC. However as previously determined it was

found that a reasonable albeit conservative limit of 60oC should be set as the upper

limit (Purser, 2000). By drawing on the experimental studies found for building
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fires and the current standards in place, a set of conditions and design constraints,

as summarised in Table 2.4, were defined for a multifunctional adsorbent filter. For

gas inlet and breakthrough concentrations BS EN 403 will be adhered to.

2.2.2 Commercial fire escape masks and state of the art

Table 2.5 shows a comparison of three commercially available FEMs including the

Sundstrom SR 77-3 ®, Draeger PARAT 7530 ®and Duram COGO ®. Com-

mercial filters have a packed bed design and often contain Hopcalite catalyst, a

mixture of manganese oxide and copper oxide, to remove CO by low temperature

oxidation alongside activated carbon (AC) to adsorb other toxic components. Hop-

calite deactivates rapidly in the presence of water (Liu et al., 2016). To counteract

this, additional Hopcalite is added to compensate at the detriment of FEM weight

(Karanjikar, 2005). All the FEMs mentioned comply with BS EN 403, which as

mentioned, includes no specification for cooling the inhaled gas, indicating a major

area for improvement (Technical Committee CEN/TC 79, 2004).

Table 2.5: Comparison of key criteria for commercially available FEMs (Sundström,
2016; Durum, 2020; Dräger, 2020; Karanjikar, 2005).

Sundstrom SR
77-3 ®

Draeger
PARAT 7530®

Duram COGO
®

Time of use [min] >15 >15 >15

Filter type Activated carbon
& Hopcalite

Hopcalite Impregnated
activated charcoal

Weight [g] 700 830 650

Max. ∆P [Pa] >390 >390 NA

Temperature test
range [oC]

20−55 20 NA

Package dimensions
(W×H×L) [cm]

21, 16, 15 25, 16, 12 12, 14, 10

Bed depth [cm] 4.5 4.5 NA

Number of cartridge
slots

1 1 2

Figure 2.2 illustrates the features of a modern commercial escape hood which in

this case was produced by Avon Protection for CBRN escape applications. The

main features include a protective hood with an anti-fog visor and easy fit neckseal,

providing both an excellent field of vision whilst enabling ease of fitting. Dual filters
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with a thin bed are employed to minimise pressure drop through the packed bed. At

a high inhalation rate condition of 85 L min−1 this hood provides a pressure drop

below 500 Pa. In addition, the device provides protection from a range of chemical

threats including HCN, cyclohexane and formaledhyde (Avon Protection, 2021).

Figure 2.2: CH15 CBRN escape hood. Image reproduced with permission from
Avon Protection (2021).

FEMs are more commonly used in industrial, military or medical settings with an

estimated 5.0 million workers using some form of respirator (United States Depart-

ment of Labor: Occupational Safety and Health Adminstration, 1999). However

use of FEMs by the general public either in small domestic dwellings, and more

importantly, in high rise buildings or hotels where escape times are greater remains

uncommon. A wide range of issues may be attributed to the lack of uptake, includ-

ing the device weight and associated physical and thermal discomfort, affordability

with prices around £ 150, breathing difficulties, psychological barriers or simply a

misunderstanding of the dangers presented by asphyxiant gases and a lack of leg-

islation for dwellings (Graveling et al., 2011; Szeinuk et al., 2000; Graveling et al.,

2009).
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The earliest respirator escape masks can be traced back to the mid 19th century, later

finding applications in the mining industries and during World War 1, where these

masks were developed further by improving the gas mask fit and reducing device

weight. Recently, focus has been placed on improving comfort using plastics and

silicone, reducing breathing resistances, preventing leaking air, preventing lens fog,

improvements in adsorbent capacity for toxic components and ambient temperature

oxidation catalysts (Dey et al., 2019b).

Work continues to reduce the profile and weight of respirators. Howie (2013) pro-

posed a device to remove the usual toxic components found in fires, but in this

case the filter components surround a half-mask only, covering the nose and mouth.

This provides an advantage in terms of device weight but lacks protection regarding

optical irritants, which may reduce ease of escape. Another approach to FEMs is

the use of a handheld canister connected via a tube to a hood to provide breath-

able air (Honeywell International Inc., 2017; Shahaf, 2003). Although this removes

the requirement of a sophisticated respirator reducing bulk near the head, carrying

a gas canister adds a large additional overall weight to the device, perhaps at the

determinant of escape. A recent patent by Moller et al. (2021) shows the current

state of the art for a full face mask respirator, providing excellent vision through a

transparent face plate, an internal half mask to create a secure breathing seal and

reduce dead volume, a separate exhalation valve to prevent interference of outflow

gas with incoming gas and slots for two filter canisters.

Few examples are available regarding improvements to filters with respect to ther-

mal protection and to the authors knowledge there are no examples of commercially

available filters providing a heat absorption capability. Wright et al. (2011) proposed

a respirator which included a thermal capacitor (or heat exchanger) surrounding the

porous packing which uses exhaled air to cool to porous materials and therefore the

incoming air. The quoted device weight of 450 g seems reasonable, however the

length quoted as 12.7 cm may produce an excessive pressure drop compared to most

commercial device, which have a maximum bed depth of 5 cm, as shown in Table

2.5. A single modelling study which investigated the attachment of a heat exchanger

containing a thermally absorbing component situated before the respirator cartridge

provided over 15 min of thermal protection, however the interaction with the heat

absorbing component and the respirator was not studied and the configuration pro-

vided no protection against process heats generated (Zhu et al., 2019).
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2.3 Adsorption

2.3.1 Kinetics

Gas adsorption on solid structures exploits attractive force fields at the surface of

solids with high surface areas (adsorbent). Separation by adsorption of trace compo-

nents in gaseous mixtures by solids is widely used in an industrial setting (Richard-

son, Harker and Backhurst, 2002) due to its simple design, operation, low capital

cost and minimal energy requirements (Tan and Hameed, 2017), making it an ex-

cellent candidate for toxic gas removal in an FEM. However to design a successful

system a high adsorbate capacity, selectivity for the toxic components and excellent

mass transfer rates are required (Ruthven, 1984).

For ease of explanation, the overall process of adsorption will be separated into two

distinct phenomena. The first is the transport of the gaseous adsorbate to the solid

surface, or the process kinetics and the second is related to the interaction between

the adsorbate and adsorbent, known as adsorption (Tan and Hameed, 2017). As an

example of the first phenomena, Figure 2.3 depicts the mass transfer of a gaseous

component infiltrating a porous pellet. This would represent a reasonable model for

the transport of a gaseous component in many commercially available packed bed

FEM filters. Mass transfer can be represented as a four stage process (Shafeeyan,

Wan Daud and Shamiri, 2014; Tan and Hameed, 2017; Ho, Ng and McKay, 2000;

Lepek, Hersel and Geankoplis, 2018; Thomas and Crittenden, 1998c):

1. The adsorptive in the bulk gas is transported toward the surface of the adsor-

bent solid either by advection or molecular diffusion.

2. Film transfer (external) of adsorptive through a film of fluid surrounding the

solid, linking the bulk phase to adsorbent solid outer surface.

3. On the outer surface of the solid are the openings of the pores that penetrate

into the solid. Macropore diffusion (internal) describes the movement of

the adsorptive through macro- and mesopores that contribute to the internal

structure of the adsorbent. Depending on the pore diameter and component

mean free path, transport can occur via Molecular or Knudsen diffusion or a

combination of both.
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4. Micropore resistances occurs within the smallest pores where the pore size

is of similar order of magnitude to the molecular diameter. Major transfer re-

sistances can exist at the entrance to the micropore (barrier) or are diffusional

resistances within the internal micropore. Finally, the gas molecule adsorbs

onto the adsorbent surface changing its definition from an adsorptive to adsor-

bate, providing a link between the process kinetics and adsorption equilibrium.

Figure 2.3: Example schematic displaying the mass transfer steps that describe the
transport of an adsorptive through the internal structure of a spherical porous solid
containing a macro- and micropore network (Ruthven, 1984).
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Table 2.6: Comparison of equations used to simulate an adsorption process in 1-D plug flow packed bed and monolithic systems
on a global and bi-disperse basis (all symbols are defined in the Nomenclature).

Packed bed (global)

Description Expression Details Ref.

Species
transport εb

∂Ci

∂t
= −∂usCi

∂z
+ εb

∂

∂z

(
Dz,iCb

∂yi
∂z

)
− (1− εb)ρpSi (2.1)

Solves for the species concentration as function of length
and time. Terms include, accumulation, advection, diffu-
sion and adsorption sink.

[1-3]

Axial
diffusion Dz,i =

Dm,i

εb
(20 + 0.5RepSc) (2.2)

Determines the axial dispersion coefficient for gases at a
wide range of conditions.

[4]

LDF

Si =
∂q̄i
∂t

=
15De,i

R2
p

(qe − q̄i) (2.3)

Solves the average adsorbed amount of component within
the adsorbent as a function of time. Other terms include
the global LDF constant and equilibrium adsorbed amount
(from isotherm).

[2,5,6]

Global LDF
constant 1

ka,i
=

(
Rpqi,z=0

3kf,iCi,z=0

)
f

+

(
R2

pqi,z=0

15εpDp,iCi,z=0

)
m

+

(
R2

µ

15Dµ,i

)
µ

(2.4)

Describes the resistances in the film, macropore and micro-
pore and applies this to a single global transport constant.
The micropore resistance is often a fitted parameter altered
to fit the result of Eq. (2.1) to a breakthrough curve.

[7]

Film
coefficient

(
2kf,iRp

Dm,i

)
Sh

= 2 + 1.1Sc1/3Re0.6p (2.5)
Determines the external film mass transfer coefficient sur-
rounding the adsorbent particle by evaluation of the Sher-
wood number.

[4]

Pore
diffusivity

Dp,i =

[
τ

(
1

Dk,i

+
1

Dm,i

)]−1

(2.6) Defines pore diffusion which attributes to the macropore
resistance in Eq. (2.4) and can be determined by the molec-
ular and Knudsen diffusion.

[2-3]

[1]: (Seader, Ernest and Roper, 2010), [2]: (Shafeeyan, Wan Daud and Shamiri, 2014), [3]: (Yang, 1987), [4]: (Wakao and Funazkri, 1978)

[5]: (Glueckauf and Coates, 1947), [6]: (Liaw et al., 1979), [7]: (Farooq and Ruthven, 1990)
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Packed bed (bi-disperse)

Description Expression Details Ref.

Gas species
transport εb

∂Ci

∂t
= −∂usCi

∂z
+ εb

∂

∂z

(
Dz,iCb

∂yi
∂z

)
− (1− εb)

αkf,i
Bii + 1

(Ci − c̄p,i) (2.7)

Used to solve for the species concentration in the
gas phase as function of length and time. Terms in-
clude, accumulation, advection, diffusion and trans-
fer of adsorptive from the bulk gas to the pores of
the solid.

[8-10]

Porous
species
transport

εp
∂c̄p,i
∂t

= εpDp,i
Bii

Bii + 1
(Ci − c̄p,i)− ρpSi (2.8)

Solves the average species concentration in adsorbent
pore. Terms include, accumulation, transfer of ad-
sorptive from the bulk gas to the pores of the solid
and adsorption sink.

[8-10]

LDF

Si =
∂q̄i
∂t

=
15Dµ,i

R2
µ

(qe − q̄i) (2.9)

Determines the average adsorbed amount of adsorp-
tive as a function of time. The rate constant is based
on a spherical microparticle.

[8-10]

Monolith (global)

Description Expression Details Ref.

Species
transport εb

∂Ci

∂t
= −∂usCi

∂z
+ εb

∂

∂z

(
Dz,iCb

∂yi
∂z

)
− (1− εb)ρpSi (2.10)

Used to solve for the species concentration as func-
tion of length and time. Terms include, accumula-
tion, advection, diffusion and adsorption sink.

[1-3]

Axial
diffusion Dz,i = Dm,i +

d2chu
2
s

192Dm,iε2b
(2.11)

Used to determine the axial dispersion coefficient for
laminar flow conditions within a monolith.

[11]

Global LDF
constant ka,i =

4De,i

(ro/ri − 1)(r2o − r2i )− (1/ri(ro − ri)) . . .

(0.5(r4o − r4i )− (4ro/3)(r3o − r3i ) + r2o(r
2
o − r2i ))

(2.12)

Describes the global transport constant based on dif-
fusion of an adsorptive into hollow cylinder with an
insulated external surface. An effective diffusivity is
often a fitted parameter altered to fit the result of
Eq. (2.10) to a breakthrough curve.

[12]

[8]: (Brea et al., 2017), [9]: (Cavenati, Grande and Rodrigues, 2006), [10]: (Grande and Rodrigues, 2005), [11]: (Taylor, 1953)

[12]: (Patton, Crittenden and Perera, 2004)

20



Rates of adsorption are more often controlled by the transport of adsorptive through

the porous network and not due to the adsorption step (Ruthven, 1984). Therefore

assessment and quantitative evaluation of the transport resistances within the macro-

porous and microporous network are of imperative importance especially as the filter

lengths within FEMs are shorter than for industrial separation processes. In addi-

tion, determining viable kinetic models is also of importance as this will permit the

transport and adsorption processes within the filter to be described as a function of

time and space.

The transport steps are transient in nature and collectively represent the rate-

limiting step, often described by a total resistance term. Adsorption is typically

an instantaneous step and can be explained mathematically by equilibrium isotherm

models, dependent on the component partial pressures and fitted isotherm parame-

ters (Tan and Hameed, 2017). The discussion here relates to the final model expres-

sions describing the process kinetics as summarised in Table 2.6 for both packed bed

and monolith geometries and also the adsorption isotherm model as summarised in

Table 2.7. Some consideration will also be given to evaluating the kinetic parameters

of these models.

Film transport of the adsorptive component across a stagnant film surrounding

the adsorbent can be evaluated by the diffusive flux at the surface of the adsorbent

providing a link between the bulk concentration and porous concentration at the

macropore entrance (Shafeeyan, Wan Daud and Shamiri, 2014). The terms describ-

ing film transport in Eq. (2.13) include the pore voidage, εp, macropore diffusivity,

Dp, adsorptive concentration within the bulk gas, C, adsorptive concentration within

the macropore, cp, particle radius, Rp, position along the particle radius, r, and film

mass transfer coefficient, kf .

εpDp,i
∂cp,i
∂r

∣∣∣∣
Rp

= kf (Ci − cp,i|Rp) (2.13)

Estimation of kf for a spherical particle is given by Wakao and Funazkri (1978)

and is dependent on the flow regime and particle size. For monolith channels kf

can be derived from studies of developing flow in circular tubes with modifications

made to the asymptotic Sherwood number, Sh∞, and the use of hydraulic diam-

eters. Hawthorn (1974) proposed such a correlation (Eq. (2.14)), the Sherwood

number, Sh, and therefore kf decreases along the length of the monolith, L, channel
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as the flow regime develops from a flat to a parabolic profile. The remaining un-

defined terms in Eq. (2.14) describe the monolith channel diameter, dch, molecular

diffusivity, Dm, Reynolds number, Re, and the Schmidt number, Sc.

(
kf,idch
Dm,i

)
Sh,i

= Sh∞

[
1 + 0.095

dch
L
ReSci

]0.45
(2.14)

Macroporous transport for spherical particles can be evaluated using a diffusional

model for transport using the species balance in Eq. (2.15) (Ruthven, 1984; Mul-

gundmath et al., 2012; Chahbani and Tondeur, 2000). There is an additional partial

differential for the transport of adsorptive into the micropores which contains terms

for the average amount adsorbed of a given component, q̄, particle density, ρp, and

time, t.

εp
∂cp,i
∂t

+ ρp
∂q̄i
∂t

=
εp
r2

∂

∂r

(
r2Dp,i

∂cp,i
∂r

)
(2.15)

Expression Eq. (2.15) contains a diffusional terms, Dp which must be evaluated. De-

pending on the pore size within the macroporous network the dominant diffusional

mechanism can either be molecular or Knudsen. To combine these two mechanism

the Bosanquet equation can be used (Eq. (2.6)). The molecular diffusion can be

evaluated using the Chapman-Enskog equation, Eq. (2.16), and the Knudsen diffu-

sion by Eq. (2.17) (Yang, 1987). The undefined terms in Eq. (2.16) and Eq. (2.17)

include the bulk gas temperature, Tg, component molecular weight,Mr,i, bulk molec-

ular weight, Mr,b, absolute pressure, P , collision diameter, σib, collision integral, ωib,

universal gas constant, R, and pore diameter, dmp.

Dm,i = 0.0018583
T

3
2
g

√
1/Mr,b + 1/Mr,i

Pσ2
ibωib

(2.16)

Dk,i =
dmp

3

√
8RTg
πMr,i

(2.17)

Finding the solution to Eq. (2.15) is computationally complex as the terms need to

be determine over the radius of the adsorbent pellet. Yang and Doong (1985) sim-

plified this expression by averaging the porous concentration over the pellet volume

and assumed that the concentration profile within the pellet could be described by

a parabolic expression, forming an linear driving force (LDF) approximation for the
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average porous concentration; see Eq. (2.8). To the authors knowledge there is cur-

rently no LDF approximation for monolith systems to describe porous concentration

in the monoliths walls. During this research an attempt will be made to derive an

LDF expression to remove the requirement of relying on computationally complex

diffusional models within square channelled monoliths.

Microporous transport can be evaluated using several methods. The first is a

combined barrier / diffusion model (CBDM) which describes the diffusional resis-

tance within the microparticle in addition to the existence of a barrier at the micro-

pore entrance (Eq. (2.18) and Eq. (2.19)). Fletcher and Thomas (1999) found for

VOCs that a CBMD is most applicable at higher relative pressures, Pi/P
0, where Pi

is the component partial pressure and P 0 the saturation vapour pressure, due to an

increased importance of diffusional resistances at these pressures. In another study

Fletcher, Yüzak and Thomas (2006) found that benzene vapour follows a CBDM

model over a Pi/P
0 of 0.0063 due to a rapid reduction in the diffusional coefficient

with Pi/P
0. The following equations are most easily solved using numerical meth-

ods and enable the micropore barrier constant, kb, and diffusional time constant,

Dµ/R
2
µ, to be determined assuming experimental adsorbed uptake data is available

(Fletcher and Thomas, 1999; Fletcher, Yüzak and Thomas, 2006; Shafeeyan, Wan

Daud and Shamiri, 2014). Additional terms in Eq. (2.18) and Eq. (2.19) include

the microporous diffusivity, Dµ, microparticle radius, Rµ, position along the particle

radius, rµ, and equilibrium amount adsorbed, qe.

∂qi
∂t

=
1

r2µ

∂

∂rµ

(
r2µDµ,i

∂qi
∂rµ

)
(2.18)

Dµ,i
∂qi
∂rµ

∣∣∣∣
Rµ

= kb,i(qe,i − qi|Rµ) (2.19)

If it can be assumed the major resistance lies within the internal micropore a con-

tinuity equation based on diffusion within a spherical particle is an acceptable ap-

proximation and is simply Eq. (2.20). At this point the model is known as the ho-

mogeneous solid diffusion model (HSDM) (Qiu et al., 2009). Continuing to assume

a spherical geometry and by applying appropriate boundary conditions the most

familiar form of the equation becomes (Ruthven, 1984; Eic and Ruthven, 1988).

q̄i
qe,i

= 1− 6

π2

∞∑
n=1

1

n2
exp

(
−n

2π2Dµ,it

R2
µ

)
(2.20)
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Either using a non-linear solver to minimise experimental error against the above

expression as an objective function or by plotting ln(1 − q̄/qe) vs t, Dµ/R
2
µ can be

evaluated, where the slope of the latter method is −π2Dµ/R
2
µ (Ruthven, 1984). This

expression can be further simplified at low q̄
qe

(<0.3) to provide a simple method to

evaluate Dµ/R
2
µ (Ruthven, 1984; Obradovic, 2020) as shown by Eq (2.21).

q̄i
q∞,i

≈ 6√
π

(
Dµ,it

R2
µ

)1/2

(2.21)

Global transport methods for numerically modelling adsorption processes are gen-

erally used, although diffusion models are a more accurate description, as these

models are complex and exist at different length scales to the size of the wider fil-

ter and therefore further assumptions are often made (Shafeeyan, Wan Daud and

Shamiri, 2014). Glueckauf and Coates (1947) first proposed a LDF approximation

which describes the rate of the amount adsorbed based on the difference between

the equilibrium adsorbed amount and the actual amount adsorbed due to disequi-

librium. Glueckauf (1955) later defined a LDF constant, ka, for spherical particles

of 15De/R
2
p by testing various empirical correlations, where the effective diffusivity,

De, took into account the global resistances from film, macropore and micropore

over the particle radius, Rp. By starting at Eq. (2.18) and assuming the concen-

tration within the particle could be approximated by a parabolic profile Liaw et al.

(1979) determined an LDF approximation for the average adsorbed amount within a

spherical particle which was identical to the LDF approximation found by Glueckauf

(1955); see Eq. (2.3). Farooq and Ruthven (1990) proposed a further correlation

which provided individual resistance terms for the film, macropore and micropore,

allowing the global coefficient to be determined whilst considering the significance

of the individual terms; see Eq (2.4).

For monolith systems, Patton, Crittenden and Perera (2004) followed the method

of Liaw et al. (1979) to derive LDF approximations to various geometries including

a square channelled monolith; see Eq. (2.12). Subsequently, the adapted LDF con-

stant was used to describe the adsorption of dichloromethane in air onto a phenolic

resin derived carbonised monolith (Crittenden et al., 2011). A large body of research

is available regarding the numerical modelling of adsorption processes in relation to

monolithic structures focused on monolithic reactors for the use of removing ex-

haust gases from vehicles (Mladenov et al., 2010; Struk et al., 2014; Sharma and
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Birgersson, 2016; Gu and Balakotaiah, 2016) or gas chromatography for earlier work

(Spangler, 1998; Glueckauf and Coates, 1947). The aforementioned models range

from simple one-dimensional simulations taking advantage of assumptions to reduce

model complexity and complex three-dimensional simulations utilising CFD to de-

scribe the mass, momentum, energy and adsorption phenomena. Influence will be

drawn from these methodologies when deriving the numerical models used in this

thesis.

2.3.2 Physical adsorption

Physical adsorption occurs when adsorbate molecules are reversibly held at a solid

surface due to weak attractive intermolecular forces. These interactions are non-

specific, hence why adsorbents that facilitate physisorption find applications for bulk

separation processes containing a wide range of gases, as in building fires (Karge and

Weitkamp, 2008; Richardson, Harker and Backhurst, 2002). Multilayer coverage of

an adsorbate can also occur at higher component partial pressures (Rouquerol et al.,

2014). Focus will be placed on physisorption due to its applicability to fire escape

mask filters.

ϕ = 4ϵ

[(
σϕ=0

rLJ

)12

−
(
σϕ=0

rLJ

)6
]

(2.22)

For physical adsorption, the forces present between an adsorbing molecule and an

adsorbent include dispersion-repulsive forces or additionally, in the case of polar

molecules, electrostatic forces. As an adsorptive comes into contact with an adsor-

bent surface, changing its definition to an adsorbate, an attractive force known as the

dispersion force is caused predominantly by induced dipoles. If the distance between

the adsorbate and adsorbent surface reduces to a critical distance repulsive forces

begin to dominate. To describe the potential energy arising from the attractive and

repulsive forces between an adsorbate and adsorbent molecule the Lennard-Jones

potential function (Eq. (2.22)) can be used (Ruthven, 1984).

The potential energy, ϕ, is computed by the 6th order attractive and 12th order

repulsive term which are functions of the distance between the centre of the adsorbate

and adsorbent molecules, rLJ , and the distance at which ϕ is zero, σϕ=0, where a
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positive ϕ indicates a net repulsive potential. The minimum ϕ is known as the

potential well, ϵ. At low coverage and low temperatures ϵ is approximately equal

to the isosteric heat of adsorption. As a justification of the exothermic nature of

physisorption, entropy must decrease as the degrees of freedom of an adsorbate

molecule are lower than that of the adsorptive (∆S = Sads−Sgas < 0). In addition, as

adsorption is a spontaneous process the Gibbs free energy must be negative (∆G < 0)

which according to the expression ∆H = ∆G+ Ts∆S means physisorption must be

exothermic. It is worth noting that the potential energy function is likely to be far

more complex than described by the Lennard-Jones potential alone and in reality

the potential function is the sum of all interactions between the adsorbate molecule

and adsorbent surface molecules (Ruthven, 1984; Thomas and Crittenden, 1998a).

Although an appreciation of the physisorption interactions at the molecular level is

important, the determination of isotherms allows for larger scale adsorption processes

to be modelled. An isotherm describes qe on a given mass of adsorbent as a function

of Pi for a fixed temperature. The shape of the isotherms provide an initial estimate

of the pore structure and surface characteristics of an adsorbent (Rouquerol et al.,

2014) and for the application of FEM filters which rely on physisorption of gas and

vapours, sometimes under humid conditions, type I, II and V isotherms, as depicted

in Figure 2.4, are of interest.

Type I isotherms have a steep increase in the amount adsorbed at low Pi/P
0 reach-

ing an eventual maximum as Pi/P
0 is increased. This corresponds to the adsorption

of a gas within micropores, which according to the International Union of Pure and

Applied Chemistry (IUPAC) have pore widths below 2 nm (Rouquerol et al., 1994),

similar to width of the adsorbing molecules. The maximum qe is reached due to the

complete saturation of the micropores by adsorbate forming a monolayer over the

adsorbent surface (Thomas and Crittenden, 1998a; Rouquerol et al., 2014).
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Table 2.7: Adsorption isotherms.

Model Expression Features Ref.

Langmuir qe,i = qm,i
bL,iPi

1 + bL,iPi
(2.23) � Limited to monolayer adsorption.

� Assumes adsorption is reversible.
� Assumes a fixed number of evenly distributed adsorption

sites that can hold a single molecule.
� All sites are equivalent energetically.

[1-2]

Freundlich qe,i = qm,ibF,iP
1/nF

i (2.24) � Permits multilayer adsorption.
� Exhibits langmuir behaviour until monolayer coverage.
� Applicable to adsorbents with a heterogeneous surface in

terms of adsorption site distribution and -∆Ha.
� Used for adsorption of organic chemicals on carbons.

[1-3]

Toth qe,i = qm,i
bT,iPi

(1 + (bT,iPi)nT )1/nT
(2.25) � Aimed to reduce the error of the Langmuir isotherm.

� Used to describe heterogeneous surfaces.

[3-5]

BET
qe,i = qm,i

bB(Pi/P
0)

(1− Pi/P 0)(1 + (bB − 1)(Pi/P 0))
(2.26)

� Permits multilayer adsorption.
� Used for physical adsorption of vapours.
� Used for determination of adsorbent surface areas.

[1,6]

Dubinin-
Radushkevich

qe,i = qm,i exp

[
−
(
RTs

Ei
ln

(
P 0

Pi

))2
]

(2.27)

� An empirical model describing pore volume filling.
� Used to describe adsorption onto heterogeneous surfaces

with a Gaussian energy distribution.
� Used to describe physical adsorption of vapours onto micro-

porous adsorbents.
� Permits multilayer adsorption.

[3,7]

[1]:(Burwell, 1977), [2]: (Thomas and Crittenden, 1998a), [3]: (Ayawei, Ebelegi and Wankasi, 2017), [4]: (Crittenden et al., 2011),

[5]: (Shafeeyan et al., 2015), [6]: (Seader, Ernest and Roper, 2010), [7]: (Gregg and Sing, 1982)
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Type II isotherms are common for adsorbents with a wide range of pore sizes. At

low Pi/P
0 a monolayer of adsorbate forms reaching a point of inflexion at monolayer

saturation. The uptake then steadily increases once again with further increases

in Pi/P
0 which correlates to multilayer adsorption (Thomas and Crittenden, 1998a;

Rouquerol et al., 2014). Finally, as Pi/P
0 approaches the saturation vapour pressure

capillary condensation occurs within the progressively larger pores (Ruthven, 1984).

Type V isotherms are present in the example of water adsorption onto a hydropho-

bic microporous adsorbent where adsorbate-adsorbent interactions are weak. In

addition, this phenomenon can be due to strong intermolecular interactions between

adsorptive molecules. The Pi/P
0 must be raised to a sufficient level to facilitate

adsorption (Rouquerol et al., 2014; Ruthven, 1984).

Figure 2.4: Illustration of Type I, II and V isotherms which are most applicable to
FEM filters (Rouquerol et al., 2014).

Isotherms can be determined experimentally using several methods including manom-

etry, where the amount adsorbed is proportional to the pressure change and related

to the quantity adsorbed by a gas law. Alternatively, gravimetry can be used where

the sample is directly weighed (Rouquerol et al., 2014). These techniques provide

the change in qe as a function of Pi/P
0 for a set operating temperature. Isotherm

models can then be fitted to the adsorption data either by use of linearisation tech-

niques or by minimising an error function. The choice of model will be governed by

the type of isotherm and often will not be appropriate for the full pressure range

of the experimental data (Thomas and Crittenden, 1998a). A summary of useful

isotherm models are shown in Table 2.7, discussing their advantages and use cases.
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By obtaining experimental isotherms at several different temperatures the tempera-

ture dependence of qe can be determined and modelled by the van’t Hoff equation,

Eq. (2.28) (Ruthven, 1984). By linearising the van’t Hoff equation and plotting

1/Ts vs ln(b) the pre-exponential constant, b0, and heat of adsorption, ∆Ha, can be

determined. Evaluating the change in qe due to temperature variation of the ad-

sorbent will be especially important as high amounts of environmental and process

heats will reduce the capacity for adsorbate within the filter. The remaining term

in Eq. (2.28) pertains to the adsorbent solid temperature, Ts.

b = b0 exp

(
−∆Ha

RTs

)
(2.28)

2.3.3 Adsorbents

There are numerous adsorbent solids possessing desired characteristics necessary to

capture harmful gaseous components as summarised in Table 2.8. Of great impor-

tance to gas purification is a high adsorbent specific surface area. This is generated

by the presence of micropores which are defined by IUPAC as materials with pores

that have a pore size below 2 nm (Burwell, 1977; Seader, Ernest and Roper, 2010).

Some common adsorbents include carbonaceous materials, silica gels, aluminas, ze-

olites and metal organic frameworks (MOFs) (Richardson, Harker and Backhurst,

2002). The initial three adsorbent types are amorphous, devoid of a regular structure

which consequently creates complex arrangements of micro-, meso- and macropores

whereas zeolites and MOFs have well defined or crystalline structures made up of

repeating building blocks with a uniform pore size (Richardson, Harker and Back-

hurst, 2002; Thomas and Crittenden, 1998b). These structures will now be discussed

in further detail, with additional focus places on carbonaceous materials as the ma-

terial of choice for FEM filters. MOFs often exhibit instabilities in the presence of

gaseous water causing decomposition and will therefore not be considered further

(Tan et al., 2015). Key properties of these materials have been summarised in Table

2.9 for the considered adsorbent materials.

Carbonaceous materials have been employed as filters throughout history, where

it was known that wood - char could remove bad odour, taste and disease from water

(Thomas and Crittenden, 1998b). Later uses include the use of AC in gas masks for

the removal of poisonous gases used in the First World War (1910) and to remove
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Table 2.8: Desirable characteristics of adsorbent solids for use within an FEM filter.

Desirable
feature

Description Ref.

Large surface
area

The solid must have a large internal and accessible solid
surface area often attributed to a large number of micro-
pores.

[1]

Pore size
distribution

The structure must contain pores of sufficient size to al-
low entry of the desired adsorptive into the adsorbent.

[1]

Selective A high selectivity of the target gases to be removed can
be achieved by chemisorption or by size exclusion.

[2-4]

Large pore
volume

This determines the overall capacity of the adsorbent for
physical adsorption.

[2]

Good kinetics The structure must be able to rapidly transport the ad-
sorptive to the adsorption sites.

[5]

High mechanical
strength

The adsorbent should be able to withstand impact and
movement likely to be encountered in a fire escape situ-
ation.

[1]

Durability The adsorbent structure should be able to be stored over
long periods of time and still maintain functionality upon
use.

[1]

Processable The macroscopic form of the solid must be easily in-
tegrated into a commercial processes, forming pellets,
granules, foams or extruded solids that minimise pres-
sure drop.

[1, 6]

Inert Thermally inert to resist the high temperature gases flow-
ing through the FEM and chemically inert to prevent ad-
sorbent loss during use.

[4]

[1]: (Richardson, Harker and Backhurst, 2002), [2]: (Karge and Weitkamp, 2008),

[3]: (Keller and Staudt, 2005), [4]: (Seader, Ernest and Roper, 2010),

[5]: (Thomas and Crittenden, 1998b), [6]: (Silas et al., 2019)

mercury vapours in an industrial setting (1872) (Menéndez-Dı́az and Mart́ın-Gullón,

2006). Today, ACs still play a role in personal respiratory protection alongside

applications such as removal of VOCs (Thomas and Crittenden, 1998b), NOx and

SOx from air (Shah et al., 2011), solvent recovery and hydrogen capture from syn -

gas (Richardson, Harker and Backhurst, 2002).

ACs are produced from non - graphitic and non - graphitisable carbons. Non -

graphitic means that the structure is amorphous or lacking order and non - graphi-

tisable means the solids cannot be transformed into a graphitic carbon under heat
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treatment. Raw materials of this type include inexpensive materials such as wood,

peat, bones, coals and biomass. The carbon is activated by thermal means over

two stages, carbonisation and activation. Carbonisation is used to initially generate

porosity and remove volatile components by thermal degradation of the material

under an inert gas such as nitrogen to produce a carbon char (Menéndez-Dı́az and

Mart́ın-Gullón, 2006). The heating rate and temperature are important param-

eters during carbonisation and typical values are in the region of 100oC hour−1

and 600 - 800oC, respectively, causing a weight loss of approximately 50% (Black-

burn, Tennison and Rawlinson, 2005). The heating rate is important, with high

rates leading to rapid removal of volatile components which produces a well defined

meso/macroporous network, whilst low heating rates, reduces the likelihood of a

consistent meso/macroporous network. The development of micropores are similar

in both situations (Menéndez-Dı́az and Mart́ın-Gullón, 2006).

Table 2.9: Key adsorbent property values for common adsorbents (Richardson,
Harker and Backhurst, 2002; Lepek, Hersel and Geankoplis, 2018; Seader, Ernest
and Roper, 2010; Menéndez-Dı́az and Mart́ın-Gullón, 2006; Murzin, 2013).

Adsorbent PSD* Mean pore size BET Particle porosity

[nm] [nm] [m2 g−1] [-]

Activated
carbon

0.5-2.5 1.5 400-1200 0.4-0.6

Zeolite Uniform 0.30-1.0 400-800 0.2-0.5

Activated
alumina

1.0-7.5 4.0 250-500 0.5

Silica gel 2.2-15 3.0 100-850 0.5-0.7

*Focus placed on microporous region of PSD

The activation process involves further heating of the previously carbonised structure

to temperatures between 850 - 1000oC, causing a weight loss of 10 - 40% from the

carbonised material (Blackburn, Tennison and Rawlinson, 2005). Activation occurs

under an oxidising atmosphere such as air, steam or CO2, which reacts with carbon

in the internal structure creating well defined micropores. The resulting reactions

in oxygen (air), steam and CO2 are summarised in Eq. (2.29)-(2.30), (2.31) &

(2.32), respectively. Steam or CO2 are often favoured as an oxidising agent due

to the endothermic reaction allowing control at high temperatures and therefore

control of the microporosity, unlike oxygen which causes an exothermic combustion

of the carbon, leading to difficulties in preventing temperature runaway (Menéndez-
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Dı́az and Mart́ın-Gullón, 2006). Activation produces an adsorbent carbon with

a Brunauer – Emmett – Teller (BET) surface area between 400 - 1200 m2 g−1.

AC is inherently hydrophobic and is used as a preferential material for capture of

gases in humid environments (Richardson, Harker and Backhurst, 2002), a likely

atmosphere in building fires. The pore size distribution (PSD) of ACs is dependent

on the precursor material and carbonisation and activation conditions and is typically

trimodal with appreciable pore volumes in the micro-, meso- and macroporous range

(Ruthven, 1984; Menéndez-Dı́az and Mart́ın-Gullón, 2006).

C +O2 ⇒ CO2 ∆H = −387 kJ mol−1 (2.29)

2C +O2 ⇒ 2CO ∆H = −226 kJ mol−1 (2.30)

C +H2O ⇔ H2 + CO ∆H = 132 kJ mol−1 (2.31)

C + CO2 ⇔ 2CO ∆H = 159 kJ mol−1 (2.32)

Zeolites consist of “crystalline aluminosilicates which comprise assesmblies of SiO4

and AlO4 tetrahedra”, bound together by oxygen atoms (Thomas and Crittenden,

1998b). This arrangement forms a lattice structure connected by pores of sufficient

size to permit movement of the target adsorptive through the structure (Thomas

and Crittenden, 1998b). For each type of zeolite there is no PSD in the microp-

orous range as the size of the pores is constant. Their pore size ranges from 0.3

- 1.0 nm and the size of the pore opening is determined by varying the number

of oxygen atoms bound to the corresponding number of silicon or aluminium atoms

(Lepek, Hersel and Geankoplis, 2018; Thomas and Crittenden, 1998b). Zeolites have

a Brunauer–Emmett–Teller (BET) surface area of between 400 - 800 m2 g−1 (Murzin,

2013). Adsorption is achieved in zeolites by utilising the well defined pore size to

separate molecules based on their sizes or shapes, giving zeolites the title of molecu-

lar sieves due to their high selectivity. One of the earliest commercial applications of

adsorption involves the use of molecular sieve zeolites to separate air (Seader, Ernest

and Roper, 2010; Milton, 1959). Other applications of gas separations include dry-

ing of gases, de-sulfurisation, CO2 recovery and VOC removal (Lepek, Hersel and

Geankoplis, 2018; Dunne, 2010). For the application as a filter in an FEM, although

zeolites are processable into monoliths, possess adsorptive selectivity and have in-

dustrial prior art they are inherently heavier with a particle density of 1400 kg m−3,

double that of activated carbons (Seader, Ernest and Roper, 2010). In addition,

zeolites have a specific pore size and to cope with a wide range of harmful gases it is
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theorised that the FEM filter would need to be staggered with different types of ze-

olites each removing a certain range of gaseous components, leading to complexities

in manufacture and increased costs. For these reasons zeolites will not be considered

as the adsorbent materials for the FEM filter.

Activated alumina is produced by dehydrating hydrated aluminium (III) oxide

(Al2O3) forming a porous structure as the crystal lattice fractures (Richardson,

Harker and Backhurst, 2002; Lepek, Hersel and Geankoplis, 2018). The PSD ex-

hibits a sharp peak around a mean pore diameter of 4 nm (Richardson, Harker and

Backhurst, 2002). Activated alumina has a typical BET surface area between 250 -

500 m2 g−1 (Murzin, 2013; Thomas and Crittenden, 1998b). Due to its greater capac-

ity for water than silica gel at high temperatures it is often used in drying processes

of warm gases and organic solvents (Thomas and Crittenden, 1998b), but lacks the

selectivity and capacity in other applications (Richardson, Harker and Backhurst,

2002). Therefore, this material may be an ideal candidate as a pretreatment step

for the humid gas entering the FEMs filter as it is known that water vapour reduces

equilibrium adsorbate capacity and breakthrough time (Águeda et al., 2011).

Silica gel is produced by dehydration of a sodium solicate solution which has been

solidified by treatment with an acid. The pore size distribution is less defined than

activated alumina with a range between 3-25 nm. The BET surface area is between

100 - 850 m2 g−1. Silica gel find applications in dehydration of gases and organic

solvents (Richardson, Harker and Backhurst, 2002; Lepek, Hersel and Geankoplis,

2018; Thomas and Crittenden, 1998b).

2.3.4 Adsorption unit operations

Packed beds are phase contactors of cylindrical or cuboid shape which are filled

with particulate adsorbent solids which are either randomly or structurally packed

(Kolev, 2006). Gas is continuously fed through the packed bed until saturation of the

adsorbent material. Upon saturation of adsorbate, the solid bed is either regenerated

by de-pressurisation or by increasing the temperature or in the case of single use

system, such as with an FEM, the adsorbent is replaced (Richardson, Harker and

Backhurst, 2002). As previously explained, commercial FEM filters almost solely

rely on packed bed designs, containing a mixture of granulated activated carbon

(GAC) with particles sizes ranging between 0.5 - 6.0 mm and a catalyst such as
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hopcalite placed within the cartridge casing (Karanjikar, 2005; LeVan and Carta,

2008). Packed beds are of interest for benchmarking against the monolithic designs

developed in this thesis, due to their commercial dominance and as such comparisons

will be made in terms of flow profiles, inhalation burden and adsorption performance.

Monoliths are “continuous unitary structures” with numerous parallel passages cut-

ting through the length of the structure (Cybulski and Moulijn, 1994) as depicted in

Figure 2.5. The channels through the monolith can have various channel geometries

including square, circular, triangular, rectangular, hexagonal, cloverleaf and trilobal

(Murzin, 2013; Cybulski and Moulijn, 1994). The channels are separated by thin

walls in the region of 0.4 - 4.0 mm wide and the cell density can vary from 300-1200

cells per square inch (CPI) of monolith (Silas et al., 2019). Improving the CPI of

monoliths is an area of interest as increasing the CPI improves geometric surface

area and adsorbate uptake via improvements in mass transfer. However, it is inher-

ently more expensive and complex to manufacture and usually leads to an increase

in pressure drop due to the smaller channel sizes (Rezaei and Webley, 2010).

Monoliths have found extensive commercial use as supports for heterogeneous cata-

lysts, especially in pollution control from auto - mobiles, NOx emissions and VOC

destruction, where the monoliths are made of ceramic or metallic materials and are

typically coated with an active catalyst washcoat such as Al2O3 mixed with precious

metals such as platinum (Pt) and palladium (Pd) (Tomašić and Jović, 2006). Al-

ternatively, by using adsorbent materials to form the monolith, these structure now

form an active component and permit their use as an adsorbent structure (Rezaei

and Webley, 2010). Adsorbent materials which have been processed into a mono-

lithic form or as an adsorbent coating for use as a direct adsorbent include zeolites

for use in capture of CO2 in swing cycles (Ribeiro, Grande and Rodrigues, 2013;

Hedin et al., 2013) and propane and propylene (Grande et al., 2006), silica gel to

dehumidify air (Kodama et al., 1993), activated carbon monoliths to remove CO2

(Querejeta et al., 2017; Singh, Bhunia and Basu, 2018; Ribeiro et al., 2008) and

VOCs (Crittenden et al., 2011; Gadkaree, 1998; Ribeiro et al., 2008).

Activated carbon monoliths are formed from phenolic resins which are then car-

bonised and activated (Rezaei and Webley, 2010). MAST carbon have successfully

formed monoliths from phenolic resin using a manufacturing procedure that allows

fine control of the macro- and microporous structure whilst being devoid of a meso-

porous structure. This enables the creation of structures with surface areas in excess
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of 800 m2 g−1 with macroscopic proportions including a wall thickness, tw, of 0.4

mm and a dch of 0.6 mm corresponding to a CPI of 575 (Crittenden et al., 2005).

Figure 2.5: (a) Isometric view of an uncarbonised monolith showing the extruded
phenolic resin. (b) Cross sectional view of an activated monolith showing the
straight channels. (c) Isometric view of an activated carbon monolith. (d) Axial
cut view of the activated carbon monolith walls. Images produced at the University
of Bath with monoliths supplied by Steve Tennison, CarbonTex Ltd..

The phenolic resin is manufactured into a processable form to enable extrusion of the

resin through a die corresponding to the desired monolith geometry. To form a pro-

cessable state, the phenolic resin is formed by a condensation reaction of formalde-

hyde and phenol to produce a Novolak resin powder. Next curing is achieved by the

addition of a curing agent and heat, to form a solid thermoset. The thermoset is

then milled to form resin particles which are then sintered to cause the particles to

adhere to one another. By controlling the resin particle size, the macropore size can
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also be controlled which in turn allows the mass transfer within the pore network to

be optimised. Finally, the adhered particles are extruded through the die and sub-

sequently carbonised and activated to generate microporosity (Blackburn, Tennison

and Rawlinson, 2005).

Four images of these square channelled monoliths are shown in Figure 2.5. Figure 2.5

(a) is an image of an extruded phenolic resin which has not be carbonised. Figure 2.5

(b) is a cross sectional view which shows a well defined channel structured cutting

through the monolith length. The well defined structure provides a low pressure

drop even at high inhalation flow rates. Figure 2.5 (c) is an isometric view of

a monolith which has been carbonised, indicating these structures maintain their

original structure even after thermal treatment. Finally, Figure 2.5 (d) shows an

axially cut portion of monolith to highlight the uniformity of the AC wall structure.

Monoliths have significant advantages in comparison to packed beds due to their

ability to handle high mass flow rates whilst maintaining a reduced pressure drop

(Hedin et al., 2013). A low pressure drop or inhalation burden is a major requirement

of a successful FEM, improving the chance of survival by reducing the likelihood of

fatigue to the user and is a predominant reason for the choice of a monolithic struc-

ture as the filter in the FEM. In addition, it has been proven that activated carbon

monoliths can be produced with similar mass transfer efficiencies and capacities to

packed bed systems of the same mass (Crittenden et al., 2005). For example, (Pat-

ton, Crittenden and Perera, 2004) determined that by optimising the tw and dch of

monoliths similar internal mass transfer performance was obtainable when compared

to a packed bed containing pellets. These structures also possess high geometric sur-

face area, strength, durability in addition to being low weight and low cost (Cybulski

and Moulijn, 1994).

2.3.5 Computational fluid dynamics

The transport of toxic gaseous components and removal through adsorption or reac-

tion will be studied using commercial computational fluid dynamics (CFD) solvers.

CFD analyses systems involving fluid flow, heat transfer, chemical reaction or in

the current case, adsorption, where the solution methods employed are numeric or

iterative in nature (Versteeg and Malalasekera, 1995).
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The typical methodology employed by CFD solvers involves several steps, which can

be broadly described by pre-processing, solver and post-processing stages, as shown

by Figure (2.6). The pre-processing stage involves firstly defining the geometry, ei-

ther by manually constructing the geometry within a user-interface or by importing

a previously constructed computer aided design (CAD) drawing. Secondly, a grid of

control volumes, or mesh, which divides the defined computational fluid domain into

numerous sub-domains is created. The fluid domain is commonly bounded by the ge-

ometry constructed. To complete pre-processing, the system of equations describing

fluid flow, heat transfer and adsorption are defined, along with the fluid properties

and necessary boundary conditions, for example a non-slip boundary condition at

the bounding geometry wall (Versteeg and Malalasekera, 1995).

Figure 2.6: Flow sheet depicting the typical methodology employed by CFD solvers
(Versteeg and Malalasekera, 1995).

The solution of the defined equations at each control volume is then integrated.

For example, the steady state advective-diffusive equation for the transport a given

property ψ can be defined by Eq. (2.33). The other terms in Eq. (2.33) are the

velocity vector, u, density, ρ, diffusivity, D and source term S. By integration over

the control volume Eq. (2.34) can be derived, which describes the change of ψ with

respect to the control volume, including advection and diffusion in and out of the
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control volume an additional source or sink terms within the control volume due to

adsorption or reaction, for example. Discretisation of the integrated form is required

to form a system of solveable equations, with typical discretisation schemes being

the central, upwind or quadratic upwind differencing schemes. Finally, the system

of equations are solved by an iterative method which sucessively reduces a residual

to within a user specified convergence tolerance (Versteeg and Malalasekera, 1995).

∇ · (ρuψ) = ∇ · (D∇ψ) + S (2.33)

∫
A

n · (ρuψ)dA =

∫
A

n · (D∇ψ)dA+

∫
V

SdV (2.34)

Finally, post-processing of the solution variables provides methodologies to visual-

isation the results and can be in the form of vector plots, surface plots or time

dependent animations (Versteeg and Malalasekera, 1995). Additionally, results are

often exported for external post processing and for comparison purposes to experi-

mental, analytical or reduced dimensionality numeric solutions.

2.3.6 Carbon monoxide removal

Carbon monoxide appears in high concentrations (≥1000 ppm Purser (2000)) within

building fire scenario due to incomplete combustion and unlike HCN which is de-

pendent on the materials within the building, CO is always present (Alarie, 2002).

Therefore, a major challenge for FEM filters is to remove high concentrations of CO

for a minimum of 15 minutes. This can be achieved by oxidising CO to CO2 using a

catalyst or by chemisorption, capturing the CO on an active surface. Physisorption

alone for the application of CO removal has been found to be insufficient due to

the small molecular size of CO (Zhang and Hu, 2004; Singh et al., 2009). For these

reasons, focus will be placed on determining metal components used for CO removal

by low temperature oxidation. A review of potential catalyst candidates has been

conducted and summarised in Table 2.10 with particular focus on active metallic

components impregnated onto activated carbon.
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Table 2.10: Composition of metal impregnates on support structures and their performance regarding low temperature CO
oxidation or CO chemisorption.

Impregnate Support Conditions Details Conversion
[-]

Ref.

Co3O4

nanorods
- 10,000 ppm CO, O2 25,000

ppm, 10 ppm H20, T = 25oC,
P = 101 kPa & 50 ml min−1

Nanorods provided CO conversion in
moisture. No support, 100% catalyst.
Rate (-77oC) 3.91 x 10−6 mol g−1 s−1

1.0 for 55 hr
(25oC)

[1]

Au
nanoparticles

Fe2O3 10,000 ppm CO, T =
-50-350oC, P = 101 kPa &
20,000 ml hr−1 g−1

cat

Activate component consisted 2-5
wt% of catalyst. Rate (31oC) 7.5 x
10−6 mol g−1 s−1.

1.0 above 0oC [2]

Pt TiO2 40 ppm CO in air, T = 25oC,
P = 101 kPa & 10 L min−1

Applied to catalytic hollow fibres.
Rate constant 161.6 L min−1 g−1.

> 0.6 for 18 hr [3]

Au TiO2 40 ppm CO in air, T = 25oC,
P = 101 kPa & 10 L min−1

Applied to catalytic hollow fibres.
Rate constant 37.3 L min−1 g−1.

- [3]

Pt washcoat Ceramic
monolith

500 - 2,000 ppm CO, 6 vol%
O2, 10 vol% H2O, T =
75-225oC & GHSV 25,000
h−1

Applied to engine emissions using 400
CPI monolith. Significant conversion
only at raised temperatures.

1.0 above
170oC

[4]

Pd, Pd-Co,
Pd-Cu, Pd-Ni

Activated
carbon

500 ppm CO, 20 vol% O2, T
= 0-100oC & GHSV 30,000
h−1

Prepared by impregnation -reduction
producing 1 wt% Pd : 1 wt% metal.

Pd-Cu 1.0
over 55oC

[5]

Cu/Cr/Ag Activated
carbon

180 ppm CO in air & T =
50-80oC

Commercially obtained impregnated
AC. Catalyst widely used in gas
masks.

1.0 at 80oC [6]
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Au deposition Hopcalite 5,000 ppm CO, T = 25oC &
GHSV 12,000 h−1

Hopcalite prepared by
co-precipitation, 1 wt% Au added by
deposition-precipitation. Rate 0.043
mol g−1 s−1. Deactivates after 25 min.

> 0.8 [7]

Pd Activated
carbon

131 ppm CO in air, T =
30oC, 50% humidity, & 4.5 L
min−1

6.5 wt% Pd. Good stability in
moisture. PSD not impacted by
impregnation. Application for fire
escape filters.

1.0 [8]

Pd
nanoparticles

Activated
carbon

150 ppm CO in air at
ambient temperature
/pressure, humidity 15%

6.5 wt% Pd. Incipient wetness
impregnation. In humidity CO
oxidation facilitated by water derived
OH.

1.0 for 50 min [9]

CuO CeO2 4,000 ppm CO in air, T =
50-350oC & 1 L min−1

A range of wt% of CuO were tested.
CO oxidation optimised by increasing
CuO loading.

1.0 over 100oC [10]

Pt Bi-SiO2 10,000 ppm CO in air, T =
20-160oC & 134 L g−1 h−1

The composition was 0.8 wt% Pt and
2,3 wt% Bi. Cluster of Pt-Bi were
formed over silica for CO oxidation.
Rate 0.0175 mol g−1 s−1 at 140oC

1.0 over 100oC [11]

Au TiO2 10,000 ppm CO, 20 vol% O2

in He, T = -50-25oC & 315 L
g−1 s−1

Au/TiO2 prepared by
deposition-precipitation with 4 wt%
Au. Use of Au3+ facilitated CO
oxidation at low temperatures.

> 0.8 over 0oC [12]

[1]: (Xie et al., 2009), [2]: (Haruta et al., 1993), [3]: (Nalette, 2011), [4]: (Salomons et al., 2007) [5]: (Singhania and Gupta, 2018),

[6]: (Zhang and Hu, 2004), [7]: (Cole et al., 2010), [8]: (Singh et al., 2009), [9]: (Palliyarayil et al., 2020), [10]: (Cam et al., 2021)

[11]: (Nan et al., 2021), [12]: (Grünert et al., 2014)
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Historically, hopcalite has been the chosen catalyst for the low temperature oxidation

of CO in fire escape filters. Cole et al. (2010) investigated the improvement of hop-

calite activity by deposition-precipitation of gold (Au). An optimum of 1 wt% gold

was found to improve activity and stability, however the catalyst still deactivated

after 25 min. The dispersion of Au onto metal oxides was shown earlier by Haruta

et al. (1993) to facilitate low temperature CO oxidation and by use of Au nanoparti-

cles dispersed on iron (III) oxide (Fe2O3) complete removal of CO at the conditions

in Table 2.10 was possible. For low temperature CO oxidation, Pt supported on

titanium dioxide (TiO2) is effective, providing activity at lower temperatures than

other supports, including Al2O3 and silicon dioxide (SiO2), in addition to providing

high selectivity towards CO (Dey et al., 2019a; Dey and Dhal, 2020). The catalysts

must permit simultaneous adsorption of CO and O2, of which Pt and TiO2 facili-

tates, due to their respective affinities for CO and O2 (Dey and Dhal, 2020; Li et al.,

2013). Nalette (2011) investigated Pt and Au on TiO2 supports which were then

incorporated into a catalytic hollow fibre design, providing potential scope for the

inclusion of catalyst within the monolith precursor resin. The Pt/TiO2 within the

walls of the catalytic hollow fibres had an appreciable rate constant and maintained

activity for the test duration of 18 hours.

Impregnation onto activated carbon has been achieved for a wide number of metal

catalysts for numerous applications. Specifically for low temperature CO oxidation

the use of copper/chromium/silver (Cu/Cr/Ag) on AC has been historically used

for industrial and military gas masks (Zhang and Hu, 2004). Singhania and Gupta

(2018) investigated bi-metallic Pd catalyst on activated carbon supports and found

that a Pd - Cu catalyst was optimal with a low loading of 1 wt% Pd and 1 wt% Cu.

Singh et al. (2009) compared the PSD of an AC and an impregnated AC with 6.5

wt% of Palladium and found that the micropore PSD was similar. Maintaining a

microporous PSD after metal impregnation will be required to ensure a reasonable

surface area is present for physisorption.

Brief consideration was given to CO chemisorption as the sole removal mechanism.

Tamon, Kitamura and Okazaki (1996) investigated the uptake onto various metal

halides impregnated on AC at high concentrations of CO and found that a reasonable

uptake of 0.10 mol kg−1 was possible. Taking 0.10 mol kg−1 as the achievable max-

imum uptake of CO onto an impregnated AC the required mass of the impregnated

carbon can be determined. Assuming an inhalation rate of 50 L min−1, an ambient
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CO concentration of 2500 ppm and a minimum use time required of 15 minutes, the

minimum mass of impregnated carbon required would be approximately 750 g. In

addition, the maximum uptake was found to reduce with increasing temperatures

which would lead to poor performance in building fires. This is opposed to the

use of a CO oxidation reaction where the rate of reaction improves with increasing

temperatures. For these reasons, the models developed in this thesis will be applied

to the oxidation of CO facilitated by metal catalysts incorporated within the AC

structure.

2.4 Heat absorbing materials

2.4.1 Shape-stable phase change materials

A notable improvement in the design of FEMs would be the ability to reduce in-

halation temperatures to below 60oC. To successfully achieve this, a heat absorbing

material is required to remove (1) the ambient heat from the fire (2) the heats of

physical adsorption and (3) the heats of reaction from CO oxidation. Attention was

given to phase change materials (PCMs) which have gained interest for their appli-

cations in thermal energy storage due to high storage capacities and their ability

to operate at isothermal conditions (Wu and Wang, 2015). The advantage of using

PCMs arises from the utilisation of the latent heat capacity during phase change,

permitting greater amounts of heat absorption at isothermal conditions as opposed

to only using a materials sensible heat, as with sensible heat storage materials such

as rock, water and concrete (Sharma et al., 2009). Sensible heat materials have a

lower capacity for heat and affect heat absorption due to a temperature difference.

PCMs can be categorised into solid–solid, indicating atomic rearrangement, solid–liquid,

indicating melting, solid–gas, indicating sublimation and liquid-gas, indicating va-

porisation (Pielichowska and Pielichowski, 2014; Huang et al., 2017a). Focus will

be placed on solid-liquid PCMs due to their high latent heat capacity, compared to

solid-solid PCMs, and phase change temperatures within the operating range of the

FEM.
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Table 2.11: Components, compositions and thermal properties of SS-PCMs

PCM SS-matrix Phase change
temperature

Latent Heat Thermal
Conductivity

Ref.

[oC] [J g−1] [W m−1 K−1]

Hydrated salts Expanded graphite 32.1 172 3.64 [1]

Eutectic salts Silicon oxide 54.3 88.1 0.434-0.624 [2]

Cetyl alcohol High density polyethylene 39-52 38-122 0.213-0.472 [3]

Lauric acid Silicon dioxide 40-45 47.3-117.2 n.r. [4]

Paraffin Copper foam n.r. n.r. 5.04-16.01 [5]

Paraffin
(encapsulated)

Polyurethane −9-5 45-70 n.r. [6]

Paraffin Expanded graphite 53 170.3 n.r. [7]

PEG 1000 Expanded graphite 42-62 70.7-148 1.324 [8]

PEG 1000 Diatomite 27-32 76.21-83.54 0.41-0.67 [9]

PEG 4,000 Triallyl isocyanurate 50-57 110.2-136.9 0.144-0.149 [10]

PEG 4,000 Epoxy resin 30-54 132.4 n.r. [11]

PEG 6000 Expanded perlite 47-55 129.27-134.93 0.479 [12]

PEG 10,000 Silicon dioxide 62-80 162.9 0.362-0.512 [13]

Stearyl alcohol High density polyethylene 56-57 178-202 0.326-0.670 [14]

Palmitic acid Polypyrrole 60-64 151-163 0.35-0.43 [15]

[1]: (Wu and Wang, 2015), [2]: (Ling et al., 2017), [3]: (Huang et al., 2017a), [4]: (Fang, Li and Liu, 2010), [5]: (Xiao, Zhang and Li, 2014)

[6]: (Rigotti, Dorigato and Pegoretti, 2018), [7]: (Zhang et al., 2012), [8]: (Wang et al., 2009b), [9]: (Karaman et al., 2011)

[10]: (Huang et al., 2017b), [11]: (Fang et al., 2010), [12]: (Zhang et al., 2016), [13]: (Wang et al., 2009a), [14]: (Tang et al., 2017)

[15]: (Silakhori et al., 2015)43



To prevent leakage and volume change during phase change, a stabilising material

is added to the PCM, forming a shape stabilising matrix, entrapping the often long

molecular chain PCM within its structure. This forms a composite material which

is either termed an SS-PCM or an encapsulated phase change material (EPCM),

which can have additives, such as carbon fibre, included to improve thermal con-

ductivity (Pielichowska and Pielichowski, 2014; Huang et al., 2017a; Fallahi et al.,

2017; Sharma et al., 2009). Due to their extensive use in thermal energy storage

and thermal management, including use in applications such as renewable energy

storage, temperature regulation in buildings, textiles, heat exchangers and space

systems, a wide range of literature is available regarding SS-PCM composites (Fleis-

cher, 2015). This enabled a review of potentially optimum SS-PCMs to be identified

as summarised in Table 2.11.

2.4.2 Desirable properties of an SS-PCM

The SS-PCM must have certain desirable properties and choices must be made re-

garding the optimum material choice for both the PCM and SS-matrix for specific

use in an FEM, as summarised in Table 2.12. SS-PCMs can be broadly split into

organic, polymeric, organometallic and inorganic, with respective phase change en-

thalpies and melting temperatures shown in Figure 2.7. Organic, polymeric and

organometallic have melting temperatures within the likely operating temperature

of an FEM within a building fire scenario.

Organic materials, such as paraffins, fatty acids and polymeric PCMs such as polyethy-

lene glycol, have reasonable to high latent heats, are inert, non corrosive, non toxic

but can be flammable, expensive and have low densities and thermal conductivi-

ties. Whereas inorganic PCMs, such as salt hydrates and eutectic salts, have greater

latent heats and thermal conductivities but incur volume change, leakage and are

corrosive and often breakdown upon multiple heating cycles, compromising the de-

vice (Ling et al., 2017; Pielichowska and Pielichowski, 2014; Huang et al., 2017a;

Fleischer, 2015). To choose the optimal material for use in an FEM, Table 2.11 was

used in conjunction with the desirable properties summarised in Table 2.12. The

SS-PCM selected for investigation in this thesis was produced by Huang X. et al,

2011 (Huang et al., 2017b). The SS-PCM was formed of polyethylene glycol (PEG)

4,000 as the PCM, stabilised by triallyl isocyanurate (TAIC) without any additives.

The latent heat capacity of the composite reduced with increasing TAIC fraction,
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as did the mean melting temperature and no leakage of PCM was found for any

composite.

Figure 2.7: Typical melting temperatures and phase change enthalpies for (a) or-
ganic, (b) polymeric, (c) Organometallic and (d) inorganic SS-PCMs. Adapted
from Fallahi et al. (2017).

As found from the review of SS-PCM materials, displayed in Table 2.11, the molec-

ular weight of PEG increases the latent heat capacity but the melting temperature

also increases. For example, PEG 10,000 with a SiO2 SS-matrix had a capacity of

162.9 J g−1 accompanied by a phase change temperature range of 62-80oC (Wang

et al., 2009a). Using this composite would incur an inhalation temperature during

use above the limit of 60oC, highlighting the importance of choosing and testing,

before use, the correct SS-PCM. Due to the evident versatility and compatability of

PEG with SS-matrices, good latent heat, optimum phase change temperature, ease

of production and the advantages associated with organic PCMs, it is likely that

PEG is the optimum candidate for a PCM within an FEM.

45



Table 2.12: Desirable characteristics of SS-PCMs applied to the application of an
FEM filter (Sharma et al., 2009; Pielichowska and Pielichowski, 2014; Fallahi et al.,
2017).

Properties Desirable feature

Thermal (i) Melting temperature between 40-60oC, preventing premature or
high temperature phase change.
(ii) High latent heat capacity, providing a longer term isothermal
condition.
(iii) High specific heat capacity, providing added sensible heat
storage.
(iv) High thermal conductivity, allowing rapid transfer of heat from
the inhaled gas to the SS-PCM.

Physical (i) High bulk density, to maximise sensible and latent heat
absorption.
(ii) Low volume change during phase change to prevent containment
issues.
(iii) Ability to be easily formed into various channel shapes.

Chemical (i) Not flammable, due to the application.
(ii) Not toxic, to prevent further inhalation issues.
(iii) Non corrosive to surrounding FEM materials.

Economic &
Sustainable

(i) Abundant.
(ii) Cost effective.
(iii) Ease of disposal.

2.5 Summary of literature review

The literature review conducted identified the different types of respiratory equip-

ment, the necessary testing standards for emergency FEMs and the types of as-

phyxiant and irritant gases present in a fire. By summarising the BS EN 403 and

BS EN 14387 standards, limits were placed on breathing burden, gas breakthrough

times and maximum inhalation temperature. It was identified that other commercial

FEMs are too heavy, have a high breathing burden and have no ability to remove

heat from the incoming toxic gas. Leading to the aim of finding structures which

permit low pressure drop and identifying materials which will absorb heat.

Various adsorbent materials were investigated, summarising their BET surface area,

pore size distribution and modal pore size, including zeolites, activated alumina,

silica gel and activated carbons. Activated carbon was chosen for investigation, due

to high BET surface area, varied pore size distribution, inherent hydrophobicity, ease
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of processing into monolithic structures and wide commercial adoption. Monoliths

were investigated as the individual filter elements to be placed within the overall

FEM cartridge due to their ability to handle high gas flow rates whilst maintaining

a low pressure drop and an ability to remove toxic gases with similar efficiencies

to that of a packed bed. The fundamental transport and adsorption phenomena

have been summarised, identifying differences between the transport expressions for

packed bed and monolithic systems. A review of ambient temperature oxidation

catalysts was completed with a focus on supported metal compounds.

Optimum properties for heat absorbing materials were also discussed, highlighting

desirable thermal, physical, chemical and economic/sustainable features, required

for the material being incorporated in the FEM. A branch of materials known as

SS-PCMs were determined as viable candidates due to their excellent heat absorbing

capacity, ability to maintain a solid structure, no visible phase change or leaking and

their prior art in applications such as thermal energy management and storage. Good

thermal properties were of paramount importance which led to a detailed review

of the melting temperatures, latent heat capacities and thermal conductivities for

various combinations of SS-PCM composites. A PEG 4,000 PCM, combined with

a TAIC SS-matrix was chosen for further study due a phase change temperature

below the maximum inhalation temperature accompanied by a latent heat above

110 J g−1.
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3 Aim & Objectives

The aim of this research will be to investigate the feasibility and optimise the design

of a multifunctional monolithic adsorbent filter by developing numerical models to

describe the filtration process. Comparisons of the multifunctional filter will be made

to packed bed filters from the perspective of i) reducing the inhalation burden, (ii)

providing similar or improved protection against typical gaseous or vaporous toxic

components found in fires and (iii) the additional functionality to remove heat and

its impact on the air purification process. Experimental data provided by industrial

partners, collaborators at the University of Bath or from literature will be used to

determined adsorption parameters and material properties in addition to validating

the numeric models. Where possible, the models will also be validated by comparison

to analytical solutions.

The novelty of this work arises from combining an adsorbent component with a heat

absorbing section which has the purpose of removing heat generated by the fire and

due to the processes within the filter, including exothermic heats of adsorption and

reaction. This work not only aims to capture the thermal protection provided by

a heat absorbing section but also the influence a heat absorbing section has on ad-

sorption performance at the neighbouring adsorbent. Finally, a bi-disperse model

for square channelled phenolic resin derived activated carbon monoliths was devel-

oped to provide a computationally efficient method to describe the processes within

a multifunctional filter, enabling rapid and accurate design of potential prototypes

when compared to detail three-dimensional computational fluid dynamics (CFD)

analysis.

Based on this aim, the current state of the art of commercial fire escape masks

(FEMs) and the additional areas of improvement, a list of four major challenges

with associated research objectives were defined:

1. Reduce inhalation burden (∆P ) and inhalation velocities:

(a) Investigate the overall cartridge structure to maximise flow area and min-

imise device weight.

(b) Investigate monolithic filters as a low pressure drop alternative.
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(c) Verification of numerically determined monolith velocity profiles and pres-

sure drops against first principle expressions and where possible experi-

mental results.

(d) Determine an optimal channel geometry to minimise pressure drop and

channel velocities.

(e) Apply numerical models to elucidate the flow and transport of contami-

nants in the proposed multifunctional filter and commercial mask filters.

2. Physical adsorption of vapours and gases:

(a) Development of a CFD model for single component adsorption to provide

detailed insight into the transport processes within the monolith.

(b) Development of a numeric model with reduced dimensionality (one-dimensional

model) to permit rapid optimisation of the multifunctional adsorbent fil-

ter.

(c) Verification of the findings by comparison of experimental data, one-

dimensional model and three-dimensional CFD model.

3. Removal of carbon monoxide

(a) Investigate and identify possible metal impregnates to remove carbon

monoxide at ambient temperatures.

(b) Develop a detailed CFD model and one-dimensional numeric model for

a reacting and adsorbing component within the multifunctional filter to

investigate the impacts of environmental and process heats on component

removal and inhalation temperature.

(c) Optimise the multifunctional filter to prevent toxic component break-

through for a minimum time of 15 min.

4. Heat absorption

(a) Determine important characteristics required for a heat absorbing com-

ponent in an FEM filter.

(b) A review of potential heat absorbing materials able to provide a heat high

capacity.

(c) Determine whether a heat absorbing functional component can provide a

minimum 15 min of thermal protection.

(d) Determine the optimal configuration and quantity of the heat absorbing

component within the novel FEM.
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4 Multifunctional adsorbent filter

For this chapter a benchmark computational model was developed for the proposed

multifunctional monolithic filter (Figure 4.1 (c)) for the case of single component

adsorption at high inhalation temperatures using a detailed three-dimensional com-

putational fluid dynamic (CFD) model. Bulk gas flow with butane representing the

toxic component through a single square channel within a monolith was considered.

This was used to provide a detailed description of the flow regime, pressure drop,

adsorption and heat absorbing processes and provide an initial assessment of the

ability of the device to remove not only a toxic component but also the environmen-

tal heat generated by the building fire. Initial insights were acquired regarding the

impact a heat absorbing component had on the adsorption capacity of the activated

carbon (AC) monolith. The monolithic filter was directly compared to a typical

packed bed filter, which did not include a heat absorbing component, in terms of

the identified areas of improvement which included (i) reduction of the inhalation

burden, (ii) improvement of the capacity and kinetic performance to physically ad-

sorb harmful gases and (iii) extended device capability to remove environmental and

process heats whilst maintaining a low weight and cost effective device.

The comparisons were based on numerical models which investigated the mass, mo-

mentum and energy balances for both types of filter using ANSYS CFX 17.0 CFD

software. Single component adsorption was studied with 1000 ppm butane as the

challenge gas entering at 80oC to mimic a high temperature toxic gas moving through

the filter. Trace butane adsorption isotherms were obtained from literature to pro-

vide valid adsorbate uptake values. The shape stable phase change material (SS-

PCM) selected for investigation and assessment of its thermal performance in this

study was polyethylene glycol (PEG) 4000 / triallyl isocyanurate (TAIC). Differen-

tial scanning calorimetry (DSC) curves were generated for this composite to verify

the latent heat and phase change temperature of our samples. To provide initial

optimisation of the monolithic filter, the dimensions of the channels were adjusted

to form monoliths with different cells per square inch (CPIs).
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Declaration: The work presented in this chapter was based on the published re-

search article: Barnard, J.E., Scott, S., Tennison, S., Smith, M.W., Burrows, A.D.,

Perera, S. and Chew, Y.J., 2021. Low burden, adsorbent and heat absorbing struc-

tures for respiratory protection in building fires. Chemical Engineering Journal,

421(Part 2). 10.1016/j.cej.2020.127834. (Barnard et al., 2021). Additional con-

tributions and explanations have since been added which are included in sections

4.1.1, 4.3 and 4.4.1. Finally, solution methods and results for modelling comparison

packed bed systems for benchmarking purposes which were previously resigned to

the supporting information of the mentioned article are now integrated within this

body of work. Experimental validation data in section 4.3.3 was provided by other

at the University of Bath (Scott, 2019a,b,c).

4.1 Multifunctional adsorbent fire escape filter

The fire escape filter (FEM) incorporated both an AC adsorbent component to purify

the inhaled toxic gas stream and heat absorbing component to remove environmental

and process heats. One possible configuration of the proposed filter is depicted in

Figure 4.1. Figure 4.1 (a) shows that the initial prototype FEMs is comprised of

two filters fitted to a half mask, which would then be fitted within a hood (not

shown), as is common with commercial FEMs. Figure 4.1 (b) shows an axial cross

section of an individual monolith and a section of an individual monolith channel,

highlighting the dimensions of the channel and channel wall. Figure 4.1 (c) displays

the prototype in an expanded view and provides further information regarding the

potential device dimensions and highlights that each cartridge will contain nine

squared face monoliths arranged in a square array to maximise space efficiency.

Each monolith has an equal height and width of 22.5 mm and a total filter length,

L, of 50.0 mm. Each monolith consists of three functional components, two heat

absorbing components each of 12.5 mm in length which were defined as the pre-

and post-cooler sections made from a SS-PCM and a 25.0 mm central phenolic resin

derived AC section to adsorb toxic gases. Both the SS-PCM and AC were assumed

to have been extruded with identical cross sectional profiles. A particulate filter,

although not studied, would preceded the monoliths to remove larger particulates.
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Figure 4.1: Overall configuration of the proposed monolithic FEM displaying the (a)
full mask, (b) individual monolith and channel and (c) expanded view of individual
components of the filter.

4.1.1 Preliminary mass and energy balances solution method

Preliminary optimisations were made regarding the configuration of the filter car-

tridge and the dimensions of the structure to be placed within the FEM. The impact

of these optimisations on the final decision of the FEM dimensions are summarised

in the results section. The optimisations were based on mass and energy balances.

The balances were only completed for the monolithic cartridge hierarchy as shown

in Figure 4.1. As a basis for optimisation, two cases were investigated:

Case 1 - changing the height/width of the cartridge, dc, whilst maintaining a 3 ×
3 grid of monoliths per cartridge
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Case 2 - varying the number of monoliths in a cartridge with a fixed dc of 77.5 mm;

as found from the optimisation of case 1.

The following assumptions were maintained for all mass and energy balance calcu-

lations:

(i) Air entered the FEM at 50 L min−1 and at a temperature of 80oC.

(ii) The cartridge system had a square cross section, containing a variable number

of monoliths and channels also with square cross sections.

(iii) There were two cartridges, Nc, comprising the FEM.

(iv) The space between monoliths, tm, was fixed at 2.5 mm.

(v) The channel dimensions for case 1 were fixed at a channel height/width, dch,

of 0.70 mm and a wall thickness, tw, of 0.40 mm.

(vi) The lengths of the AC adsorbent, La, pre, Lpre, and post, Lpost, cooler sections

were fixed at 25.0 mm, 12.5 mm and 12.5 mm, respectively.

(vii) The material properties were held constant and are defined in Table 4.1.

Table 4.1: Thermal and physical properties for gas, SS-PCM and AC for mass &
energy balances (Huang et al., 2017b,a; Crow: Plastic Technology, 2019; Mitsubishi
International PolymerTrade Corporation, 2019; NIST, 2019; Scott, 2019a).

Gas SS-PCM AC

Physical properties

Mr,i [g mol−1] 29.0 850 12.0

ρb,i [kg m−3] 0.947 1136 ρp = 774

µi x 10−5 [Pa s] 2.17 - -

Thermal properties

Cp,i [J kg−1 K−1] 1010 1770 718

λi [W m−1 K−1] 0.0257 0.210 0.500

HL [J g−1] - 130 -

Tλ [oC] - 55 -

Case 1: Variable height and width of cartridge, dc

The additional assumption for case 1 was that the number of monoliths, Nm, per

cartridge was fixed as a 3 × 3 grid as shown in Figure 4.2. To maintain efficient

packing of monoliths based on the other constraints, the monolith width/height, dm,
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was varied within the cartridge. Eq. (4.1) states the Nm that can fit into a single

cartridge.

Nm =
( dc − tm
tm + dm

)2

(4.1)

This was rearranged to the dm unknown (Eq. (4.2)).

dm =
dc − tm√
Nm

− tm (4.2)

The number of channels, Nch was then determined using Eq. (4.3). Note that int

indicates the value was rounded down to the nearest integer value.

Nch = Nm

[
int

( dm
tw + dch

)]2
(4.3)

The mass flow rate per channel, ṁch, was determined by Eq. (4.4) using the air bulk

density, ρb,air, and total volumetric flow rate, Ḟ , calculated using the ideal gas law

at 80oC and an absolute pressure, P , of 101 kPa.

ṁch =
Ḟ ρb,air
NchNc

(4.4)

Figure 4.2: Visual depiction of the FEM structure and variables altered in case 1
and case 2.
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In addition, the superficial velocity, us, of the gas per channel was calculated using

the cross sectional area of a channel, Ach, with Eq. (4.5).

us =
Ḟ

NchNcAch

(4.5)

Knowing the cross sectional area for a monolith, Am, and Ach the cross sectional

area of the solids, As, SS-PCM and AC, can be determined using Eq. (4.6).

As = Nc(NmAm −NchAch) (4.6)

Then, using the lengths of each section and the densities of the SS-PCM, ρb,pcm, and

the AC, ρp, the total mass of the FEM, WSRD, was found using Eq. (4.7).

WSRD = As(ρpLa + ρb,pcm(Lpre + Lpost)) (4.7)

The energy balance was derived to determine the amount of heat absorption capacity

provided by the SS-PCM, called the capacity time, tλ. First the environmental heat

into the system, Qe,z=0, was found using Eq. (4.8) which included terms for the

total air mass flow rate, ṁ, and specific heat capacity of air, Cp,air. The target

temperature was set as the mean phase change temperature of the SS-PCM, Tλ, and

the inlet temperature, Tg,z=0, was set at 80oC. This gave an indication of the heat

removal required to reduce the temperature to Tλ. Due to a constant mass flow rate

for all dc, Qe,z=0 = 21.7 W.

Qe,z=0 = ṁCp,air(Tg,z=0 − Tλ) (4.8)

The heat generated by adsorption, Qa, and reaction, Qr, were assessed to quantify

additional heat sources to be absorbed by the SS-PCM. Qa was determined from

Eq. (4.9) and it was assumed the inlet adsorptive fraction was 1000 ppm butane

and had a heat of adsorption, ∆Ha, of 30 kJ mol−1 (Birkmann et al., 2018). This

gave a value of 0.549 W.

55



Qa = 1000× 10−6 × ṁ(−∆Ha) (4.9)

Qr was determined from Eq. (4.10) and it was assumed the inlet adsorptive fraction

was 1000 ppm CO and had a heat of reaction, ∆Hr, of 283 kJ mol−1 (Rossini, 1930).

This gave a value of 8.14 W and a total heat input, Qt, of 30.1 W.

Qr = 1000× 10−6 × ṁ(−∆Hr) (4.10)

Next the available capacity of the structure for heat absorption, Qabs, was evaluated

by Eq. (4.11) from the summation of the sensible heat capacities of the SS-PCM,

Qs,pcm, and AC,Qs,ac, and the total latent heat capacity of the SS-PCM,QL, sections.

The sensible heats were found between Tλ and the initial temperature of the device,

Tg,t=0, specified as 25oC, representing the heating of each component to the phase

change temperature. The masses of the SS-PCM, Wpcm, and AC, Wac, were also

required to obtain the capacities.

Qs,pcm = WpcmCp,pcm(Tλ − Tg,t=0) (4.11)

Qs,ac = WacCp,ac(Tλ − Tg,t=0) (4.12)

QL = WpcmHL (4.13)

Qabs = Qs,pcm +Qs,ac +QL (4.14)

A simple division of Qabs by Qt gave tλ. Which ranged from 2.5 to 32 min for this

case, providing an indication that it was possible to provide thermal protection for

the minimum required use time of 15 minutes. The full results are discussed in

section 4.4.

Case 2: Variable number of monoliths, Nm

The additional assumption for case 2 was that the dc was fixed at 77.5 mm. Aside

from that change, the solution uses the same approach as case 1.
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4.2 Numerical models

Two systems were considered, i.e. the proposed monolithic configuration (Figure

4.1) and a packed bed filter consisting solely of a granular AC (GAC) to represent

a commercially available filter. The monolith configuration was compared against

the packed bed filter, as a benchmark, in terms of pressure drop, ∆P , adsorption

performance and the impact of including of a heat absorbing SS-PCM component.

In both systems, the transport and adsorption phenomena were modelled in three

dimensions. The conditions used to compare both devices are summarised in Table

4.2.

Table 4.2: Operating conditions for the monolithic and packed bed FEMs.

Total
mask

flow rate
[L min−1]

Individual
monolith
flow rate
[L min−1]

Individual
packed
bed flow

rate
[L min−1]

Inlet
butane
fraction
[ppm]

Inlet gas
temperature

[oC]

Initial
device

temperature
[oC]

50 2.8 25 1000 80 25

4.2.1 Model geometries

To model a commercial packed bed filter, 1/32 of a single packed bed cartridge with

diameter, dpb, was considered, as shown in Figure 4.3 (a). The geometry consisted

of a small inlet and outlet section, each with length, Le, before the channel inlet

to mimic an ambient atmosphere and the outlet conditions within the FEM hood

directly before the gas is inhaled by the user, respectively. A packed bed domain

consisting of spherical adsorbent carbon packing, with a particle diameter, dp, of

1 mm, to adsorb the harmful components within the gas stream was defined with

variable length La.

For the monolith filter 1/8 of a single channel was modelled, as shown in Figure 4.3

(b). This geometry also consisted of a small inlet and outlet sections of length, Le.

The filter was comprised of three functional domains including two heat absorbing

sections consisting of SS-PCM with length, Lpcm, which were situated before and

after the adsorbent section, labelled as the pre- and post-cooler sections, respectively.

All dimensions are summarised in Table 4.3.
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The primary role of the pre-cooler is to mitigate the environmental heat from the

fire to reduce the inhalation temperature in addition to reducing the temperature of

the gas within the porous adsorbent to increase the equilibrium amount adsorbed,

qe. The role of the post-cooler is to extend the protection against environmental

heat whilst removing heat generated by adsorption or reaction, in the case of CO

oxidation. The phenolic resin derived adsorbent AC section with length, La, was

placed at the centre of the structure to remove toxic gaseous components.

Figure 4.3: (a) Packed bed and (b) square channel monolith highlighting the do-
mains and boundaries incorporated into the numerical model. All dimensions are
summarised in Table 4.3.

Table 4.3: Summary of the dimensions and bulk voidage used in the numerical
model and the adsorbent mass within a single FEM cartridge.

Square channel monoliths Packed bed Similar
properties

dch tw εb La Lpcm Le dpb εb La Le ma

CPI [mm] [mm] [-] [cm] [cm] [cm] [cm] [-] [cm] [cm] [g]

509 0.7 0.4 0.39 2.5 1.25 0.075 7.7 0.4 2.5 0.25 54

734 0.5 0.4 0.28 2.5 1.25 0.075 7.7 0.4 2.9 0.25 63

1225 0.3 0.4 0.17 2.5 1.25 0.075 7.7 0.4 3.4 0.25 73

To optimise the monolith configuration the dch was varied whilst tw was maintained

58



constant to determine the impact of varying the CPI on the butane and temperature

breakthrough characteristics. A constant tw of 0.4 mm was chosen in this study to

maintain consistency with the monoliths generated in our laboratories. Previous

studies (Patton, Crittenden and Perera, 2004) have shown that a tw of 0.44 mm

should not be exceeded to maintain a comparable linear driving force (LDF) coeffi-

cient, ka, and therefore a similar internal adsorptive mass transfer to a packed bed

system. The monolith and packed bed systems were compared on an equal adsor-

bent mass, ma, basis. For each monolith with a differing CPI an equivalent mass

packed bed system was maintained by varying La of the packed bed. This assumed

a similar ρp for the adsorbent of 774 kg m−3 and an average bulk voidage, εb, of

0.4 for the packed bed. The key geometric dimensions and ma for both systems are

summarised in Table 4.3. The total weight of the monolith device, including the

SS-PCM sections, for 509 CPI, 734 CPI and 1225 CPI were 276 g, 311 g and 361 g,

respectively.

4.2.2 Governing equations

4.2.2.1 Conservation of mass and momentum

Steady state flow profiles for each system were determined by solving the compress-

ible steady state continuity and momentum equations. All flow conditions were

laminar as the maximum Reynolds number, Re, in each channel was 18 for the 1225

CPI monolithic systems and the maximum particle Reynolds number, Rep, for the

packed beds was 3.4. To generate the steady state profiles, pure nitrogen as an ideal

gas was chosen as the bulk gas (ρb = ρN2) and its material properties were calculated

at 25oC.

The boundary and initial conditions are summarised in Table 4.4 and are based on a

Ḟ of 50 L min−1 and an atmospheric outlet pressure, Pz=L, condition. The boundary

between the solid SS-PCM and the gas channel was set as a wall, using the non-slip

boundary condition by setting the wall velocity, uw, to zero. For the sole purpose of

generating a laminar flow profile the porous carbon and gas channel boundary was

set as an impermeable wall to prevent bulk gas flow across the boundary. Within

the porous carbon domain, the bulk gas velocity was set to 0 m s−1, permitting only

diffusive species transport. Similarly, the outer packed bed casing was set as a wall.
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The iterations were continued until the root mean squared (RMS) residuals for mass

and momentum were below 10−6. The resulting flow profiles were then held con-

stant (or frozen) and used in the transient modelling of the energy and species

balance therefore removing the redundant computational cost of solving the mo-

mentum equations at each time step. The inherent assumptions of using a frozen

flow profile included that the additional butane added or adsorbed and the change

in temperature through the device did not significantly impact the flow profile. This

is reasonable for the butane fraction and temperature ranges used within this study.

Table 4.4: Boundary and initial conditions required to solve the steady state con-
tinuity and momentum equations.

Monolith channel

Inlet Outlet Impermeable wall Initial
condition

509 CPI: mz=0 = 1.4 x 10−8 kg s−1

734 CPI: mz=0 = 9.7 x 10−9 kg s−1

1225 CPI: mz=0 = 5.8 x 10−9 kg s−1

Pz=L =
101 kPa

Channel/SS-PCM:
uw = 0 m s−1

Channel/Carbon:
uw = 0 m s−1

ut=0 = 0 m s−1

Tg,t=0 = 25oC

Packed bed

Inlet Outlet Impermeable wall Initial
condition

mz=0 = 1.3 x 10−5 kg s−1 Pz=L =
101 kPa

Casing:
uw = 0 m s−1

ut=0 = 0 m s−1

Tg,t=0 = 25oC

The continuity equation for both the packed bed and monolith system was described

by Eq. (4.15) and the conservation of momentum for the monolith was described

by Eq. (4.16) and by Eq. (4.17) for the packed bed. These equations were solved

to generate the steady state gas velocity, u, and pressure, P , profiles within the

monolith channel domain and interstitial space between the packing, respectively

(Versteeg and Malalasekera, 1995). For the packed bed filter the porous domain was

treated as a single homogenous domain encompassing both the pores and adsorbent

GAC. To include the impacts of the porous domain on the flow profile the loss of

momentum due to the GAC packing was included as a momentum sink term and was

described by the Ergun equation, representing the isotropic loss of momentum due

to viscous and kinetic effects (Xiao et al., 2010; Shafeeyan, Wan Daud and Shamiri,

2014; Bird, Stewart and Lightfoot, 2007). The momentum sink encompasses the

negative term in Eq. (4.17).
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∇ · (ρbu) = 0 (4.15)

∇ · (ρbu⊗ u) = −∇P +∇ ·
[
µ

(
∇u+ (∇u)T − 2

3
I (∇ · u)

)]
(4.16)

∇ · (ρbu⊗ u) = −∇P +∇ ·
[
µ

(
∇u+ (∇u)T − 2

3
I (∇ · u)

)]
−
[
150µ(1− εb)

2

d2pε
3
b

u+
1.75ρb(1− εb)

2

dpε3b
|u|u

] (4.17)

4.2.2.2 Conservation of energy

The transient thermal energy balances used to solve for the gas temperature, Tg,

within the channels of the monolith and the interstitial gas space of the packed bed

are shown by Eq (4.18) and Eq (4.19), respectively (Xiao et al., 2010; Shafeeyan,

Wan Daud and Shamiri, 2014; Versteeg and Malalasekera, 1995). The thermal prop-

erties used include the bulk gas specific heat capacity, Cp,b, and bulk gas thermal

conductivity, λb. In Eq (4.19) a heat sink term was included to capture the transfer

of heat from the bulk gas to the solid particle which included terms for the film

heat transfer coefficient, hf , and surface area to volume ratio, α, of the particle.

The superficial velocity vector, u, was obtained from the frozen flow profile obtained

from the continuity and momentum equations.

∂(ρbCp,bTg)

∂t
+∇ · (ρbCp,bTgu) = λb∇2Tg (4.18)

∂(ρbCp,bTg)

∂t
+

1

εb
∇ · (ρbCp,bTgu) = λz∇2Tg −

1− εb
εb

hfα(Tg − Ts) (4.19)

Two conductive heat balances were solved for the porous carbon domain within the

monolith wall. The first evaluated the Tg within the pores (Eq. (4.20)) and the

second for the solid AC temperature, Ts (Eq. (4.21)). Due to the lack of literature
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regarding the pore/solid heat transfer coefficient, hp, for phenolic resin ACs a local

thermal equilibrium was maintained between the gas within the pore void and the

adsorbent solid by setting a large value of hp. Without this approximation, the

heat capacity of the carbon could not be included within the model, which was

deemed as an important factor for the correct assessment of the heat absorption

capacity of the device. The pore voidage, εp, of the porous carbon was determined

from helium pycnometry as described in section 4.3.3. The thermal conductivity

within the porous wall, λs, was calculated as a volume average of the gas and solid

conductivities using εp to weight these parameters (Xiao et al., 2010). The heat

generated by butane adsorption was described within the solid phase energy balance

by a volumetric energy source and ∆Ha was evaluated from the isotherm as a fitted

parameter.

εp
∂(ρbCp,bTg)

∂t
= λs∇2Tg − (1− εp)hpαp(Tg − Ts) (4.20)

∂(ρpCp,sTs)

∂t
= λs∇2Ts + hpαp(Tg − Ts) + ρp(−∆Ha)

∂q̄bn
∂t

(4.21)

For the solid particles in the packed bed the heat balance (Eq. (4.22)) contains

terms for gas/solid heat transfer and a heat source due to butane adsorption and

was used to solved for Ts (Shafeeyan, Wan Daud and Shamiri, 2014).

∂(ρpCp,sTs)

∂t
= hfα(Tg − Ts) + ρp(−∆Ha)

∂q̄bn
∂t

(4.22)

The heat absorption within the pre- and post-cooler sections in the monoliths was

described using a solid conductive heat transfer model (Eq. (4.23)) where the latent

heat capacity was included within an effective heat capacity, Ce,pcm, term (Caliano

et al., 2019; Yang and He, 2010).

∂(ρpcmCe,pcmTpcm)

∂t
= λpcm∇2Tpcm (4.23)

To model phase change within the heat absorbing sections, a fixed domain method

(Yang and He, 2010) with local thermal equilibrium (Liu, Yao and Wu, 2013; Shah-

62



savar et al., 2019) was employed where the SS-PCM was treated as a single contin-

uous and stationary solid. The location of phase change within the SS-PCM was

predicted implicitly by defining a function for Ce,pcm as shown by Eq. (4.24). The

assumptions associated with the fixed SS-PCM domain were deemed acceptable as

no visible phase change or notable change in density were observed in addition to the

fact the material does not visibly flow above or below the phase change temperature

(Huang et al., 2017b). The expression written for the Ce,pcm included a constant

sensible heat capacity, Cp,pcm, above and below the phase change temperature range

and a sinusoidal function to incorporate the latent heat capacity implicitly within a

smooth function. From DSC curves, which are displayed by Figure 4.10, the heat

absorbed via phase change occurred within a temperature range of approximately

53oC to 61oC and therefore TS and TL were set to these respective values.

Ce,pcm =


Cp,pcm Tpcm < TS

Cp,pcm + ∆HLπ
2(TL−TS)

sin
(
π Tpcm−TL

TS−TL

)
TS ≤ Tpcm ≤ TL

Cp,pcm Tpcm > TL

(4.24)

For the transient energy balances the boundary and initial conditions are summarised

in Table 4.5. Three domain interfaces existed for the monolith, including the gas/SS-

PCM, gas/porous solid and the porous solid/SS-PCM. The gas/SS-PCM and porous

solid/SS-PCM interfaces only required conservation of the heat flux, as no transport

of butane occurred in these regions. The gas/porous solid interface required the

conservation of both the mass and heat flux.

Table 4.5: Boundary and initial conditions required to solve the transient energy
balances.

Monolith channel

Inlet Wall Initial condition

Tg,z=0 = 80oC λgn · ∇Tg = λsn · ∇Ti

λgn · ∇Tg = λpcmn · ∇Tpcm

λsn · ∇Ti = λpcmn · ∇Tpcm

ut=0 = Frozen profile
Ti,t=0 = 25oC

Packed bed

Inlet Wall Initial condition

Tg,z=0 = 80oC λn · ∇Ti = 0 ut=0 = Frozen profile
Ti,t=0 = 25oC

63



4.2.2.3 Conservation of species

The species transport equations used to solve for the butane fraction, ybn, within the

channels of the monolith is shown by Eq. (4.25). The molecular diffusion coefficient,

Dm, was determined using the Chapman-Enskog correlation (Green and Perry, 2008)

as shown by Eq. (4.28).

∂(ρbybn)

∂t
+∇ · (ρbybnu) = ∇ · (Dmρb∇ybn) (4.25)

The species transport within the interstitial gas phase of the packed bed is given by

Eq. (4.26). An adsorption sink term was included in this equation as the packed

bed was modelled as a single homogenous domain describing both the transport of

butane through the gas and adsorption onto the solid AC phase.

∂(ρbybn)

∂t
+

1

εb
∇ · (ρbybnu) = ∇ · (Dzρb∇ybn)− ρpMr,bn

1− εb
εb

∂q̄bn
∂t

(4.26)

The species and aforementioned energy transport relationships within the porous

solid were adapted and modified from previously reported numerical models which

described adsorbent monolith (Crittenden et al., 2011) and catalytic converter (Gu

and Balakotaiah, 2016; Mladenov et al., 2010) systems.

The monolith walls consisted of a homogenous porous domain and the adsorptive

transport within the walls was described by a diffusive transport equation (Eq.

(4.27)) using an effective pore diffusivity, Dp, derived from the Bosanquet approxi-

mation (Eq. (4.30)) (Yang, 1987). Modelling the diffusive transport directly within

the AC walls approximates the transport of butane through the macropores. To

mimic the microporous transport and adsorption a volumetric adsorption sink was

used based on the LDF model, as described in section 4.2.3. The method of us-

ing separate expressions for the macropore transport and micropore adsorption was

found in literature to be commonplace in one dimensional models of packed bed

adsorption using bidisperse adsorbents (Shafeeyan, Wan Daud and Shamiri, 2014;

Brea et al., 2017; Cavenati, Grande and Rodrigues, 2006; Grande and Rodrigues,

2005; Khalighi, Farooq and Karimi, 2012), such as activated phenolic carbons and

so was adopted here.
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εp
∂(ρbybn)

∂t
= εp∇ · (Dpρb∇ybn)− ρpMr,bn

∂q̄bn
∂t

(4.27)

Table 4.6: Boundary and initial conditions required to solve the transient species
balances.

Monolith channel

Inlet Wall Initial condition

ybn,z=0 = 0.001
509 CPI: mz=0 = 1.4 x 10−8 kg s−1

734 CPI: mz=0 = 9.7 x 10−9 kg s−1

1225 CPI: mz=0 = 5.8 x 10−9 kg s−1

Dmρbn · ∇ybn =
Dpεpρbn · ∇ybn

ybn,t=0 = 0
ut=0 = Frozen

profile
q̄bn,t=0 = 0 mol kg−1

Packed bed

Inlet Wall Initial condition

ybn,z=0 = 0.001
mz=0 = 1.3 x 10−5 kg s−1

Dzρbn · ∇ybn = 0 ybn,t=0 = 0
ut=0 = Frozen

profile
q̄bn,t=0 = 0 mol kg−1

Table 4.7: Supporting geometric, mass and heat transfer correlations to solve the
transient system of equations (Green and Perry, 2008; Wakao and Funazkri, 1978;
Wakao, Kaguei and Funazkri, 1979; Yang, 1987).

Molecular diffusivity, m2 s−1

Dm,i = 0.001858
T

3
2
g

√
1/Mr,b + 1/Mr,i

Pσ2
ibωib

(4.28)

Knudsen diffusivity, m2 s−1 Dk,i =
dmp

3

√
8RTg

πMr,i
(4.29)

Effective pore diffusivity, m2 s−1
Dp,i =

[
τ

(
1

Dm,i
+

1

Dk,i

)]−1

(4.30)

Axial diffusivity, m2 s−1 Dz,i =
Dm,i

εb
(20 + 0.5SciRep) (4.31)

Particle film mass transfer, - Shi =
kf,idp
Dm,i

= 2.0 + 1.1Sc
1/3
i Re0.6p (4.32)

Particle film heat transfer, -
Nu =

hfdp
λb

= 2.0 + 1.1Pr1/3Re0.6p (4.33)

Particle volumetric surface area, m−1 α =
3

Rp
(4.34)

Axial thermal conductivity, W m−1 K−1
λz = λb(7 + 0.5PrRep) (4.35)
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For the transient species transport balances the boundary and initial conditions are

summarised in Table 4.6. As mentioned, the gas/porous interface required conser-

vation of both the mass and heat flux. The mass flux described the transport of

butane from the gas channels to within the pores of the adsorbent solid. Symmetry

within the solution was maintained at the locations specified in Figure 4.3 for both

the packed bed and monolith models by setting both the velocity and the scalar

variable gradients normal to the plane of symmetry to zero.

4.2.2.4 Supporting expressions

The remaining correlations used to calculate the required mass and heat transport

parameters for both the monolith and packed bed systems are displayed in Table

4.7.

4.2.3 Adsorption

The rate of adsorbate uptake by the adsorbent carbon was predicted by the LDF

model (Eq. (4.36)) (Glueckauf and Coates, 1947) in both the monolith and packed

bed systems. In both cases, this is represented by a volumetric sink term in the gas

side of the porous domain, as shown by Eq. (4.27) and Eq. (4.26), respectively. In

addition, the average amount of butane adsorbed, q̄bn, was tracked for both systems

by numerically solving the LDF equation at each iteration. The equilibrium amount

of butane adsorbed, qe,bn, was calculated from the isotherm (Eq. (4.40)).

∂q̄bn
∂t

= ka(qe,bn − q̄bn) (4.36)

The ka for the packed bed, as shown by Eq. (4.37), described the overall mass

transfer coefficient including terms for film, f , macropore, m, and micropore, µ,

resistances and was evaluated using the expression proposed by Farooq and Ruthven

(1990). The lumped parameter approach removed the need for a separate species

transport balance within the pores of the GAC which simplified the simulations.

ka =

[(
Rpq̄bn,z=0

3kf,bnCbn,z=0

)
f

+

(
R2

pq̄bn,z=0

15εpDp,bnCbn,z=0

)
m

+

(
R2

µ

15Dµ,bn

)
µ

]−1

(4.37)
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The LDF coefficient for the monolith, as shown in Eq. (4.38), only considered the

micropore resistance and was assumed to be identical to the micropore resistance

term used for the packed bed. Unlike the packed bed, which is modelled as a

homogenous domain considering the interstitial gas and porous carbon in one space,

the monolith model had separate domains for the gas channel and the porous carbon

wall. Due to the existence of a separate carbon domain the mass transfer within the

porous region could be expressed directly using a diffusive transport equation, Eq.

(4.27), which utilised an effective pore diffusivity, Dp,bn, to describe the impacts of

molecular and Knudsen diffusion.

ka =
15Dµ,bn

R2
µ

(4.38)

Trace isotherm data for butane adsorption was obtained from Birkmann et al. (2017),

as displayed by Figure 4.4, at multiple temperatures on a microporous Norit RX 1.5

Extra AC, where they showed the Sips isotherm provided an accurate representation

of the data. However, using the original Sips isotherm within the aforementioned

transient equations required an infinitesimal time step to maintain numerical sta-

bility especially at low butane partial pressures, Pbn, i.e. Pbn <15 Pa. This was

attributed to the impact which the steep gradient of the isotherm curve near partial

pressures of zero was having on the system of equations. For example, upon taking

the gradient of the Sips isotherm the resulting equation was Eq. (4.39). This shows

that when Pbn approaches zero, as the heterogeneity constant, n, is below zero, the

gradient approached infinity.

∂qe,bn
∂Pbn

=
nP n−1

bn

(1 + P n
bn)

2
, lim

(Pbn→0, n<1)

∂qe,bn
∂Pbn

= ∞ (4.39)

Therefore, adoption of a combined Sips/Henry isotherm, providing a linear expres-

sion in the form of the Henry isotherm at low butane partial pressures (Pbn <15

Pa) was used which dramatically improved stability throughout the simulation, per-

mitting a ∆t of 1.5 x 10−4 s and 2.0 x 10−4 s for the packed bed and monolith

geometries, respectively. Although this technique may cause inaccuracies of qe,bn

when compared to the experimental data, these inaccuracies were more severe for

temperatures lower (i.e. 0oC and 20oC) than the operating conditions used in this
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Figure 4.4: Butane adsorption isotherm data at temperatures of 0oC, 20oC, 40oC and
60oC described by the combined Sips/Henry isotherm. Experimental data obtained
from (Birkmann et al., 2017).

study. The combined isotherm is described by Eq. (4.40) and both the literature

data and the isotherm are displayed in Figure 4.4.

qe,bn =

bHPbn, Pbn < 15 Pa

qm,bn
(bSPbn)

n

1+(bSPbn)n
, Pbn > 15 Pa

(4.40)

The isotherm parameters, including the maximum equilibrium amount of adsorbed

butane, qm,bn, Sips, bS, and Henry, bH , affinity coefficients and n were fit using non-

linear regression analysis using the GRG non-linear solver in Excel. In the first

step, only the Sips isotherm was considered, minimising the mean squared deviation

between the adsorption data and model isotherm. It was assumed that qm,bn and

n were independent of temperature and were therefore identical for each isotherm
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whilst bS was permitted to change. Linearisation of the van’t Hoff equation using

the acquired bS data from the regression analysis enabled the affinity parameter at

infinite temperature, bS,0, and ∆Ha to be determined whilst providing a relationship

to describe the evolution of bS as a function of temperature within the studied

systems. All linearisations had an R2 >0.999 indicating a good fit.

bx = bx,0 exp

(
−∆Ha

RTg

)
(4.41)

Secondly, to produce a continuous function when combining the isotherms at Pbn =

15 Pa, the Henry isotherm was assumed to give a qe,bn of 0 mol kg−1 at 0 Pbn and a

value equal to the Sips isotherm at Pbn = 15 Pa at the given operating temperature.

This enable bH to be found for each isotherm and permitted a similar linearisation

process. Note that bH,0 and −∆Ha,H have no physical meaning and were only fitting

parameters for the purposes of the combined isotherm. A summary of the determined

adsorption parameters are summarised in Table 4.8.

Table 4.8: Parameters for temperatures of 0oC, 20oC, 40oC and 60oC for the com-
bined isotherms.

qm,bn

[mol kg−1]
n
[-]

bS
[Pa−1]

bS,0
[Pa−1]

−∆Ha,S

[kJ mol−1]

00C 200C 400C 600C

4.78 0.48 0.00314 0.000913 0.000312 0.000123 4.78 x 10−11 40.9

bH
[Pa−1]

bH,0

[Pa−1]
−∆Ha,H

[kJ mol−1]

00C 200C 400C 600C

0.0588 0.0353 0.0220 0.0143 2.33 x 10−5 17.8

4.3 Numerical model validation

To ensure the derived model in section 4.2 was accurate and efficient, mesh and

time step studies were completed, refining the number of finite volume elements

and tailoring the time step to the optimal number of volume elements. The model

was further validated by comparing the simulated velocity profile to an analytical

solution. Experimentation was used to determine certain parameters, including the

εb and εp by helium pycnometry and the shape of the heating curve and melting

range of the SS-PCM composite by DSC analysis. Finally, to determine the validity
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of the adsorption simulation results, a short length AC monolith, of 1 cm in length,

was compared to an experimental butane breakthrough curve. The experimental

results were provided by others at the University of Bath.

4.3.1 Mesh and time-step studies

Extensive mesh and time-step studies were completed to ensure efficient, stable and

accurate solutions.

4.3.1.1 Mesh studies

Mesh studies were completed on both the monolith and packed bed systems. For

the monolith system, the gas channel and solid phases were analysed independently

as these were two separate domains unlike the homogeneous packed bed setup. The

mesh studies were used to determine the number of volume elements required to

produce a mesh independent solution. A mesh independent solution was determined

as the number of volume elements required to produce an almost identical solution in

terms of the velocity profile and pressure drop in the monolith gas channel or packed

bed during the steady state simulation of the continuity and momentum equations.

For the solid phases a mesh independent solution was similar but referred to an

identical solution in terms of butane concentration after transient simulation of the

species balance. The solid phase study would be initialised using the frozen flow

profile from the mesh chosen from the gas side study.

Figure 4.5: Qualitative representation of the axial velocity profile using a contour
plot at the xy plane cut at half way along the filter length for an increasing number
of total finite volume elements.
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For the monolith gas channel, the mesh was tested using the standard filter flow rate

of 50 L min−1 at an operating temperature of 298 K. A mesh independent solution

was determined as the number of volume elements required to produce an almost

identical solution in terms of the velocity profile located halfway along the filter to

negate entrance effects and pressure drop along the length of the monolith. The

number of elements was controlled by reducing the global maximum element edge

length of the elements in a stepwise fashion, ranging from 1.75 – 5.00 x 10−5 m,

providing a total element range of 266 - 1760 k elements. For the SS-PCM and AC

domains the edge length remained constant at a value 5.00 x 10−5 m as the solid

domains were not applicable to channel profiles. First a qualitative assessment of the

mesh size was completed as shown in Figure 4.5. This highlighted that approximately

1 M elements would provide the desired velocity profile.

The crude axial velocity contour plot found when using 266 k volume elements was

unable to rectify the shape of the velocity profile near the maximum velocity as

shown in Figure 4.6 (a). Upon refining the mesh to 956 k elements the solution

became mesh independent and no major benefit was gained by further refinement.

Therefore, the geometry containing 956 k elements, which correlated to a maximum

element edge length of 2.25 x 10−5 m, was deemed acceptable to generate flow profiles

for a total face mask flow rate of 50 L min−1 flow rate required. As expected a similar

velocity profile produced a similar pressure drop across the device as shown in Figure

4.6 (b).

To study mesh independence on the solid side the butane fraction was plotted at

different locations within the filter. The standard filter flow rate was used with an

inlet temperature of 80oC and an inlet butane fraction of 1000 ppm. The transient

component and energy balances were solved using the frozen velocity profile. The

temperature profiles were constant irrespective of the number of volume elements and

checking the temperature profile was deemed unnecessary. To determine the optimal

number of finite volumes required to effectively model the transport of butane within

the monolith walls two locations were chosen. The first was along the length of the

monolith at x = 0 & y = 0 as shown in Figure 4.7 (a) and the second was at a cross

section (x = ± (dch+tw)/2, y = 0) of the monolith at a filter length of 1.275 cm as

shown by Figure 4.7 (b). Although this length seems arbitrary, choosing this location

which was at the start of the monolith section of the filter, permitted a full axial

butane profile to develop across the monolith channel and wall after a reasonably
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Figure 4.6: (a) Axial velocity profile taken at the centre line (x= ± dch/2, y = 0) at
half way along the filter length and (b) pressure drop as a function of filter length
for different numbers of finite volume elements.

short simulation time. For mesh studies the location where the most change was

occurring was of interest to capture. This gave confidence when determining mesh

independence. Both profiles were taken at 20 s. The chosen geometry had 1348

k elements, corresponding to a maximum element edge length of 2.0 x 10−5 m, as

this profile was indistinguishable from the finest mesh with 2290 k elements. The

final geometry modelled 1/8th of the channel geometry to reduce the computational

resource required as explained in section 4.2.1. No change in the profiles were found

by including symmetry.
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Figure 4.7: (a) Butane fraction as a function of monolith length and (b) axial
butane profiles taken at the centre line (x = ± (dch+tw)/2, y = 0) at 1.275 cm along
the filter length for different numbers of finite volume elements. Both profiles were
taken at a simulated time of 20 s.

Similar studies were conducted for the packed bed system using a symmetry of

1/32. The velocity and pressure drop profiles were consistent as low as 35 k volume

elements however to effectively describe the butane and temperature profiles 285 k

volume elements were required. This equated to a maximum element edge length of

2.5 x 10−4 m.
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4.3.1.2 Time-step study

The time-step for each iteration of the transient numerical model was varied to

determine the time-step independent solution for the chosen geometry with 1348 k

mesh elements. Figure 4.8 illustrates the butane profile at a simulation time of 20

s. It was found that a time-step above 0.0020 s produced an unstable solution as

displayed by the inconsistent butane profiles and below this value the system became

independent of the time-step shown by the identical solution.

Figure 4.8: Butane profiles at a simulated time of 20 s for different time-steps.

Figure 4.9 indicates the time required to simulate 20 s of the transient numerical

model. The optimal performance in terms of compute time was for a time-step of

0.002 s. For time-steps of 0.003 s and 0.004 s, although these time-steps was greater

than 0.002 s, the solution took longer to solve which was due to the instabilities

present in the numeric model. The solver attempts to minimise normalised resid-

ual errors below a selected value by continual iteration, until a maximum selected

number of iterations within a given time-step, of implicit sets of the discretised equa-

tions. For unstable solutions, the iterations reach the maximum number of allowable

iterations each time-step, leading to longer computation times even with a greater

time-step.
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Figure 4.9: Time to simulate 20 s as a function of time-step. Stable and unstable
solutions are indicated.

4.3.2 Analytical validation

4.3.2.1 Velocity profile

To verify the three-dimensional velocity profile within the square channelled mono-

lith the numerical solution obtained by CFD simulations was compared to an an-

alytical solution of the axial velocity, uz, profile. The derivation of the analytical

solution produced a single equation obtained from a reduced form of the Navier

stokes equations to describe the axial velocity profile with respect to the x and y

dimensions. The derivation used the following assumptions (Lopez, 2007):

(i) The gas phase is an incompressible and Newtonian fluid.

(ii) The fluid is flowing in laminar regime.

(iii) The flow is fully developed.

(iv) Velocity in the x, y directions is zero.

(v) The pressure drop is constant and occurs only axially.

(vi) Non slip boundary condition.

(vii) The solution is separable and is comprised of simple parallel plate Poiseuille

flow plus a perturbation function.
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The boundary conditions are specified at the walls for the no slip condition. The

distance to the walls was defined from the centre of the channel and to allow for the

inclusion of solutions for rectangular channels, the width and height were specified

with different constants, w & h, respectively.

Boundary conditions

BC1: At (x = ±(w/2), y): uz = 0 BC2: At (x, y = ±(h/2)): uz = 0

BC3: At (x = 0, y): duz

dx
= 0 BC4: At (x, y = 0): duz

dy
= 0

Using the assumptions above, the Navier stokes equations were simplified by remov-

ing the Lagrangian derivative, all the expressions for the x and y components and

the axial shear stress component, leaving the common Poiseuille flow equation (Eq.

(4.42)). This is a nonhomogeneous second order partial differential (Lopez, 2007).

µ
[∂2uz
∂x2

+
∂2uz
∂y2

]
=

∆P

L
(4.42)

The Poiseuille equation is then separated into parallel plate flow and the perturbation

function, which explains the impacts of the additional wall imposed by finite width

channels (Eq. (4.46)).

Poiseuille flow: 0 = −∆P

L
+ µ

[∂2uz
∂x2

]
+ µ

[∂2ϕ
∂x2

+
∂2ϕ

∂y2

]
(4.43)

Parallel plate flow: Y (y) = −∆P

L
+ µ

[∂2uz
∂x2

]
= 0 (4.44)

Perturbation function: ϕ(x, y) = µ
[∂2ϕ
∂x2

+
∂2ϕ

∂y2

]
= 0 (4.45)

Overall function: uz(x, y) = Y (y) + ϕ(x, y) (4.46)

The parallel plate flow has the following analytical solution, which is obtained by

integrating twice using BC1 and BC3.

uz(x) = −∆Pw2

8µL

(
1− 4x2

w2

)
(4.47)
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This leaves the perturbation function which is a homogeneous second order partial

differential equation. Note the viscosity vanishes due to the homogeneous nature

of the perturbation function. Separation of variables was applied which assumes

ϕ(x, y) can be written as a product of two new functions, where each function is

only dependent on one variable.

ϕ(x, y) = F (x)G(y) = 0 (4.48)

The separated function is differentiated into a form similar to that of the perturbation

function. The terms are then collected which are independent of one another, which

is true if both terms equal a constant value, λ. This step provides two ordinary

differential equations.

1

F (x)

∂2F

∂x2
+

1

G(y)

∂2G

∂y2
= 0 (4.49)

− 1

F (x)

∂2F

∂x2
=

1

G(y)

∂2G

∂y2
= λ (4.50)

The general solution of each individual equation is known (Jordan and Smith, 2008),

creating four unknown constants to be discovered:

F (x) = A1 sin(
√
λx) + A2 cos(

√
λx) (4.51)

G(y) = B1 sinh(
√
λy) +B2 cosh(

√
λy) (4.52)

Considering F(x), it was first differentiated and BC3 was applied to solve for A1.

dF

dx
= 0 = A1

√
λ cos(

√
λ0)− A2

√
λ sin(

√
λ0), Thus: A1 = 0 (4.53)

BC1 was then applied to F(x), noting that A1 = 0. To obtain a non-trivial solution
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A2 ̸= 0 and is considered later. To satisfy the equation below the periodicity of the

cosine function must be evaluated through the evaluation of λ.

F (w/2) = 0 = A2 cos(
√
λx) (4.54)

λ =
((2n+ 1)π

w

)2

, n = 0, 1, 2, ... (4.55)

A similar process was completed for G(y), using BC4.

dG

dy
= 0 =B1

√
λ cosh(

√
λ0) +B2

√
λ sinh(

√
λ0), Thus: B1 = 0 (4.56)

G(y) =B2 cosh(
√
λy) (4.57)

The equations for F(x) and G(y) are substituted back into the ϕ(x, y) terms and the

A2 and B2 constant are combined into a single constant defined as An. Due to the

periodicity of the solution an infinite sum arises.

ϕ(x, y) =
∞∑
n=0

An cos(
√
λx) cosh(

√
λy) (4.58)

The final boundary condition is now applied to the ϕ(x, y) expression. This must

satisfy the non slip condition of zero velocity at the wall. Note that as the parallel

plate flow equation must also equal zero, this can be equated to ϕ(x, y) and still

maintain the boundary condition.

∞∑
n=0

An cos(
√
λx) cosh(

√
λh/2) =

∆Pw2

8µL

(
1− 4x2

w2

)
(4.59)

Both side are now multiplied by the cosine term to enable determination of the

An constant by forming a Fourier series (Jordan and Smith, 2008). The resulting

equation is then integrated over the wall heights. By applying BC2 the cosh(
√
λh/2)
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becomes a numeric value and can be merged into the An constant.

∞∑
n=0

An

∫ h/2

−h/2

cos(
√
λx) cos(

√
λx)dx =

∫ h/2

−h/2

∆Pw2

8µL

(
1− 4x2

w2

)
cos(

√
λx)dx (4.60)

By evaluating the integral on the left hand side the following equation is obtained.

An =
1

h/2

∫ h/2

−h/2

∆Pw2

8µL

(
1− 4x2

w2

)
cos(

√
λx)dx (4.61)

Upon the complete integration of the above function the constant, An is found. Note

the cosh(
√
λh/2) term has been moved back out of An.

An =
(−1)n

(
∆Pw2

8µL

)(
32

(2n+1)3π3

)
cosh

(
(2n+1)πh

2w

) (4.62)

Substitution of the An constant into Eq. (4.58) and the inclusion of parallel plate

flow into Eq. (4.46) results in the final equation.

uz(x, y) =
∆Pw2

8µL

(
1− 4x2

w2

)
− 32∆Pw2

8π3µL

∞∑
n=0

(−1)n cos
(

(2n+1)πx
w

)
cosh

(
(2n+1)πy

w

)
(2n+ 1)3 cosh

(
(2n+1)πh

2w

)
(4.63)

4.3.3 Experimental validation

4.3.3.1 Pycnometry

Bulk porosity measurements were measured via helium pycnometry to estimate in-

ternal volume of ground monolith samples by using an AccuPycTM 1330 Pycnometer

and are displayed in Table 4.9. The particle porosity within the carbon wall was of
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importance in the species transport and energy balance equations.

Table 4.9: Monolith pycnometry results (Scott, 2019a).

Solid Carbon ρs = 2928 kg m-3

Particle εp = 0.51

ρp = 774 kg m-3

Bulk εb = 0.82

ρb = 539 kg m-3

4.3.3.2 Differential scanning calorimetry

The phase change materials (PCM) were prepared as per Huang et al. (2017) [10]

by mixing 4,000 MW PEG (polyethylene glycol) and TAIC (triallyl isocyanurate)

above the melting point of the PEG (approximately 50oC). After heating to 120oC,

BPO (benzoyl peroxide) was added, mixed, and left to set at 120oC for 1 hour. Prior

to setting, the mixture also could be poured into a mould. The mixture was then

cured overnight in a vacuum oven at 50oC. All materials were obtained from Fisher

Scientific. DSC (differential scanning calorimetry) analysis was completed using a

Setaram µSC to understand the phase change temperature and enthalpy. Figure 4.10

shows the differential scanning calorimetry analysis was conducted on two different

samples which contained ratios of PEG:TAIC of 8:1 and 10:1. A heating and cooling

cycle was performed at 1oC per minute, in line with literature testing (Fallahi et al.,

2017), from 20oC up to 80oC then back down to 20oC.

Figure 4.10: DSC isotherm data for two PCM samples at an 8:1 and 10:1 ratio of
phase change material (PEG) to the shape stabilizer (TAIC) (Scott, 2019b).
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4.3.3.3 Butane breakthrough curves

Validation of the numerical model, specifically for adsorption within the monolith,

was completed with a short length activated carbon monolith to ensure the accuracy

of the numerical breakthrough profiles. A short length of monolith was chosen to

reduce the simulation time, as breakthrough occurs more rapidly in shorter mono-

lith due to lower carbon masses and lower adsorption capacities. No instantaneous

breakthrough occurred which indicated the length was sufficient to form a mass

transfer zone. A monolith sample was tested against a challenge of 1000 ppm bu-

tane. The sample had a length of 1 cm and a mass of 1.5 g and was analysed to

produce a breakthrough curve. The monolith samples contained approximately 280

square channels, with a dch of 0.7 mm and a tw of 0.4 mm. Compressed butane

(1000 ppm in nitrogen) was passed through the sample at 1.5 L min−1 and fed into

a flame ionisation detector (Teledyne 4020 Total Hydrocarbon Content Detector)

to measure the outlet concentration. Experimental butane breakthrough data was

provided others at the University of Bath (Scott, 2019c)

Figure 4.11: Comparison of experimental and numerically modelled butane break-
through curves for a short length monolith. Inlet conditions were for 1.5 L min−1,
1000 ppm and 13oC. Data truncated to a maximum of 40 min to highlight the initial
breakthrough region.
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The construction of the numerical model for the short length monolith validation

followed the same procedures in section 4.2.1 and section 4.2. However, as the

experiments were run isothermally at 25oC and the monoliths only had an adsorbent

carbon section and no SS-PCM heat absorbing section, the model was also run

isothermally. To ensure the final amount of butane adsorbed within the monolith was

identical between the experimental and modelled systems, the qe,bn was fixed. The

experimental amount adsorbed was obtained from the area under the breakthrough

curve and was found to be 1.0 mol kg−1. To attain this value in the simulation,

the temperature in Eq. (4.41) was chosen as 13oC, which corrects the qe,bn in the

simulation through Eq. (4.40). Note this temperature was simply used a parameter

to ensure the correct adsorbed amount was obtained and it did not feature in the

generation of frozen fluid profiles or when calculating physical properties.

Figure 4.11 displays the comparison of the short monolith butane breakthrough

curves for the experimental and numerical modelling results. The simulation results

closely follow the experimental data points during the initial phase of the break-

through curve. For FEMs, the initial section of the breakthrough curve is most

important in terms of user protection from toxic gases and therefore the numerical

model was deemed acceptable for more rigorous modelling, including heat transfer

impacts.

4.4 Results and discussion

4.4.1 Preliminary optimisations of the respirator configura-

tion by mass and energy balance

A preliminary optimisation of the dimensions and configuration of the proposed

monolithic FEM was completed by using simple mass and energy balances. Two

cases were investigated, one shown by Figure 4.12 (a) and (b) to determine the

impacts of variable dc on us, tλ, ∆P and WSRD and the other case shown by Figure

4.13 (a) and (b) for variable Nm.

For case one, dc was varied between 35 mm and 100 mm, with a fixed number of nine

monoliths per cartridge. us decreased rapidly for increasing dc and was attributed to

the fact that Nch increased on a second order basis (Eq. (4.1)) reducing the flow rate

per channel. ∆P decreased in a similar manner as predicted by the Hagen Poiseuille
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equation, explaining the proportionality of us with ∆P (Seader, Ernest and Roper,

2010). tλ increased with dc, attributed to an increase in the WSRD, which includes

terms for the mass of heat absorbing material. The optimum dimension for this case

was chosen as dc = 77.5 mm, maintaining Nm = 9, equating to a dm of 22.5 mm. This

optimum was chosen as a balance between advantages gained in residence time, ∆P

and tλ, whilst preventing excessive WSRD and cartridge dimensions when compared

to commercial FEMs (Durum, 2020; Sundström, 2016; Dräger, 2020; Karanjikar,

2005).

Figure 4.12: Case one configuration optimisations: (a) determination of uz,s and tλ
and (b) determination of ∆P and WSRD for variable dc and a fixed Nm of nine.
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Figure 4.13: Case two configuration optimisations: (a) determination of us and tλ
and (b) determination of ∆P and WSRD for variable Nm and a fixed dc of 77.5 mm.

The second case, shown in Figure 4.13, investigated varying Nm between a single

large monolith per cartridge to 36 smaller monoliths arranged to maximise monolith

packing, each in a cartridge with a dc of 77.5 mm. Ultimately, decreasing Nm led to

improved characteristics as the amount of wasted space, made of impermeable foam

separating each monolith decreased. This permitted more area for channels and

functional solid, decreasing the flow rate per channel and allowing more mass of SS-

PCM thus increasing tλ, respectively. No prior art was found for phenolic monoliths

with a height/width of dm = 72.5 mm (Nm = 1), therefore a reasonable limit of
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dm = 30 mm was set (Blackburn, Tennison and Rawlinson, 2005). Therefore the

minimum number of Nm was nine, equating to a dm = 22.5 mm, as in the previous

case. Meaning the optimum configuration was identical to the previous case. These

dimensions were taken to the transient heat studies and are depicted alongside the

mask configuration in Figure 4.1.

4.4.2 Steady state flow profiles

To validate the magnitude and profile of uz within the monolith channel, which

included the pre and post SS-PCM cooler sections, the frozen profile produced by the

steady state CFD models, using the conditions outlined in Table 4.4, was compared

against the analytical solution for square channelled flow as derived in section 4.3.2.

The two solutions are depicted in Figure 4.14 with both solutions resulting to similar

uz magnitudes at all x and y locations which can be represented by the mean absolute

difference between the numerical and analytical velocity values for the 509 CPI

structure which was 0.0017 m s−1 providing confidence in the numerical solution.

Figure 4.14: Axial velocity profile within the 509 CPI monolith gas channel halfway
along the filter length (z = 2.5 cm).
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Comparisons were made under fully developed flow conditions for a total filter flow

rate of 50 L min−1 at a length along the filter of z = 2.5 cm. The profile was

laminar due to the small channel sizes and the maximum, uz,max, and mean, uz,mean,

axial velocity for the 509 CPI monolith was found to be 0.41 m s−1 and 0.18 m s−1

compared to 0.94 m s−1 and 0.44 m s−1 for the 1225 CPI structure, respectively.

The larger values of uz in the 1225 CPI structure were due to the reduction in εb

as the monolith channel density was increased by reducing dch. The packed bed

velocity profiles exhibited a typical plug flow regime with a constant uz across the

cross section of 0.20 m s−1 and no-slip at the walls. These values were identical

irrespective of the equivalent packed bed CPI system studied as dp and dpb were held

constant.

4.4.3 Pressure drop

The pressure drop as evaluated by the numerical model for monoliths with different

CPIs and the equivalent mass packed bed systems are displayed in Figure 4.15 for a

range of flow rates.

Figure 4.15: Pressure drop as a function of total mask flow rate for 509, 734 and
1225 CPI monoliths (open symbols) compared against equivalent mass packed beds
(closed symbols). The data was for inlet conditions of 50 L min−1 and 25oC.
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For the benchmark total flow rate of 50 L min−1, the 509 CPI monolith had a

pressure drop of 10.4 Pa, approximately three times lower than the equivalent mass

packed bed. The reduced pressure drop was due to the streamlined flow profile

within the monolith channels, as opposed to the packed bed systems in which the

gas traversed a tortuous path. The 734 CPI structure had a similar, albeit slightly

improved pressure drop compared to the packed beds, with a pressure drop of 27.4

Pa at 50 L min−1. For the 1225 CPI monolith a sharper rise in the pressure drop

occurred, with a value of 126 Pa at 50 L min−1. Using the Hagen–Poiseuille equation

for reference (Coulson and Richardson, 1999), the pressure drop of laminar flow in

straight channels is proportional to the uz,mean and inversely proportional to the

square of dch, which explains the significant rise in pressure drop for an incremental

decrease in dch. As only La was changed, whilst dp was held constant, to produce

equivalent mass packed bed filters, the pressure drop only marginally increased for

these systems.

4.4.4 Heat absorption

In line with the literature (Cossell et al., 2007; Purser, 2000), an upper breathing

temperature limit at the centre point of the device outlet (x = 0 mm, y = 0 mm,

z = 5.0 cm) of 60oC was chosen as the condition when the device would no longer

protect the user. Heat ingress from the environment and that generated by butane

adsorption within the device was predominantly absorbed by utilising the latent

heat of the PEG/TAIC SS-PCM within pre-cooler and post-cooler domains. Figure

4.16 provides a qualitative view of the Tg profile as contour lines across the XZ

plane for the 509 CPI monolith design at successive use times. The impact of the

velocity profile on the Tg contours is evident as the contours follow a similar laminar

profile across the width of the gas channel. This highlights that the centerline of

the monolith channel pertains to the highest temperature. The contours within the

SS-PCM channel walls are almost flat with respect to the tw, indicating for a tw /2

of 0.2 mm or below the thermal conductivity of the SS-PCM (0.21 W m−1 K−1) was

sufficiently large to enable effective conductive heat transfer within the walls.

The temperature contour snapshots at 2 min, 8 min, 11 min and 16 min represent

significant periods in relation to heat absorption within the device. At 2 min, sen-

sible heating of the device towards Tλ, which was approximately 57oC, and initial

phase change at the entrance of the pre-cooler occurred. At 8 min the predominant
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Figure 4.16: Contour plots of the temperature on the XZ plane, including temper-
ature profiles within the gas channel and SS-PCM walls. These plots are for inlet
conditions of 50 L min−1, 1000 ppm & 80oC.

method of heat absorption was due to the pre-cooler undergoing phase change. At

11 min the porous carbon section was undergoing sensible heating and finally at

16 min phase change within the post-cooler occurred. From the 8 min and 16 min

snapshots, the phase change region can be identified by the contour between 52 -

60oC. Downstream, or after the point of phase change, the temperature of the device

at the given snapshot remained constant which is characteristic of flows cooled by

phase change materials (Caliano et al., 2019; Liu, Yao and Wu, 2013; Shahsavar

et al., 2019). Upstream of the phase change, the device quickly heated from 60 -

80oC, as only sensible heat remained.

The Ce,pcm and Cp,s (denoted as Cp,i) within the solid SS-PCM and porous carbon

walls and the Tg at the centreline are plotted in Figure 4.17 (a) as a function of

filter length for various use times. This indicates the locations of phase change

within the pre- and post-cooler sections and its impact on the centreline Tg. Phase

change within the SS-PCM corresponded with sinusoidal type peaks in the Ce,pcm

and heels in the Tg curves, followed by an almost flat Tg profile along the centreline

length. For example, at 8 min, the maximum Ce,pcm occurred at z ≈ 1.0 cm followed

by a subsequent heel in the Tg curve, after which Tg ≈ Tλ. This finding was in

good agreement with the Tg contours in Figure4.17. The shape of the Ce,pcm curves

were well defined throughout the device, with a sharp rise to the maximum (26,100 J

kg−1 K−1) corresponding to a Tpcm of 57oC, with an extended tail after the maximum
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Figure 4.17: (a) Heat capacity within the solid phases (x = 0.45 mm, y = 0 mm)
and gas temperature at the centerline (x = 0 mm, y = 0 mm) along the filter length
at various times and (b) the full gas temperature profile of the gas phase along the
channel centerline (x = 0 mm, y = 0 mm) for the 509 CPI mask. Both plots are for
inlet conditions of 50 L min−1, 1000 ppm and 80oC.
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point, which indicated a slower increase in Tpcm from 53oC to 57oC. At 18 min the

heel in the Tg curve occurred at the end of the post cooler section indicating that at

approximately this time the latent heat had been utilised. Indeed, after this time,

the remainder of the device heated rapidly to 80oC.

Figure 4.17 (b) displays the Tg at the monolith channel centre (x = 0 mm, y = 0

mm), or worst case Tg, as a function of filter length and use time for the 509 CPI

mask design. Importantly, this figure provides further granularity regarding the time

when the Tg within the porous carbon section rose above Tλ. By 10 min the sensible

and latent heats of the SS-PCM in the pre-cooler section had been utilised and

sensible heating of the gas within the porous carbon section occurred, as evidenced

by the onset of temperature increase in the porous carbon section. The heating of

the porous carbon represented an important step during the filtration process as

this reduced the adsorbents capacity for the adsorbate, explained in section 4.4.5,

leading to desorption of butane. By 12 min the Tg within the adsorbent carbon

section had reached ∼ 80oC and the latent heat of SS-PCM within the post-cooler

section started to be utilised in order to hold the outlet Tg below 60oC. Therefore,

for low concentrations of a single component adsorbent, without chemical oxidation,

the proposed monolith filter provided breathable temperatures for up to 18 min.

However, it is unlikely that the device inlet temperature will constantly be held at

80oC as the user tries to escape a burning building and so the new design should

provide adequate protection from high inhalation temperatures.

4.4.5 Adsorption

Figure 4.18 provides a qualitative view of the ybn profile as contour lines across

the XZ plane at different use times for the 509 CPI monolith. The impact of the

velocity profile on the ybn contours is again evident as the contours followed a laminar

profile across the width of the gas channel. Once more, the centreline of the channel

pertained to the most dangerous conditions. The transport of butane within the

pores of the monolith wall, which was purely diffusive as described by the diffusive

flux term, εp∇· (Dpρb∇ybn), in Eq. (4.27), combined with butane sink term was also

depicted, shown by the value of ybn decreasing towards the outer wall symmetry.

The ybn contour snapshots at 2 min, 8 min, 11 min and 16 min represent significant

periods in relation to butane adsorption within the device. The snapshot at 2 min
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Figure 4.18: Contour plots of the butane fraction on the XZ plane, including butane
profiles within the gas channel and porous carbon walls for the 509 CPI mask. These
plots are for inlet conditions of 50 L min−1, 1000 ppm and 80oC.

represents initial introduction of butane into the porous carbon section and the

development of the mass transfer zone. By 8 min, the mass transfer zone was fully

developed and spanned a length of ≈ 0.8 cm. The Tg within the porous carbon at

this time was ∼ Tλ and even before this snapshot remained relatively constant due to

the heat absorption within the pre-cooler. Holding the porous carbon at a constant

temperature also maintained a constant qe,bn for a given Pbn. The inclusion of a

heat absorbing component therefore permitted more adsorbate to be held within the

porous carbon. At 11 min, the latent heat within the pre-cooler had been utilised and

the Tg within the porous carbon section increased from Tλ to 80
oC. This temperature

change caused the formation of adsorption and desorption zones as the qe,bn for a

given Pbn was reduced, which in some locations reversed the LDF sink, Eq. (4.36),

as q̄bn was higher than qe,bn. The rapid reduction in qe,bn due to heating caused a

peak in ybn within the device of ∼ 2200 ppm. At 16 min the mass transfer zone had

reached the end of the porous carbon section and the Tg within this section was ∼
80oC. A desorption zone was still present, but with a less severe peak in ybn, largely

due to advection of butane out of the device and downstream adsorption.

The breakthrough, tb,0.01, and equilibrium, te,0.95, times were defined as the time

for the ybn at the filter outlet (x = 0.0 cm, y = 0.0 cm & z = 5.0 cm) to exceed

10 ppm and 950 ppm, respectively. These results are displayed in Table 4.10 and

confirm that instantaneous breakthrough was not found in either the monolith or
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Table 4.10: Breakthrough and equilibrium times for various monolith CPIs and
equivalent packed bed systems.

Monolith Packed bed

509 CPI 734 CPI 1225 CPI La = 2.5 cm 2.9 cm 3.4 cm

tb,0.01 [min] 11.9 14.0 17.6 6.33 8.33 10.6

te,0.95 [min] 17.1 18.8 22.3 24.4 27.4 30.7

tmtz [min] 5.20 4.80 4.70 18.1 19.1 20.1

Figure 4.19: Butane breakthrough curves for 509, 734 & 1225 CPI monoliths com-
pared against equivalent CPI packed beds. This plots was for inlet conditions of 50
L min−1, 1000 ppm and 80oC.

packed bed filters as tb,0.01 was above 0.00 min. The difference between te,0.95 and

tb,0.01 gives the time for the mass transfer zone to pass through the device outlet, tmtz,

where a shorter time indicated an improved mass transfer of butane within the filter.

The best performing filter in terms of adsorption was the 1225 CPI monolith which

contained the most carbon and the smallest channels, permitting the longest tb,0.01

and shortest tmtz. The values of tb,0.01 for the monoliths were all greater and tmtz
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was shorter than the equivalent packed bed system, indicating improved adsorption

performance. However, all of the monolith filters concentrated the outlet stream

due to the periodic increase in adsorbate capacity within the device, as shown by

Figure 4.19, which displays the fraction of butane surpassing the ybn,z=0 of 1000 ppm.

Although the user of an FEM with a monolithic filter may benefit from a longer use

time, there is an eventual concentration of the toxic species at the outlet due to the

heat changes within the device causing desorption.

Figure 4.20: Butane fraction at the channel centerline (x = 0 mm, y = 0 mm) along
the filter length at various times for 20 min of use for the 509 CPI mask. This plot
was for inlet conditions of 50 L min−1, 1000 ppm and 80oC.

The equivalent packed bed systems exhibited a more conventional breakthrough

curve, as ybn approached 1000 ppm and did not exceed this level. The packed bed

mass transfer zones were longer in duration which led to earlier breakthrough as

denoted by the lower tb,0.01 values. Similar behaviour was reported by Valdés-Soĺıs

et al. (2004), who investigated carbon packed bed (cylindrical packing, dp = 0.94

mm) and monoliths (200 - 900 CPI) and found that monoliths delay breakthrough

of low concentrations of toxic species, as exhibited by the greater tb,0.01 in this study.

Two factors were identified that could have attributed to the reduced adsorption

performance. Firstly, the packed bed model used a global ka, Eq. (4.37), combining

the film, macropore and micropore resistances which had values of 26.9 s, 30.4 s and

6.67 s at Tg = 80oC, respectively. Therefore, the film and macropore resistances were
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more significant which was partly determined by dp. The film and macropore resis-

tances could be reduced by using a smaller packing dp, therefore improving the rate

of adsorbate uptake. However, this would be at the determinant of pressure drop.

For example, using a dp of 0.30 mm would provide film and macropore resistance

of 3.65 s and 2.74 s, but increase the pressure drop to ∼ 380 Pa for the conditions

used in this paper. Secondly, as already explained the monolith filter had a periodic

increase in adsorbate capacity. This occurred between 1.4 - 11 min, which is the

range of time when the temperature of the packed bed system was at 80oC and the

temperature of the monoliths carbon section was held at Tλ. Between this period

the maximum qe,bn for the packed bed and monolith was 0.25 mol kg−1 and 0.40 mol

kg−1, respectively, indicating the packed bed capacity for butane was lower leading

to quicker tb,0.01.

Figure 4.21: Amount of butane adsorbed within the porous carbon wall (x = 0.45
mm, y = 0 mm) along the filter length at various times for 20 min of use for the 509
CPI mask. This plot was for inlet conditions of 50 L min−1, 1000 ppm and 80oC.

Figure 4.20 and Figure 4.21 provide further clarity on the impact that an additional

heat absorbing component had on the adsorption performance within the monolith

device. Upon reaching approximately 10 min, ybn within the gas channel of the

adsorbent section (1.25 cm <z <3.75 cm) began to rapidly rise above the inlet

butane concentration of 1000 ppm, as shown by the 1200 ppm contour in Figure
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4.20. This occurred as the Tg within the porous carbon increased, which reduced

the qe,bn as outlined in the isotherm expression, Eq. (4.40) - (4.41). The carbon

heated from Tλ to 80oC within 2 min after the latent heat capacity within the SS-

PCM pre-cooler was utilised, allowing the gas to flow into the porous carbon wall at

high temperatures. The rapid increase in Tg caused the desorption of butane back

into the gas channel, as qe,bn was lower than q̄bn in the gas sink expression, Eq. (4.27).

The rapid reduction in available adsorbate capacity led to a maximum ybn value of

2000 ppm within the gas channel centreline and 2200 ppm within the porous carbon

wall at 11 min, as displayed in Figure 4.18. Although there was a concentration

at the outlet, ybn,z=L, when compared to the inlet, ybn,z=0, due to the advection of

butane through the device and the available adsorbate capacity downstream of the

ybn peak, the ybn at the outlet of the device did not exceed 1200 ppm.

Figure 4.22: Butane fraction at the packed bed centreline (x = 0 cm, y = 0 cm) along
the filter length at various times for 22 minutes of use for the 509 CPI equivalent
packed bed mask. This plot was for inlet conditions of 50 L min−1, 1000 ppm and
80oC.

Figure 4.21 shows q̄bn as a function of filter length for different device use times. The

value of q̄bn depends on the LDF rate expression, Eq. (4.36), as it approaches the

value of qe,bn at a rate determined by ka. The change of qe,bn during the simulations

was determined by Pbn (or ybn) and Tg, as all other parameters used to evaluate the

isotherm were held constant. A consistent maximum of 0.40 mol kg−1 was reached
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Figure 4.23: Amount of butane adsorbed at the packed bed centreline (x = 0 cm,
y = 0 cm) within the granular activated carbon along the filter length at various
times for 22 minutes of use for the 509 CPI equivalent packed bed mask. This plot
was for inlet conditions of 50 L min−1, 1000 ppm and 80oC.

near the entrance of the porous carbon section (0.0< z< 0.4 cm) which corresponded

to a ybn of 1000 ppm and a Tg of Tλ. This consistent maximum was maintained due

to the heat absorption within pre-cooler PCM holding the Tg within the AC pores

reasonably constant. At 10 min, the Tg within the carbon began heating above Tλ

which began reducing q̄bn. By 14 min q̄bn was below 0.3 mol kg−1 at most locations

within the porous wall. The rapid reduction in adsorbate capacity within the carbon

at 10 - 12 min near the entrance of the porous carbon section corresponded with the

peak of ybn within the channel centerline due to the butane desorption, as displayed

in Figure 4.20. Note that a brief and greater maximum occurs between 1 - 3 min at

the entrance of the porous carbon wall (La ∼ 0.0 cm), where the value of q̄bn was

above 0.45 mol kg−1 because at this time Tg was lower than Tλ and the ybn was 1000

ppm.

The equivalent figures for the packed bed system are shown in Figure 4.22 and Figure

4.23. These designs do not have any heat absorption capabilities and, for example,

the Tg at all locations within the equivalent 509 CPI packed bed filter was found to
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increase to 80oC after approximately 1.4 min, as opposed to 12 min for the monolithic

device. This shows the heat absorbent capabilities of commercial packed bed FEMs

is negligible. Therefore, there was no periodic regions of increased adsorbate capacity

and the butane profiles within the packed bed designs are more conventional in shape.

The maximum q̄bn corresponds to equilibrated regions containing 1000 ppm butane

at 80oC.

This indicated that the inclusion of a heat absorbing component provided a periodic

advantage with respect to adsorbate capacity within the porous carbon, resulting

in improved adsorption performance. This finding also highlighted that the length

of the pre- and post-cooler sections could be optimised. Increasing the relative size

of the pre-cooler would provide an extended period of increased adsorbate capacity

within the carbon. However, when large quantities of adsorptives or reactants are

present in the incoming gas stream the process heats generated within device would

be more severe. To asses the optimal quantity and configuration of SS-PCMs for

adsorptive and reactive system a more complex multicomponent model would be

required. This will be discussed in chapter 5.

4.5 Recommendations

The optimal monolithic FEM contained monoliths with a density of 734 CPI. The

design improved the breathing burden with a pressure drop of 27.4 Pa i.e. lower than

all the equivalent mass packed bed systems investigated. The inhalation temperature

was held below 60oC for 22 min and the tb,0.01 was 14.0 min. The improved values

of the 734 CPI filter compared to the 509 CPI filter was due to an increase in latent

heat and adsorbate capacity due to a lower εb. The mass transfer of butane within

the 734 CPI monolith was also superior compared to the equivalent mass packed

bed, as evident from tmtz values of 4.80 min compared to 19.1 min, respectively.

Although the 1225 CPI had improved values of temperature protection and tb,0.01,

the pressure drop was higher at 126 Pa and the peak ybn value at the device outlet,

due to periodic butane desorption, was higher.

4.6 Chapter summary

A new type of filtering device has been proposed for implementation in an FEM. The

new design improved upon commercial designs, using a square channelled monolithic
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structure to reduce pressure drop and the inclusion of heat absorbing components

in the form of SS-PCMs to remove environmental and process heats. The pressure

drop was three times lower for the 509 CPI monoliths compared to the equivalent

mass packed bed. The proposed filter also showed that protection from respiratory

burns using a heat absorbing SS-PCM was possible and would provide protection for

above 15 min, the minimum required used time for the BS EN 403:2004 (Technical

Committee CEN/TC 79, 2004). The numerical model provided new insights with

respect to the impact of using a heat absorbing SS-PCM preceding an adsorbent,

as summarised by the findings in Figure 4.19, Figure 4.20 and Figure 4.21. Use of

an SS-PCM in this way held the adsorbent at a constant temperature as long as

latent heat capacity remained. This maintained a higher and constant qe,bn at a

given Pbn. However, upon utilisation of the latent heat capacity of the SS-PCM the

adsorbent quickly heated and desorption occurred, which concentrated the outlet

stream beyond the inlet concentration of the adsorptive.

This chapter provided an initial indication that the novel FEM proposed has an

ability to improve respiratory protection equipment for numerous applications by

reducing inhalation burden, improving adsorption performance and including an

ability to absorb heat, protecting the user from inhalation burns. Further develop-

ment to the numerical model would include expressions to describe multicomponent

adsorption and chemical oxidation of the more toxic species, such as CO. It is ex-

pected that the length of the pre- and post - cooler sections will be dependent on

the highly exothermic oxidation of CO and can be tailored based on expected toxic

gas inlet concentrations.
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5 Filter design optimisation

This chapter discusses the development of a computationally efficient and accurate

system of equations to explore the viability of new filter designs, at potentially

dangerous experimental conditions, to allow optimisation of key parameters and to

identify potential prototype candidates. The system of equations in this chapter de-

scribe the flow and sorption process of an adsorbing vapour and a reacting gas within

a multifunctional monolithic adsorbent filter containing a heat absorbing component

which consisted of numerous square channels at high inhalation temperatures and

flow rates. Cyclohexane (C6H12) was considered as the adsorbing vapour in line

with the BS EN 14387 testing standards to provide a representative example of a

wider range of toxic gases and vapours (Technical Committee CEN/TC 79, 2008)

and carbon monoxide (CO) as the reacting gas due to its presence in fires and high

heat of reaction, providing a significant challenge for the heat absorbing shape stable

phase change material (SS-PCM) section. As the porous walls of the monolith wall

are bi-disperse, containing pore volumes in the micropore and macropore range, a

bi-linear driving force (LDF) model was derived to reduce computational time over

purely diffusive models, as explained by Eq. (2.15) or Eq. (2.18), in addition to

providing an ability to optimise the channel diameter, dch, to wall thickness, tw,

aspect ratio.

Experimental isotherm and kinetic data was obtained for a commercial broad spec-

trum activated carbon (AC) to model the C6H12 capacity and adsorptive uptake rate

within the filter. The validity of the one-dimensional model was tested against a sin-

gle base case computational fluid dynamic (CFD) model in three-dimensions using

the ANSYS CFX 17.0 commercial CFD code. Once verified, the one-dimensional

model was used to optimise the characteristic dimensions of the monolith, including

the dch and tw and investigate the impacts of changing the configuration and lengths

of the heat absorbing SS-PCM section as this was predicted to have an impact on

protecting the user from excessive inhalation temperatures and the adsorption ca-

pacity of the device. Finally, the impacts of humidity on the dynamic process was

investigated by including expressions which describe the reduction in the adsorbed

amount of C6H12 in the presence of water.

99



Declaration: The work presented in this chapter was based on a research article

under review: Barnard, J.E., Scott, S., Tennison, S., Smith, M.W., Harral, M.W.,

Burrows, A.D., Perera, S. and Chew, Y.J., 2021. Design and optimisation of a mul-

tifunctional monolithic filter for fire escape masks. Chemical Engineering Journal,

Under review. Additional contributions and explanations have since been added to

include the impact of humidity which are included in sections 5.2.4 and 5.4.7. Fi-

nally, solution methods and results which were previously resigned to the supporting

information of the above paper are now integrated within this body of work.

5.1 Bi-disperse adsorbent monoliths

The phenolic AC monoliths of interest are bi-disperse, containing notable pore vol-

umes with corresponding pore diameters in the microporous (< 2 nm) and macrop-

orous (> 50 nm) ranges (Crittenden et al., 2005; Ribeiro et al., 2008; Rouquerol et al.,

1994). It has been suggested that the extruded monolith walls contain macropar-

ticles as generated by the resin precursor and within each macroparticle there are

microparticles generated during activation (Blackburn, Tennison and Rawlinson,

2005), as depicted in Figure 5.1.

Figure 5.1: Schematic of the internal structure of the monolith wall and the char-
acteristic dimensions of the macroparticles and microparticles for a phenolic resin
derived AC (Blackburn, Tennison and Rawlinson, 2005).

Numerical models for bi-disperse adsorption using bi-LDF approximations are well

document in literature for packed bed systems with spherical adsorbent particles

(Grande and Rodrigues, 2005; Mulgundmath et al., 2012; Leinekugel-le Cocq et al.,

2007; Brea et al., 2017; Cavenati, Grande and Rodrigues, 2006) but are less preva-
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lent for square channelled monoliths, where these models used a global LDF rate

expression (Crittenden et al., 2011; Patton, Crittenden and Perera, 2004) or used

radial mass transport equations within the macroporous network which directly eval-

uates the diffusive transport into the wall and a radial microparticle Fickian diffusion

model (Grande et al., 2006).

5.1.1 Bi-LDF model derivation

The derivation for a bi-LDF model for square channel monoliths is an extension to

the original model by Patton, Crittenden and Perera (2004) who derived a single

linear driving force expression approximating diffusion within a hollow cylinder with

an insulated external surface. The work by Patton, Crittenden and Perera (2004)

followed a similar methodology to Liaw et al. (1979) who originally used a polynomial

to approximate the diffusion within a spherical porous particle.

Figure 5.2: Schematic of a single monolith channel, estimating the concentration
profile shape within the channel and porous wall, with applicable boundary con-
ditions. Note the models were based on radial coordinates and conversions were
completed for the square channel monolith.
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The general concentration profile within the channel and porous wall, including the

relevant boundary conditions at the internal channel wall and at the external edge

of the porous wall, situated at tw/2, are depicted in Figure 5.2 to aid in explanation

of the derivation.

The derivation starts from the transient diffusion equation within the macroporous

network of a hollow cylinder with an insulated external surface which includes axial

diffusion and a component sink term, representing either reaction or adsorption:

∂cp,i
∂t

=
1

r

[
∂

∂r

(
rDp,i

∂cp,i
∂r

)]
+

∂

∂z

(
Dp,iCb

∂ȳp,i
∂z

)
− ρs
εp
Si (5.1)

The volume-mean concentration is:

c̄p,i =
2

r2i − r2o

∫ ri

ro

rcp,idr (5.2)

Differentiate with respect to time to determine the rate of change of the average

component concentration in the porous wall, c̄p,i:

∂c̄p,i
∂t

=
2

r2o − r2i

∫ ro

ri

r
∂cp,i
∂t

dr (5.3)

Substituting Eq. (5.1) into Eq. (5.3) gives:

∂c̄p,i
∂t

=
2

r2o − r2i

∫ ro

ri

[
∂

∂r

(
rDp,i

∂cp,i
∂r

)
+ r

∂

∂z

(
Dp,iCb

∂ȳp,i
∂z

)
− ρsr

εp
Si

]
dr (5.4)

Determine the integral:

∂c̄p,i
∂t

=
2

r2o − r2i

∣∣∣∣ro
ri

rDp,i
∂cp,i
∂r

+
r2

2

∂

∂z

(
Dp,iCb

∂ȳp,i
∂z

)
− ρsr

2

2εp
Si (5.5)

Use the insulated external surface boundary condition, Eq. (5.6), as depicted in
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Figure 5.2 and evaluate the integral to form Eq. (5.7).

∂cp,i
∂r

∣∣∣∣
r=ro

= 0 (5.6)

∂c̄p,i
∂t

=
2

r2o − r2i

[
−riDp,i

∂cp,i
∂r

∣∣∣∣
r=ri

+
r2o − r2i

2

(
∂

∂z

(
Dp,iCb

∂ȳp,i
∂z

)
− ρs
εp
Si

)]
(5.7)

Collect terms:

∂c̄p,i
∂t

= −2Dp,iri
r2o − r2i

∂cp,i
∂r

∣∣∣∣
r=ri

+
∂

∂z

(
Dp,iCb

∂ȳp,i
∂z

)
− ρs
εp
Si (5.8)

The radial component concentration profile was assumed to be approximated by a

parabolic profile as introduced by the methodology of Liaw et al. (1979), the rate of

change of this profile was also found, where A and B are constants to be found:

cp,i = A+B(ro − r)2 (5.9)

∂cp,i
∂r

= −2B(ro − r) (5.10)

Substitute Eq. (5.9) into Eq. (5.2) to determine c̄p,i based on the parabolic profile:

c̄p,i =
2

r2i − r2o

∫ ri

ro

r
(
A+B(ro − r)2

)
dr (5.11)

Finding the integral, evaluating and collecting terms the expression can be written:

c̄p,i = A+Br2o −
4Bro
3

r3o − r3i
r2o − r2i

+
B

2

r4o − r4i
r2o − r2i

(5.12)

The concentration at the inner radius, cp,i|r=ri , or at the channel / wall interface, as
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shown in Figure 5.2, was evaluated using Eq. (5.9) and rearranging in terms of A

and substituted into Eq (5.12) to find B:

B =
cp,i|r=ri − c̄p,i

(ro − ri)2 − r2o +
4ro
3

r3o−r3i
r2o−r2i

− 1
2

r4o−r4i
r2o−r2i

(5.13)

Substitute B into Eq. (5.10) and evaluate at r = ri:

∂cp,i
∂r

∣∣∣∣
r=ri

= −2(ro − ri)

 (cp,i|r=ri − c̄p,i)

(ro − ri)2 − r2o +
4ro
3

r3o−r3i
r2o−r2i

− 1
2

r4o−r4i
r2o−r2i

 (5.14)

At this point, an effective monolith radius, Rm, can be defined to simplify the final

equations:

Rm = (ro − ri)−
1

ro − ri

[
r2o −

1

r2o − r2i

[
4ro(r

3
o − r3i )

3
− r4o − r4i

2

]]
(5.15)

Substitute Eq. (5.14) into Eq. (5.8) and include the previously defined Rm in Eq.

(5.15) to determine the change in c̄p,i with respect to time:

εp
∂c̄p,i
∂t

= εp
4Dp,iri(cp,i|r=ri − c̄p,i)

Rm(r2o − r2i )
+ εp

∂

∂z

(
Dp,iCb

∂ȳp,i
∂z

)
− ρsSi (5.16)

The cp,i|r=ri still remained as an unknown in Eq. (5.16) and so the boundary con-

dition at the inner radial interface (or channel/wall boundary) was evaluated by a

film mass transfer term:

−εpDp,i
∂cp,i
∂r

∣∣∣∣
r=ri

= kf,i(Ci − cp,i|r=ri) (5.17)

Substitute Eq. (5.14) into Eq. (5.17) and rearrange:

cp,i|r=ri − c̄p,i =
kfRm

2εpDp,i

(Ci − cp,i|r=ri) (5.18)
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A Biot number, Bii, for the monolith can now be defined:

Bii =
kfRm

2εpDp,i

(5.19)

Rearranging Eq. (5.18) in terms of cp,i|r=ri :

cp,i|r=ri =
BiiCi + c̄p,i
Bii + 1

(5.20)

Substitute into Eq. (5.16) to obtain the final LDF model for the macroporous

transport:

εp
∂c̄i
∂t

= εp
∂

∂z

(
Dp,iCb

∂ȳp,i
∂z

)
+ εp

4Dp,iri
Rm(r2o − r2i )

Bii
Bii + 1

(Ci − c̄p,i)− ρsSi (5.21)

Eq. (5.20) was also substituted into the component transport balance within the

gas channel as follows to arrive at the final transport equation in the channel:

εb
∂Ci

∂t
+
∂(Cius)

∂z
= εb

∂

∂z

(
Dz,cCb

∂yi
∂z

)
− (1− εb)kf,iα(Ci − cp,i|r=ri) (5.22)

εb
∂Ci

∂t
+
∂(Cius)

∂z
= εb

∂

∂z

(
Dz,cCb

∂yi
∂z

)
− (1− εb)

kf,iα

Bii + 1
(Ci − c̄p,i) (5.23)

The transfer terms for the gas channel and macropores should be identical and

through further rearrangement this can be shown by expanding the Bii on the nu-

merator of Eq. (5.21):

εp
∂c̄i
∂t

= εp
∂

∂z

(
Dp,iCb

∂ȳp,i
∂z

)
+

2rikf,i
(r2o − r2i )(Bii + 1)

(Ci − c̄p,i)− ρsSi (5.24)
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Finally the surface area to wall volume ratio, α, which is approximately equal, due

to the geometry transformations, defined by Eq. (5.56), not being exact, was found

as:

α =
4

tw

(
2 + tw

dch

) ≈ 2ri
r2o − r2i

(5.25)

Therefore:

εp
∂c̄i
∂t

= εp
∂

∂z

(
Dp,iCb

∂ȳp,i
∂z

)
+

kf,iα

Bii + 1
(Ci − c̄p,i)− ρsSi (5.26)

5.2 Numerical modelling

5.2.1 Geometry

The FEM was comprised of two cartridges, each internally containing nine squared

faced monoliths. The flow rate of air, Ḟ , across the two cartridges was chosen as 64

L min−1, in line with industry testing.

Figure 5.3: (a) Axial view of a single monolith channel including the SS-PCM
and the impregnated AC section. (b) Three-dimensional view from the front of a
monolith channel depicting the channel diameter and half wall thickness.

Before the optimisation of the geometry was completed a base case FEM filter was de-

fined to allow verification of the one-dimensional model against the three-dimensional

CFD model of which the filter dimensions are summarised in Table 5.1. For the base

case study a single monolith channel was modelled with each channel consisting of an
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Table 5.1: Geometric and operating details for the FEM filter base case.

Monolith

Monolith width/height, dm 2.75 cm

Carbon length, La 2.50 cm

Pre/Post cooler length, Lpre/post 1.25 cm

Channels per monolith, Nch 933

Channel per square inch, CPI 796

Bulk voidage, εb 0.31

Channel

Channel diameter, dch 0.5 mm

Wall thickness, tw 0.4 mm

Operation

Flow rate per monolith, Fm 3.56 L min−1

Inlet CO fraction, yco,z=0 2500 ppm

Inlet C6H12 fraction, yc,z=0 1300 ppm

Inlet temperature, Tg,z=0 25oC

Physical properties

AC density, ρp 850 kg m−3

Pore voidage, εp 0.51

Catalyst density, ρc 950 kg m−3

Catalyst weight fraction, η 0.01

Thermal properties

AC heat capacity, Cp,ac 720 J kg−1 K−1

SS-PCM heat capacity, Cp,pcm 1770 J kg−1 K−1

SS-PCM latent heat capacity, ∆HL 130 J g−1

Phase change temperature, TS - TL 53 - 61 oC

Heat of C6H12 adsorption, ∆Ha 33.7 kJ mol−1

Heat of CO oxidation, ∆Hr 283 kJ mol−1

SS-PCM solid section situated before and after the impregnated activated carbon,

known as the pre- and post-cooler as depicted in Figure 5.3. The SS-PCM thermal

and physical properties were based on a polyethylene glycol / triallyl isocyanurate

composite as the phase change material and shape stabiliser, respectively (Huang

et al., 2017b). The positioning of the pre- and post-cooler was intended to remove

the inhaled heat arising from the building fire and the heat generated by either

adsorption or reaction within the device, respectively.
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Subsequently, the geometry was modified to optimise the toxic component mass

transfer by changing the dch and tw. Additionally, the length and configuration of

the pre- and post-cooler sections and the impregnated AC section were investigated

and designs using only a pre-cooler, only a post-cooler and the base case configuration

were considered.

5.2.2 One-dimensional model

As mentioned, the porosity of the phenolic AC monoliths of interest is bi-disperse.

Therefore the mass transfer may be controlled at several regions within the AC

section of the monolith channel which include the film resistance between the channel

and the porous wall, mass transfer within the macroporous network and finally the

resistance within the microparticles (Figure 5.1). To capture the mass transfer of

the toxic components through the channel and porous wall a bi-disperse model for a

square channelled monolith was derived. The equations for each geometry domain

will now be summarised in addition to specific descriptions for the adsorption and

reaction sink terms.

Global

The following assumptions were applied globally to the model:

(i) All modelled parameters do not vary with respect to the radial direction.

(ii) At ambient pressures and temperatures the ideal gas law applies.

(iii) The velocity changes are due to adsorption and temperature only. This was

reasonable as the pressure drop was negligible along the monolith channels.

(iv) A single channel is representative of the larger structure. The flow distribution

across the device was assumed to be uniform due to the perfect packing afforded

by square channelled square cross - sectional monoliths. In addition, it was

assumed a preceding flow distributer was present as is common for FEMs.

(v) The bulk voidage and pore voidage was constant throughout.

Using the bulk properties of air alongside the ideal gas equation the bulk concen-

tration and superficial velocity were determined using the continuity equation (Eq.

(5.27)). A continuity sink was included to describe the mass loss due to C6H12

adsorption.
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εt
∂Cb

∂t
+
∂(Cbus)

∂z
= −(1− εb)

Mr,b

Mr,c
∂q̄c
∂t

(5.27)

The terms include the bulk concentration, Cb, bulk molecular weight, Mr,b, C6H12

molecular weight, Mr,c, average adsorbed amount, q̄c, superficial velocity, us, bulk

voidage, εb, and total voidage, εt. The initial condition for the continuity equation

was that the bulk gas within the filter was stationary (Eq. (5.28)) and the inlet

boundary condition was based on the flow rate for a single channel divided by a

repeating unit cross sectional area (Eq. (5.29)).

us,t=0 = 0 m s−1 (5.28)

us,z=0 =
Fm

Nch(dch + tw)2
= 0.078 m s−1 (5.29)

Channel

The component transport equation (Eq. (5.30)) was used to model the toxic compo-

nent concentration, Ci, as a function of time and filter length. This includes terms

for advection, axial diffusion and transport from the channel to the porous wall.

εb
∂Ci

∂t
+
∂(Cius)

∂z
= εb

∂

∂z

(
Dz,iCb

∂yi
∂z

)
− (1− εb)

kf,iα

Bii + 1
(Ci − c̄p,i) (5.30)

For laminar flow conditions the axial diffusivity, Dz,i, was determined by the Taylor

correlation (Eq. (5.52)) and the film transfer coefficient, kf,i, was later determined

by CFD analysis and compared to the Hawthorn correlation (Eq. (5.53)) where the

former was used in the final model. The α was calculated using Eq. (5.25). The

component molecular diffusivity, Dm,i, was calculated using the Chapman-Enskog

correlation (Eq. (4.28)). The Biot number, Bii, for the monolith was found using

Eq. (5.55) and indicated the relative resistances to transport in the film and porous

wall.

The channel heat balance was used to determine the gas temperature, Tg, and in-

cluded terms for advection, axial conduction, a pressure transient term and con-

vective heat transfer from the channel to the porous wall. The film heat transfer
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coefficient, hf , was calculated using the Hawthorn correlation, analogous to the film

mass transfer coefficient (Eq. (5.54)).

εbCbCv,b
∂Tg
∂t

+usCbCp,b
∂Tg
∂z

=
∂

∂z

(
λb
∂Tg
∂z

)
+εbRTg

∂Cb

∂t
−(1−εb)hfα(Tg−Ts) (5.31)

For the component transport equation in the channel the filter was initialised without

any toxic component present. CO and C6H12 are then introduced at the inlet at

respective fractions of yco,z=0 and yc,z=0. The axial concentration gradient at the

outlet node was assumed to be constant.

Ci,t=0/Cb,t=0 = 0 ppm (5.32)

Cc,z=0/Cb,z=0 = yc,z=0 (5.33)

Cco,z=0/Cb,z=0 = yco,z=0 (5.34)

∂Ci

∂z

∣∣∣
z=L

= 0 mol m−4 (5.35)

For the heat balance in the channel, the bulk gas temperature was initialised at

25oC, the inlet temperature was set at a value of Tg,in and the axial temperature

gradient at the outlet was assumed to be constant.

Tg,t=0 = 25oC (5.36)

Tg,z=L = Tg,z=0 (5.37)

∂Tg
∂z

∣∣∣
z=L

= 0 K m−1 (5.38)
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Porous wall

The following assumptions were applied to the component transport within the

porous wall:

(i) The concentration profile within the porous wall and microparticles was ap-

proximated by a parabolic profile according to the accepted assumption by

Liaw et al. (1979).

(ii) For adsorbed component the porous wall consisted of a macroporous network

and within the wall axial transport was purely diffusive. The transfer from

the channel to the porous wall was governed by the derived film/macroporous

LDF transfer term and transport in the radial direction was neglected.

(iii) Axial Darcy flow in the porous wall was neglected according to literature prece-

dence and macroporous transport was due to the combined phenomena of

Knudsen and molecular diffusion (Grande and Rodrigues, 2005).

(iv) The microparticles were assumed to be spherical and the transport resistances

within these particles can be defined by the microporous LDF model.

(v) For the reacting component a reaction sink term was applied to the macrop-

orous LDF equation and was of first order. The production and consumption

of carbon dioxide and oxygen was excluded, respectively, to simplify the model.

The macroporous LDF equation (Eq. (5.39)) was used to determine the average

porous component concentration, c̄p,i, and model transport through the pore net-

work. This expression included terms for the axial diffusion of each component

through the wall, transport from the channel to the porous wall and a component

sink term, applicable to either C6H12 adsorption or CO oxidation.

εp
∂c̄p,i
∂t

= εp
∂

∂z

(
Dp,iCb

∂ȳp,i
∂z

)
+ εp

4Dp,iri
Rm(r2o − r2i )

Bii
Bii + 1

(Ci − c̄p,i)− ρsSi (5.39)

The Knudsen diffusion, Dk,i, was calculated using Eq. (4.29). Using Dk,i and Dm,i

the pore diffusion, Dp,i, was determined using the Bosanquet expression (Yang, 1987)

(Eq. (4.30)). The inner radius, ri, and outer radius, ro, are the result of geometry
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transforms expressing a square monolith as an equivalent circular channel (Pat-

ton, Crittenden and Perera, 2004). The Rm was defined to simplify the resulting

film/macroporous transfer term and Bii and is a function of ri and ro. The micro-

porous LDF model (Eq. (5.40)) was used to describe the rate q̄c approached the

equilibrium adsorbed amount, qe,c, of C6H12.

Sc =
∂q̄c
∂t

= ka(qe,c − q̄c) (5.40)

The solid heat balance (Eq. (5.41)) permitted calculation of the solid temperature,

Ts, of the SS-PCM section or the AC section. Switch vectors were used to remove or

activate certain terms within the AC, δac, and SS-PCM, δpcm. These switch vectors

had values of one to activate the terms in a given domain and a value of zero to

deactivate. The accumulation term included the effective heat capacity, Ce,pcm, to

describe phase change within the SS-PCM section, which used a smooth function

(Eq. (4.24)) encompassing the sensible and latent heat capacity, or for the AC,

terms for the bulk gas within the pores and the solid carbon. Other terms included,

axial conduction, a pressure transient term for the bulk gas within the AC pores, a

convective heat transfer from the channel to the porous wall and heats of adsorption

and reaction.

[δpcmρpcmCe,pcm + δac(εpCbCv,b + ρpCp,ac)]
∂Ts
∂t

= +δpcm
∂

∂z

(
λpcm

∂Ts
∂z

)
+ δac

∂

∂z

(
λac

∂Ts
∂z

)
+ δacεpRTs

∂Cb

∂t
+ hfα(Tg − Ts)

+ δacρp∆Ha
∂q̄c
∂t

+ δacρc∆Hr
∂c̄p,co
∂t

(5.41)

For the LDF models within the porous wall there was assumed to be no toxic com-

ponent as an initial condition. At either end of the AC section the axial component

gradients were assumed to be zero and no component transfer was permitted into

the SS-PCM section.
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c̄p,i,t=0/Cb,t=0 = 0 ppm (5.42)

∂c̄p,i
∂z

∣∣∣
z=Lpre

= 0 mol m−4 (5.43)

∂c̄p,i
∂z

∣∣∣
z=Lpre+La

= 0 mol m−4 (5.44)

q̄c,t=0 = 0 mol kg−1 (5.45)

For the heat balance in the solid sections the initial solid temperature was 25oC and

the axial component gradients at either end of the filter was assumed to be zero.

Ts,t=0 = 25oC (5.46)

∂Ts
∂z

∣∣∣
z=0

= 0 K m−1 (5.47)

∂Ts
∂z

∣∣∣
z=L

= 0 K m−1 (5.48)

Adsorption

The microporous LDF coefficient, ka, was described by an Arrhenius relationship.

The pre-exponential LDF coefficient, ka,0, and the adsorption activation energy, Ea,

were later determined by experimental uptake within the broad spectrum carbon.

ka = ka,0 exp

[
Ea

RTs

]
(5.49)

The equilibrium adsorbed amount of C6H12 was determined by the Dubinin – Radushke-

vich (DR) isotherm (Gregg and Sing, 1982). A maximum adsorption capacity, qm,c,

and characteristic adsorption energy, Ec, are later found by fitting to experimental

adsorption isotherms.

qe,c = qm,c exp

[
−
(
RTs
Ec

ln

(
P 0

Pc

))2
]

(5.50)
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Reaction

The oxidation of CO was described by the following sink term:

Sco =
∂c̄p,co
∂t

= ηkcoc̄p,coe
−kdt (5.51)

To account for the catalyst impregnated within the porous wall, a catalyst weight

fraction, η, term was defined. Viable CO catalysts and kinetic constants for the

specific reaction rate constant, kco, and deactivation rate constant, kd, were found

from a study on catalytic hollow fibres (Nalette, 2011) and are summarised in Table

5.2.

Table 5.2: Kinetic parameters of carbon monoxide oxidation (Nalette, 2011).

Catalyst kco [m3 kg−1
cat s

−1] kd x 104 [s−1]

Pt/TiO2 2.69 2.03̇

Au/Fe2O3 0.622 0.450

Supporting equations

Table 5.3: Supporting geometric, mass and heat transfer correlations to solve the
transient system of one-dimensional equations.

Axial diffusivity [1], m2 s−1 Dz,i = Dm,i +
d2chu

2
s

192Dm,iε2b
(5.52)

Film mass transfer [2], -
Shi =

kf,idch
Dm,i

= Sh∞,i

[
1 + 0.095

dch
L

ReSci

]xi

(5.53)

Film heat transfer [1], -
Nu =

hfdch
λb

= Nu∞

[
1 + 0.095

dch
L

RePr

]0.45
(5.54)

Biot number, - Bii =
kf,iRm

2εpDp,i
(5.55)

Geometry transforms [3], m ri =
2dch
π

, ro =

√
tw
π

(tw + 2dch) + r2i (5.56)

[1]: Taylor (1953), [2]: Hawthorn (1974), [3]: Patton, Crittenden and Perera (2004)
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5.2.3 Three-dimensional model

A transient CFD model was derived to provide verification of the 1-D results by com-

parison of the C6H12 adsorption and carbon monoxide reaction in three dimensions

using the ANSYS CFX 17.0 software. The procedure used to model the transport

of toxic species and heat absorption through the multifunctional monolith has been

described in chapter 4, with modifications made to include the transport and re-

action of carbon monoxide. Instead of a frozen velocity profile the continuity and

momentum equations were made transient. The full set of equations for the 3-D

model are shown in Table 5.4. The geometry modelled was one-eighth of a channel

and consisted of 270 k finite volume elements. The filtration process was simulated

for 15 min and by partitioning the model across 24 threads the simulation took ap-

proximately 370 hours to complete. This highlighted the requirement of an accurate

one-dimensional model of the same process in order to test multiple prototype cases.

The transient simulations were solved by a second order backward euler scheme and

an adaptive time stepping method was used to maintain solution root mean squared

residuals, including velocities, temperatures and component fractions, below 1 x

10−5; the maximum time step was capped at 0.001 s to ensure stability throughout

simulation.

Table 5.4: Full set of equations for the three-dimensional model.

Continuity
∂ρb
∂t

+∇ · (ρbu) = 0 (5.57)

Momentum
∂(ρbu)

∂t
+∇ · (ρbu⊗ u) = −∇P +∇ · τµ (5.58)

Channel species transport
∂(ρbyi)

∂t
+∇ · (ρbyiu) = ∇ · (ρbDm,i∇yi) (5.59)

Porous species transport εp
∂(ρbyi)

∂t
= εp∇ · (ρbDp,i∇yi)− ρsMr,iSi (5.60)

Channel energy
∂(ρbCp,bTg)

∂t
+∇ · (ρbCp,bTgu) = λb∇2Tg (5.61)

Porous gas energy
εp

∂(ρbCp,bTg)

∂t
= λs∇2Tg − (1− εp)hpαp(Tg − Ts) (5.62)

Porous AC energy
∂(ρpCp,sTs)

∂t
= λs∇2Ts + hpαp(Tg − Ts)

+ρp∆HaSc + ρc∆HrSco

(5.63)

SS-PCM energy
∂(ρpcmCe,pcmTpcm)

∂t
= λpcm∇2Tpcm (5.64)
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5.2.4 One-dimensional humidity models

BS EN 403 specifies that FEMs must provide sufficient adsorbate capacity under

high levels of humidity (RH ∼ 80 %). To investigate the impacts of humidity on

the transport and adsorption capability of the adsorbent section of the monolith,

expressions were incorporated into the one-dimensional model. The set-up was a

binary component system, containing C6H12 and water only. In additional, to further

simply the model, the monolith consisted only of an AC carbon section and no heat

absorbing SS-PCM was present. As such, the simulation could be run isothermally

at 25oC, additionally ignoring heats of adsorption, due to the low partial pressures

of adsorptive within the system.

To model the impacts of humidity on the adsorbents capacity for C6H12 the Manes

method was used (Manes, 1984). This method was chosen due to its proven use

explaining the humidity effects on water-immiscible volatile organic vapours, such as

C6H12, on ACs in additional to its ability to be incorporated into a numerical model,

being already formulated as a numerical algorithm to predict adsorptive and water

adsorption capacities (Qi, Hay and Cal, 2000; Laskar et al., 2019). Additionally,

this method only required the need for single component isotherms, as opposed to

other methods from OkazakiI, Tamon and Toei (1978) and Chou and Chiou (1997)

which required the need for vapour-liquid data or vapour mixture data, respectively

(Qi, Hay and Cal, 2000). Laskar et al. (2019) explained further key advantages and

features of the Manes method to be:

(i) Unlike Ideal Adsorption Solution Theory (IAST) and Real Adsorbed Solution

Theory (RAST), Manes differentiates between the adsorption mechanism of

water vapour and VOCs during competition.

(ii) Manes is thermodynamically rigorous and is based on Polanyi’s Adsorption

Potential Theory.

As mentioned, single component isotherms for both C6H12 and water are required

to solve the Manes method. The DR isotherm will continue to be used for C6H12

with the parameters defined in Table 5.5. The water isotherm model, chosen as the

Qi-Hay-Rood (QHR) isotherm, Eq. (5.65), and its parameters were obtained from

Laskar et al. (2019) who generated isotherm data for water onto a microporous AC
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adsorbent enabled the equilibrium amount of water adsorbed, Ve,w, to be modelled

as a single component. The parameters obtained at 25oC included the QHR fitting

parameter, kQHR = 26.1, the relative water pressure at Ve,w/Vm,w = 0.5, P50/P
0
w

= 0.664, and the maximum adsorption capacity, Vm,w = 0.487 cm3 g−1. The water

saturation vapour pressure, P 0
w, was determined using the Antoine equation using the

following constants specific to water; A = 5.40221, B = 1838.675, C = 31.737. At a

temperature of 25oC P 0
w was 0.0317 bar (NIST, 2021). The isotherm was reproduced

in Figure 5.4 for visualisation and validation purposes and clearly exhibited a Type V

isotherm which is characteristic of water adsorption onto a hydrophobic microporous

adsorbent where adsorbate-adsorbent interactions are weak (Rouquerol et al., 2014;

Ruthven, 1984).

Ve,w =
Vm,w

1 + exp
[
kQHR

(
P50

P 0
w
− Pw

P 0
w

)] (5.65)

Figure 5.4: Qi-Hay-Rood plotted as function of relative water pressure (humidity).
Isotherm parameters were obtained from Laskar et al. (2019) for an operating tem-
perature of 25oC.

The Manes method links with the bi-disperse one-dimensional model, as described

in section 5.2.2, at the point in the transient iteration when the c̄p,i is solved for

each component using Eq. (5.39). Once c̄p,i was evaluated it was converted to the

component partial pressure using the ideal gas law, enabling Ve,w and equilibrium
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amount of C6H12 adsorbed, Ve,c, to be determined. As the isotherm for C6H12 had

units of mol kg−1, the conversion of (Mr,c/(1000 · ρl,c) was used to convert to units

of cm3 g−1, where ρl,c was the liquid C6H12 density. Therefore, qe,c and Ve,c shall

be used interchangeably. A similar, but reverse process was achieved for water to

determine qe,w from Ve,w and shall also be used interchangeably.

An internal iteration then begins, as depicted in Figure 5.5, if the Ve,c is less than Ve,w,

meaning that the water has a significant presence on the surface of the adsorbent

and is therefore having an impact on the capacity for C6H12 adsorption. Otherwise,

the Ve,c is simply evaluated by Eq. (5.50) and Ve,w is set to zero, both of which are

passed back to the original one-dimensional model as the new component equilibrium

adsorbed amounts, Ve,c,new and Ve,w,new. The internal iteration of the Manes method

begins by defining a guessed relative C6H12 partial pressure, Pg,c/P
0, and solving Ve,c

(Eq. (5.50)) by using Pg,c/P
0 in place of Pc/P

0, to solve for a guessed equilibrium

adsorbed amount of C6H12, Veg,c. In an abundance of water, a reduced amount of

C6H12 will be adsorbed as the net adsorption potential is reduced. For this case, the

Manes methods states that C6H12 will displace an equal volume of water. Therefore,

by rearranging the QHR isotherm and replacing Ve,w with Veg,c a value for the guessed

relative water partial pressure, Pg,w/P
0
w, can be determined by Eq. (5.66).

Pg,w

P 0
w

=
P50

P 0
w

− 1

kQHR

ln

(
Vm,w

Veg,c
− 1

)
(5.66)

The net adsorption potential derived by Manes (1984) for organic vapour in the

presence of water was then computed by Eq. (5.67). This equation computes the

adsorption potential of C6H12 within a humid environment for which the basis is

the single component C6H12 adsorption potential (Eq. (5.68)) subtracted by the

adsorption potential of water (Eq. (5.69)) displacing an equal volume of C6H12 and

a correction for the water vapour pressure, which becomes zero at saturation vapour

pressure (Qi, Hay and Cal, 2000; Laskar et al., 2019). Once found, Eq. (5.67) can be

rearranged to determine the computed relative C6H12 partial pressure, Pcomp,c/P
0.

Note, Ni, refers to the specific molar volume of each component i.
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εc
Nc

=
RT

Nc

ln
P 0

Pcomp,c

=
εgc
Nc

− εgw
Nw

− RT

Nw

ln
P 0
w

Pw

(5.67)

εgc = RT ln
P 0

Pg,c

(5.68)

εgw = RT ln
P 0
w

Pg,w

(5.69)

The iteration continues until a convergence criteria, set as χmin = 10−4 Pa, at which

point Veg,c is accepted as Ve,c,new, which at high humidity is reduced compared to the

single component Ve,c. Additionally, the new Ve,w,new can be calculated, as shown

in Figure 5.5, which is the single component adsorbed water volume subtracted

by the accepted Ve,c,new. At this point, the accepted equilibrium amounts of each

component can be incorporated back into the original one-dimensional model via

the microporous LDF equation. Note the rate of adsorption within the micropores

for both components were based on the microporous LDF model (Eq. (5.40)) and

the LDF coefficient for water was chosen as 0.001 s−1, which was a similar order of

magnitude to the C6H12 coefficient.

Minor changes were required to the boundary and initial conditions. Firstly, the inlet

boundary condition was required for the inhalation of humid air. This condition was

based on the inlet fraction which was calculated from the relative humidity of 80

% using the ideal gas law. The initial amount of water adsorbed, qw,t=0, was set to

0 mol kg−1 axially within the porous wall. Finally, the boundary conditions at the

axial start and end of the porous carbon wall were simplified as no SS-PCM section

was present.

Cw,z=0/Cb,z=0 = yw,z=0 (5.70)

∂c̄p,i
∂z

∣∣∣
z=0

= 0 mol m−4 (5.71)

∂c̄p,i
∂z

∣∣∣
z=L

= 0 mol m−4 (5.72)

qw,t=0 = 0 mol kg−1 (5.73)
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Figure 5.5: Flow chart of the Manes method and how it integrates with the one-
dimensional bi-disperse model.

5.3 Experimental

C6H12 isotherm and kinetic data was kindly supplied by Martin W. Smith from

defence science and technology (DSTL) and was used to fit a model isotherm and

determine adsorption kinetic constants, respectively. C6H12 isotherms were mea-

sured using a Dynamic Vapour Sorption instrument (DVS Advantage 2, Surface

Measurement Systems Ltd, UK). Samples of carbon, typically 20 - 50 mg, were

loaded onto a sample pan suspended from a microbalance. The carbons were heated
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to 120oC for 3 hours to remove adsorbed moisture. C6H12 isotherms were run at

10oC, 25oC and 40oC (each on a separate sample). At each pre-programmed relative

pressure, equilibrium was defined as a mass change of less than 0.001% of the dried

sample mass per minute, maintaining that rate of change for 10 min before moving

to the next programmed setting.

5.4 Results and Discussion

5.4.1 Adsorption

Equilibrium and kinetic data regarding the adsorption of C6H12 onto a commercial

broad spectrum activated carbon was obtained using the methods explained in sec-

tion 5.3 for temperatures of 10oC, 25oC and 40oC. The broad spectrum commercial

carbon was used as a representative example of a wide range of carbons used for

removal of toxic chemicals. As the inlet C6H12 fraction used for the simulation work

was low in comparison to the pressure range used to obtain isotherm and kinetic

data, focus was placed on obtaining isotherm and kinetic parameters at low relative

pressures (Pc/P
0 < 0.2).

Within the partial pressure range of interest (Pc/P
0 <0.2) the isotherm typically

exhibited a Type I isotherm, with qe,c rising sharply and reaching a plateau (Gregg

and Sing, 1982). For further increases in partial pressure the shape of a Type II

isotherm developed, with a gradual increase in qe,c, as shown by the isotherm at

10oC above 2000 Pa, which is common for hydrophobic vapours on activated carbons

(Fletcher, Yüzak and Thomas, 2006). In addition, the qe,c generally increased with

decreasing temperature for a given relative pressure, however at approximately 500

Pa and the isotherm at 10oC had similar qe,c values to the isotherm at 25oC. This

was attributed to the fact that 10oC was close to the melting point of cyclohexane

of 6.5oC, therefore this data was excluded when fitting the isotherm.

The DR isotherm (Eq. (5.50)) was fitted to the experimental isotherms using the

GRG Excel solver by minimising the root mean square error (RMSE) with respect

to qm,c and E. The resulting parameters are summarised for each temperature in

Table 5.5 and the plotted experimental isotherm and DR isotherm can be found in

Figure 5.6. For the modelling work a single value of qm,c and E was required and due

to a minimum expected model temperature of 25oC these values were determined by
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minimising the RMSE for the 25oC and 40oC isotherm simultaneously, once again

these values are summarised in Table 5.5. To prevent numerical instability at low

partial pressures, the first 5 Pa were linearised using a Henry’s law relationship of

which the method can be found in chapter 4, section 4.2.3.

Table 5.5: Dubinin - Radushkevich isotherm parameters

T qm,c E RMSE

[oC] [mol kg−1] [kJ mol−1] [mol kg−1]

10 2.24 19.1 0.0124

25 2.37 19.4 0.0194

40 2.38 20.7 0.0140

Model* 2.37 20.2 0.0270

*Calculated by minimising the RMSE for the 25oC and 40oC data.

Figure 5.6: Experimental cyclohexane isotherms at low partial pressures for temper-
atures of 10oC, 25oC and 40oC. The Dubinin - Radushkevich (DR) isotherm was fit
to each experimental isotherm between Pc/P

0: 0.00 → 0.20.

The q̄c for temperatures of 10oC, 25oC and 40oC at a relative pressure, Pc/P
0,

increment of 0.01 → 0.02 is shown in Figure 5.7. This showed how q̄c approached qe,c

for a given pressure increment with respect to time. By integrating the microporous

LDF equation (Eq. (5.40)), ka could be determined by fitting to the experimental

transient uptake data.
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q̄c
qe,c

= 1− e−kat (5.74)

The values of ka for each temperature are specified in Table 5.6 which permitted the

Arrhenius parameters, including the ka,0 and Ea to be determined. These parameters

were used in Eq. (5.49) to determine ka at different modelled temperatures. The

pressure increment of Pc/P
0 0.01 → 0.02 was chosen to evaluate ka,0 and Ea as this

was the closest range to the operating pressure of C6H12 within the filter.

Table 5.6: Microporous LDF coefficient at a relative pressure increment of Pc: 0.01
→ 0.02 for temperatures of 10oC, 25oC and 40oC and corresponding Arrhenius pa-
rameters and coefficient of determination (R2) from the linear regression.

10oC 25oC 40oC ka,0 Ea R2

[s−1] [kJ
mol−1]

ka x 10
3 [s−1] 0.346 0.825 1.65 4320 38.4 0.999

Figure 5.7: Experimental transient adsorption of cyclohexane at a relative pressure
increment of Pc/P

0 0.01 → 0.02 for temperatures of 10oC, 25oC and 40oC. The LDF
model was fitted to each experimental uptake curve.

Previous studies (Fletcher, Yüzak and Thomas, 2006; Fletcher and Thomas, 1999;

Reid and Thomas, 2001) investigating hydrocarbon adsorption onto ACs at low rel-

ative pressures reported that the resistance to mass transfer was predominantly due
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to the barrier at the micropore entrance which was adequately described by the

LDF model. At the pressure increment the adsorption isotherm is within the Type

I region, as shown in Figure 5.6, indicating that adsorption occurred within the mi-

cropores and therefore within the operating conditions simulated the ka determined

at Pc/P
0 between 0.01 and 0.02 could be used to describe the rate of adsorption

within the micropores using the microporous LDF equation (Eq. (5.40)).

For reference and as an analogous molecule to C6H12, values of ka have previously

been reported for benzene adsorption onto ACs with a range of 0.5 - 4.3 × 10−3 s−1 at

308 K (Fletcher, Yüzak and Thomas, 2006). Specifically for C6H12 adsorption, fewer

values could be obtained from literature for ACs with a significant microporosity.

However adsorption onto a mesoporous carbon gave predictions for ka that ranged

from 1 - 9 × 10−3 s−1 (Wang et al., 2015), all of which are the same order of

magnitude found for the broad spectrum carbon analysed.

Figure 5.8: Fitted microporous LDF coefficient and corresponding RMSE at each
pressure increment at a temperature of 25oC.

Although outside of the pressure limits for the operation of the filter, Figure 5.8

shows the change in ka, as found by fitting the LDF model, with respect to the full

relative pressure range. Indeed, at low pressures, corresponding to the microporous

Type I region, the kinetic constant was found to increase with increasing surface
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coverage, suggesting C6H12 fills the smallest pores at the lowest partial pressure

corresponding to minimum ka. At higher pressures, above a Pc/P
0 of 0.20, ka

began to plateau, corresponding to the Type II region where multi-layer adsorption

occurs. A combined barrier / diffusion or diffusion model has been found to be more

appropriate to describe the process as mono- and multilayer formation occurs in

progressively larger pores (Fletcher, Yüzak and Thomas, 2006), although this was

not attempted here as it was outside of the range of interest.

5.4.2 Verification of numerical model

5.4.2.1 Film mass transfer coefficient

By using CFD analysis the component Sherwood number, Shi, could be evaluated for

each toxic component in the channel transitioning from the SS-PCM section to the

carbon section. This transition led to the development of a mass transfer zone due to

the adsorption and reaction sinks. By using an analogous method to Kolaczkowski

et al. (2007) who determined heat transfer coefficients by CFD analysis for porous

catalyst pellets, Shi at a simulation time of 2 min, enough time for a mass transfer

zone to develop for each component, was evaluated. By conducting this analysis

a more accurate value for kf,i could be determined than by using the Hawthorn

correlation alone. kf,i was verified for each component from film theory (Eq. (5.75))

by evaluating the molar flux of each component, Ni, and Ci in the bulk and at the

wall.

kf,i =
Ni

Ci − Cw,i

(5.75)

The molar flux of each component, Ni, across the channel / porous wall boundary

could be determined by a mass balance across a differential length of the channel

which was chosen to be ∆z = 0.05 cm using Eq. (5.76). The characteristic area, A,

used was the surface area of porous wall and for the chosen differential length this

was calculated as 0.010 cm2. The mass weighted average mass fraction, x̂i, of each

component was evaluated at locations z and z+∆z for each differential length along

the porous section and multiplied by the bulk mass flow, mb, to provide a flux of

each component transferred to the porous wall.
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Ni =
mb(x̂i,z − x̂i,z+∆z)

AMr,i

(5.76)

Figure 5.9: Shi as a function of carbon length for the base case CFD model. A
modified Hawthorn correlation was found using the CFD data for carbon monoxide
and cyclohexane

The concentration difference between the bulk and wall was determine by a log mean

concentration difference (LMCD).

Ci − Cw,i =
(Ci,z − Cw,i,z)− (Ci,z+∆z − Cw,i,z+∆z)

ln
(

Ci,z−Cw,i,z

Ci,z+∆z−Cw,i,z+∆z

) (5.77)

Once the kf,i had been calculated using the Sherwood number, Shi, could be deter-

mined for incremental distances along the carbon length. As shown by Figure 5.9 an

asymptotic Sherwood number, Sh∞,i, was reached almost immediately within the

carbon section. For laminar flow under forced convection for square channels Sh∞,i

has been evaluated to 3.0 (Patton, Crittenden and Perera, 2004; Shah and London,

1974), which is similar to 3.1 and 3.2 found for CO and C6H12, respectively.
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5.4.2.2 Comparison to temperature breakthrough

To verify the energy balances in the bi-disperse model, comprising of Eq. (5.31) and

Eq. (5.41), a comparison was made to the three-dimensional numerical model for

the preliminary geometry discussed in section 4.2.1 which consisted of a pre- and

post-cooler situated either side of the adsorbent carbon section. The comparison

basis was the breakthrough temperature, Tg,z=L, as the most important parameter

with regard to user thermal protection. Similarly to the three-dimensional model

discussed in section 4.2, for the bi-disperse one-dimensional comparison an inlet

temperature of 80oC was specified. The physical and thermal properties for the

bulk gas, which was based on air, and the solid phases have previously been defined

in Table 4.1. To save compute time, the transport and adsorption of butane was

excluded because, as found from the results of chapter 4, the heat generated due

to butane adsorption had a minimal impact on the gas temperature at the device

outlet, where the dominant factor was the inhalation of the hot ambient air. The

comparison was based on dimensions identical to the 509 CPI design of which the

dimensions are defined in Table 4.3.

Figure 5.10: Comparison of the breakthrough gas temperature for the bi-disperse
model and CFD model for the preliminary multifunctional adsorbent filter geometry.
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The comparison of Tg,z=L for the bi-disperse model and the CFD model is displayed

in Figure 5.10, showing good agreement between the bi-disperse model and CFD

results for the original filter design. Minor differences in the profile could be at-

tributed to a few differences in the formulation of the bi-disperse and CFD models.

Firstly, the CFD model defined in section 4.2 used a frozen velocity profile, over

which the transient component transport equations were solved. However, the bi-

disperse model utilised the bulk gas continuity equation, Eq. (5.27), and the ideal

gas equation of state to determine the transient and axial variation of us. Secondly,

the bi-disperse model is a reduced dimensionality model and assumes average pa-

rameters within the gas and solid domains, whereas the CFD model resolves profiles

in the height/width directions of the domains.

5.4.2.3 Comparison to C6H12 and CO three-dimensional model

The concentration of both toxic components was plotted for a simulation time of

15 min in Figure 5.11 to determine whether the one-dimensional model could ad-

equately describe the component transport as accurately as the three-dimensional

model developed using a commercial CFD code. The conditions simulated are those

defined in Table 5.1. For both components the maximum root squared error (RSE),

as calculated using Eq. (5.78), was below 0.0002. Differences between the CFD

component concentrations and the one-dimensional concentrations was attributed

to the fact that a parabolic profile was present in the CFD model, compared to a

single bulk velocity for the one-dimensional case, which caused advection of toxic

component further along the device at the centreline for the CFD model.

RSE =
√
(ŷi − yi)2 (5.78)

As an example, the time to simulate 10 min for the three-dimensional CFD model,

which was partitioned over 24 threads using a Intel® Skylake Gold 6126 Processor

@ 2.60GHz, took approximately 250 hours whereas for the one-dimensional model,

which was solved locally on a laptop containing an Intel® Core� i5 - 7440HQ CPU

@ 2.80GHz, the time was approximately 35 min. Therefore, the small deviations, as

shown by the RSE, were deemed acceptable due to the dramatic improvement in time

to simulate, permitting further optimisation of the device using the one-dimensional

model.
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Figure 5.11: Comparison of carbon monoxide and cyclohexane concentration pro-
files at a simulation time of 15 min as found from the one-dimensional and CFD
simulations. RSE was used to quantify the difference between simulations along the
filter length.

5.4.3 Optimising component transfer

To optimise the transport of toxic components into the monolith wall the film /

macropore transfer term, Ψi,fm, was investigated by changing the dch and tw as these

are most easily adjusted during extrusion of the monoliths. For this investigation

the asymptotic Sherwood number, Sh∞,i, determined from the CFD analysis was

used to determine the kf,i at different dch. As proven by Eq. (5.24) - (5.26) the

expressions used in the component transfer term in Eq. (5.30) and Eq. (5.39) are

approximately equal giving Eq. (5.79).

Ψi,fm =
kf,iα

Bii + 1
≈ εp

4Dp,iri
Rm(r2o − r2i )

Bii
Bii + 1

(5.79)
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Figure 5.12: Global transport coefficient term for (a) carbon monoxide and (b)
cyclohexane as a function of tw and dch for a temperature of 25oC. Dotted contours
are given to indicate optimum peaks for different tw where the film / macropore
transfer term is at maximum.
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A global transport coefficient, Ψi,g, was defined for each component, which for CO

was based on kco and Ψco,fm and for C6H12 was based on ka and Ψc,fm:

Ψco,g =

[
1

ηρcatkco
+

1

Ψco,fm

]−1

(5.80)

Ψc,g =

[
1

ka
+

1

Ψc,fm

]−1

(5.81)

Figure 5.12 shows how Ψi,g changes with respect to these variables. The optimum

Ψi,g in all cases occurred solely due to the maximisation of the Ψi,fm term. For all

dch the Ψi,fm increased with decreasing tw. By reducing tw, α approached infinity

which causes an asymptotic increase in Ψi,fm and was why in all cases decreasing tw

led to an improvement in component transfer into the wall.

An optimum dch for component transfer was identified for each tw due to the resulting

peaks in Ψi,fm. The optimum occurred due to a few competing effects. Firstly, at

large values of dch, α approached a maximum value for a given tw as the internal wall

surface area increased. However, by continuing to increase dch the resistance within

the film becomes more dominant as indicated by a reducing Bii (Yang, 1987). In

contrast, as dch approached zero the resistance within the film reduces as indicated by

a increase in kf,i. However, further reductions in dch remove the channel altogether

and therefore α approached zero as no internal surface area remained. Therefore,

the optimum was found to be a balance between maximising internal surface area

and minimising film resistance.

The dch at which these maxima were found for each tw are summarised in Table 5.7

which were similar irrespective of the toxic component in question and within the

range of tw investigated the optimum dch was approximately dch = 1.3tw. In addition,

maintaining a constant ratio between dch and tw holds the εb at a constant value

which means the mass of carbon in the larger monolith structure was identical. If

the monolith carbon mass is maintained no additional monoliths or larger monoliths

are required which maintains the individual cartridge size. The final consideration

was that for reducing dch the pressure drop increases. However for the optimum

condition with the smallest channel dimensions of dch = 0.26 mm and tw = 0.20

mm the pressure drop using the conditions found in Table 5.1 was found to be 94
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Pa which was below the pressure drop limits imposed by BS EN 403 of 800 Pa

(Technical Committee CEN/TC 79, 2004).

Table 5.7: Channel diameter providing the optimum global component transfer for
different wall thickness’s at a temperature of 25oC.

tw [mm]

0.2 0.4 0.6 0.8 1.0

dch, C6H12 [mm] 0.26 0.52 0.78 1.04 1.30

dch, CO [mm] 0.26 0.51 0.77 1.02 1.28

The definition of Ψi,g provided information regarding the dominant resistance within

the filter, whether it was transport, reaction or adsorption. For CO reacting over

the Pt/TiO2 catalyst, the rate constant, ηρcatkco, was 25.6 s−1 which for certain

dch and tw was of the same order of magnitude as Ψco,fm. Figure 5.12 (a) shows

that optimising Ψco,fm had an impact on Ψco,g and by reducing tw to 0.2 mm a

maximum Ψco,g of 24.5 s−1 was found which was close to ηρcatkco, indicating an

adequate reduction in the film / macropore resistance. Figure 5.12 (b) shows that

for C6H12, Ψc,g was identical to ka, see Table 5.6, indicating the dominant mass

transfer resistance was within the micropores. However, altering dch and tw still

improved film / macropore transfer and therefore C6H12 transfer into the monolith

wall. For the remainder of the study the original channel dimensions of tw = 0.4 mm

and a corresponding dch = 0.5 mm was used as a reasonable optimum as extruded

monoliths in literature had similar dimensions to these (Crittenden et al., 2005;

Blackburn, Tennison and Rawlinson, 2005; Águeda et al., 2011).

5.4.4 Heat absorption

To reduce the heat absorbing SS-PCM pre- and post-cooler lengths, therefore min-

imising the total mass, cost and pressure drop of the device, several cases were

investigated. This included an equal distribution of SS-PCM either side of the car-

bon section (base case configuration) in addition to front (all pre-cooler) and back

(all post-cooler) loading of the SS-PCM. For each case, four different total SS-PCM

lengths were tested in the range of 1 - 4 cm to find a time when a maximum safe

temperature breakthrough limit was breached to provide a indication for the criti-

cal SS-PCM depth, the results of which are displayed in Figure 5.13. To simulate

inhalation of hot air an inlet temperature condition of 80oC was used as the am-
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bient temperature of a room away from the origin of the fire (Crewe et al., 2014;

Traina et al., 2017). To prevent inhalation burns a maximum safe temperature

breakthrough limit of 60oC was imposed (Cossell et al., 2007) which the tempera-

ture cannot exceed for the minimum use time of 15 minutes (Technical Committee

CEN/TC 79, 2004).

Figure 5.13: Critical pre- and post-cooler depths for different configurations to pre-
vent high temperature breakthrough. A minimum safe use time of 15 minutes must
be met for a viable design.

As shown by Figure 5.13, in all cases the maximum bulk gas temperature break-

through time, t
b,Tg

, was found at a total heat absorbing length of 4.0 cm as these

designs contained the greatest heat capacity. When front loading all the SS-PCM

into the pre-cooler the minimum safe temperature breakthrough time of 15 minutes

could not be achieved. This occurred because there was no protection against the

heat generated from the oxidation of CO within the carbon section combined with

the fact the SS-PCM does not provide full protection from all the incoming inlet

heat. This is common with phase change materials, where they provide an isother-

mal operating condition within the melting temperature range (53 - 61oC) after the

position of phase change; see chapter 4 (Liu, Yao and Wu, 2013). Therefore the

temperature after the pre-cooler would be held between 53 - 61oC as long as latent

heat capacity remained and combined with the heat of CO oxidation, this led to low

t
b,Tg

, indicating that for reactive filters a post-cooler must be present for respiratory

thermal protection in building fires. The best performing configuration in terms of
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t
b,Tg

was back-loading the SS-PCM into the post-cooler which simultaneously pro-

tected the user from the ingress of heat and that generated by CO oxidation. The

critical depth for the equal and back-loading configurations was 2.4 cm and 2.1 cm,

respectively.

5.4.5 Cyclohexane adsorption

The temperature at each axial location within the AC section impacted the qe,c as

described by the DR isotherm and therefore the length and positioning of the SS-

PCM sections impacted C6H12 adsorption. A maximum safe C6H12 breakthrough

limit of 10 ppm, in line with concentration limits set out by BS EN 14387 testing

standards (Technical Committee CEN/TC 79, 2008), was imposed which must be

adhered to for the minimum use time of 15 minutes. The inlet concentration of

C6H12 was the same as defined in Table 5.1 and an inlet temperature condition of

80oC was used.

Figure 5.14: Critical pre- and post-cooler depths for different configurations to pre-
vent cyclohexane breakthrough. A minimum safe use time of 15 minutes must be
met for a viable design.

As shown by Figure 5.14, for all configurations the C6H12 breakthrough time, t
b,yc

,

was above the minimum required use time of 15 minutes. No impact on t
b,yc

, which

had a constant value of 21.4 min, was found by back-loading the SS-PCM into
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the post-cooler as the AC quickly heated and the minimum qe,c was reached. Al-

though the front loading configuration was incapable of protecting the user from high

inhalation temperature this configuration provided optimal protection from C6H12

breakthrough when using an SS-PCM length above 2.0 cm. Front loading created an

isothermal condition after the position of phase change within the SS-PCM which

caused the adsorption of C6H12 to occur at a lower temperature than without a

pre-cooler, leading to a temporarily increased qe,c within the AC. For an equal dis-

tribution of SS-PCM in the pre- and post-cooler a similar trend was found to the

front loading configuration, but had less of an impact on increasing t
b,yc

as less latent

heat capacity was available in the pre-cooler to prevent the carbon from heating.

Figure 5.15: Breakthrough comparisons in terms of temperature and cyclohexane for
different filter configurations. For each comparison a total SS-PCM and activated
carbon length of 3 cm and 2 cm was used, respectively.

Figure 5.15 compares the outlet bulk gas temperature, Tg,z=L, and C6H12 break-

through curves for each of the three tested configurations to better understand the

conditions experienced by the user of the FEM. For each comparison a total SS-PCM

length of 3 cm and an AC length of 2 cm was used. The Tg,z=L for the pre-cooler

design quickly rose to 55oC due to CO oxidation followed by a second tempera-
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ture rise, breaking the maximum temperature limit, as the sensible heating of the

pre-cooler section completed and isothermal operation was sustained due to phase

change within the pre-cooler. Finally, as the latent heat within the pre-cooler was

exhausted, Tg,z=L increased to a final value of ∼ 105oC and gradually declined due

to catalyst deactivation and a reduction in the heat of reaction. Similar curves for

Tg,z=L were found for the equal pre- / post-cooler and post-cooler only configura-

tions. The Tg,z=L was maintained at 25oC for longer than the pre-cooler design due

to the additional sensible heat capacity situated near the outlet protecting the user

from the heat of CO oxidation, up to a maximum of 5 min for the post-cooler config-

uration, representing a comfortable breathing temperature for the user. Isothermal

operation was reached once again as Tg,z=L temporarily equilibrated at the phase

change temperature of 53 - 61oC due to latent heat capacity utilisation within the

device before being used upon which Tg,z=L rose to the final temperature, represent-

ing a high risk condition for the user.

In addition, the impacts of the configuration on the outlet C6H12 concentration

was compared. Although the pre-cooler design had the latest t
b,yc

of 31.9 min,

due to rapid heating of the carbon upon the latent heat capacity within the pre-

cooler being exhausted a sudden desorption occurred and the C6H12 at the outlet

was concentrated above the inlet condition. This phenomenon was highlighted in

chapter 4, where this also occurred with an equal pre-/post-cooler configuration.

Using a post-cooler design prevents this as the carbon temperature rapidly reached

equilibrium leading to a constant adsorption capacity.

In summary, specifically for FEMs using short length filters, for the reactive and

adsorbing monolithic filter back loading the SS-PCM into the post-cooler was deemed

optimal as the minimum t
b,yc

was reached whilst minimising the SS-PCM length

required to obtain a t
b,Tg

greater than 15 minutes.

It follows from this analysis that a further optimisation could be achieved as the

C6H12 breakthrough time exceeded the minimum use time by 6.4 min when using a

carbon length of 2 cm and an SS-PCM post-cooler of any length. To determine the

optimum carbon length to maintain a C6H12 fraction below 10 ppm for 15 minutes,

Figure 5.16 was produced. This enabled the minimum filter depth to be determined

as 1.7 cm as a linear relationship was formed between breakthrough time and AC

length. In addition, the critical filter depth, which is defined as the AC length

required to prevent instantaneous breakthrough, was found to be 0.8 cm. This length
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Figure 5.16: Critical bed depth and minimum bed depth as determined by plotting
the t

b,yc
as a function of carbon length using a filter with 2.5 cm of SS-PCM configured

as a post-cooler.

is dependent on the overall process, including the component transport from the bulk

gas to the porous wall, internal transport and eventual reaction and adsorption, and

provides insight into the length of the mass transfer zone (Klotz, 1946).

To adhere to high standards of safety and permit ease of manufacturing the minimum

AC length of 1.7 cm and SS-PCM post-cooler length of 2.1 cm may be too stringent

and difficult to achieve in practice. Therefore an optimised filter should use 2.0 cm of

AC with a 2.5 cm post-cooler to protect from C6H12 and high inhalation temperatures

for a predicted time limit of 21 min and 18 min, respectively, satisfying the minimum

requirements.

5.4.6 Carbon monoxide oxidation

To complete the filter optimisation the rate of CO oxidation was varied by changing

the weight fraction of the catalyst within the impregnated activated carbon section,

using values of 1.0, 2.5 and 5.0 wt%, to find a minimum weight for both the Pt/TiO2

and Au/Fe2O3 catalysts considered. Figure 5.17 shows the CO profiles across the

length of the optimised filter. Of the amounts of Au/Fe2O3 catalyst tested only
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the monolith containing 5 wt% catalyst had a sufficient reaction rate to prevent

CO breakthrough. The CO breakthrough fraction was 60 ppm compared to the

minimum breakthrough fraction of 200 ppm according to the BS EN 403 standard

Technical Committee CEN/TC 79 (2004). For all cases the Pt/TiO2 had a sufficient

reaction rate to prevent CO breakthrough however, using 1 wt% the CO fraction at

15 min of use time was 130 ppm which was deemed unacceptable. For 2.5 wt% and

5 wt% the fractions were 6.5 ppm and 0.30 ppm, respectively. This highlighted the

importance of choosing a catalyst with sufficient reaction rate in order to prevent

CO breakthrough and reduce the amount of catalyst required, reducing device cost.

To summarise, use of a Pt/TiO2 catalyst with a weight fraction above 2.5 wt% could

be a possible candidate as a monolith impregnate to remove CO, although further

experimental work would be required as verification.

Figure 5.17: Carbon monoxide profiles for differing wt % of Pt/TiO2 and Au/Fe2O3

for the optimum filter configuration at a use time of 15 min.

5.4.7 Humidity

Figure 5.18 shows the impact of water vapour on the adsorbed amount of C6H12.

The isotherm was generated by using the Manes method, without integration into bi-
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disperse model, as shown by the internal loop in Figure 5.5. This was accomplished

by assessing the amount of C6H12 adsorbed at four C6H12 partial pressures including,

325 ppm, 650 ppm, 975 ppm and 1300 ppm, in the presence of an increasing amount

of water. To generate the profiles shown in Figure 5.18, 100 water partial pressures

were used, ranging from a relative humidity of 0.0 - 95%, meaning that the Manes

method was conducted 400 times to simply generate an isotherm. By comparison

of Figure 5.4 with Figure 5.18 it was found that as the uptake of water within the

carbon rapidly increased, as is characteristic of a type V isotherm, water vapour

began to displace the C6H12, as evident from the reduction of Ve,c occurring as

Pw/P
0
w surpassed 0.65.

Figure 5.18: Multicomponent isotherm for cyclohexane (black lines) and water (red
lines) as a function of relative water partial pressure for different cyclohexane frac-
tions of 325 ppm, 650 ppm, 975 ppm and 1300 ppm.

Chou and Chiou (1997) investigated moisture impact on C6H12 adsorption capacity

on ACs for a RH of 0% and 81% at a temperature of 33.6oC. The study found

respective values for Ve,c of approximately 0.13 cm3 g−1 and 0.11 cm3 g−1 at 1000

ppm C6H12, a reduction in Ve,c of 15%. Comparing this to the Manes method in this

work, the respective values of Ve,c at RH of 0% and 81% for 1000 ppm C6H12 are

0.18 cm3 g−1 and 0.13 cm3 g−1, a reduction in Ve,c of 28%. Differences are likely due

to the adsorbent carbon used, but this comparison provided further evidence for the
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accuracy of the used Manes method.

Figure 5.19: Axial equilibrium amount adsorbed of cyclohexane (black lines) and
water (red lines) at simulation times of 30 min, 60 min, 90 min & 120 min at a
relative humidity of 80%.

Table 5.8: Breakthrough times at cyclohexane fractions of 10 ppm, 50 ppm and 100
ppm for a RH of 10% and 80%. The RH cases are compared based on the percentage
difference of breakthrough times for each cyclohexane fraction.

Breakthrough time [min]

yc = 10 ppm 50 ppm 100 ppm

10% RH 32.2 43.9 49.0

80% RH 29.1 39.8 44.4

Per. Diff. [%] 9.63 9.34 9.34

The axial Ve,i for both C6H12 and water vapour is plotted in Figure 5.19 for several

different simulation times. This provided insight into the impact the water vapour

had on the achievable equilibrium C6H12 capacity. In general, describing from z

= 0.0 cm to z = 2.0 cm, when water vapour was absorbed at capacity near the

inlet, corresponding to the amount adsorbed at 80% RH, the maximum achievable

Ve,c capacity was 0.15 cm3 g−1, which can be verified by comparison to Figure 5.18.

As Ve,w decreased along the monolith length, Ve,c increased, due to a high fraction
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of C6H12 and reduced competition with adsorbed water vapour. At a simulation

time of 30 min and a distance of approximately 1.6 cm, a localised peak in Ve,w

was present due to the reduction in Ve,c, caused by the adsorption in the preceding

channel reducing C6H12 fractions. As explained in Figure 5.5, the Ve,w is reduced by

Ve,c to determine the amount of water adsorbed under C6H12 competition.

Figure 5.20: Comparison of breakthrough curves, for cyclohexane and water, at
relative humidites of 10% and 80%

As expected from the Ve,i results in Figure 5.18, the breakthrough time at 80% RH

was earlier than for 10% RH. Breakthrough times at 10 ppm, 50 ppm, and 100 ppm

have been recorded in Table 5.8 and show that the breakthrough time was on average

9.45 % lower at 80% RH. Due to the hydrophobic nature of the AC there was no water

adsorption for the 10% RH case, as confirmed by instantaneous breakthrough at inlet

concentrations for the water fraction. There was also instantaneous breakthrough of

water for the 80% RH case because of an insufficient Ve,w along the monolith length.

The internal loop, as described in Figure 5.5, dramatically increased the complexity

of the simulation. To solve the simulation at a RH of 10% the simulation took 120

min as the model never entered the internal loop as Ve,w < Ve,c due to the type V

single component water isotherm, however including the internal loop to determine
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changes in Ve,i, for the 80% RH simulation, the time to simulate was approximately

3 days.

5.5 Chapter summary

A one-dimensional model was successfully derived to describe species transport, ad-

sorption of C6H12, CO oxidation and heat transfer within a monolithic filter. The

one-dimensional bi-LDF model, based on square channels, was compared to a com-

putationally intensive three-dimensional model using a commercial CFD package

with reasonable accuracy, reducing the time to simulate 10 mins by approximately

99.7%.

Experimental isotherm and kinetic data was studied at temperatures of 10oC, 25oC

and 40oC from a commercial broad spectrum activated carbon to enable the equi-

librium amount adsorbed of C6H12 and rate of adsorption of C6H12 within the mi-

croparticles to be applied to the system of equations.

The use of a bi-LDF model for a square channelled monolith allowed conclusions to

be drawn regarding the optimum channel size for a given wall thickness which was

found to be dch = 1.3tw, which was the same irrespective of the toxic component.

The optimum was present due to a balance between maximising internal surface area

and minimising film resistance.

To optimise the lengths and configurations of SS-PCM within the FEM filter an

inlet temperature of 80oC and C6H12 and CO fractions of 1300 ppm and 2500 ppm,

respectively, were considered. In this instance, CO was oxidised within the carbon

by a Pt/TiO2 catalysts making up 1 wt% of the device. The design which positioned

all the SS-PCM within the post-cooler section was optimal as this provided thermal

protection for 18 min and a consistent C6H12 breakthrough time of 21 min whilst

preventing the C6H12 concentration rising above the inlet concentration at the outlet,

something which was found to be possible when using a pre-cooler. Use of a Pt/TiO2

catalyst with a weight percentage above 2.5 wt% was a promising candidate for an

impregnated monolith filter as it reduced the outlet CO fraction to 6.5 ppm after 15

minutes of use.

Multifunctional filters containing a heat absorbing component represent a step change

in FEM design and more widely in air purification devices, not only improving ther-
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mal protection, but also providing an ability to tailor the adsorption capacity, cre-

ating isothermal conditions for adsorbents. In addition, the ability to model purifi-

cation filters using computationally efficient methods provides the ability to screen

numerous preliminary designs, identifying advantages configurations, preventing the

requirement for exhaustive experimentation or detailed modelling.
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6 Industrial Project: Commercial

mask modelling

This chapter describes the application of numerical models developed in Chapter 4

to assess the performance of a commercial escape filter used for Chemical, Biological,

Radiological and Nuclear (CBRN) defence applications. Detailed three-dimensional

geometric computer aided design (CAD) schematics of the commercial filter were

used to create a finite volume domain to numerically solve the continuity, momentum

and component transport equations using the ANSYS CFX 17.0 computational fluid

dynamic (CFD) software. In addition, computerised tomography (CT) scans were

used to identify potential improvements to the filter designs and investigate the

uniformity of particle size of the granular activated carbon (GAC) bed. An inlet

concentration of 1300 ppm cyclohexane (C6H12) was used as a model gas to determine

the transport of an adsorptive through the device. Experimental adsorption uptake

data for C6H12 was supplied by the DSTL Porton Down facility using samples of a

broad spectrum activated carbon (AC). This permitted isotherm models to be fitted

to the data enabling the numerical modelling of adsorption within the devices. This

analysis enabled areas of improvement to be recommended to the current geometry

of the commercial escape filter.

Declaration: This work was produced in cooperation with an industrial partner.

CT scans and CAD schematics of the commercial filters were utilised with permission

from the industrial partner to produce accurate geometric models for CFD analysis.
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6.1 Geometry

6.1.1 Geometry preparation

A schematic of a commercial filter, cut into half at the plane of symmetry is dis-

played in Figure 6.1 (a). This shows the complexity of the overall filter, namely

the flow distributor which consisted of hexagonal units which oscillated in terms of

height across the device face and permitted toxic gas flow through circular inlets.

The purpose of the flow distributor was to ensure a flat velocity and component

concentration distribution entering the device. Figure 6.1 (b) is the base of the

device and shows that, compared to the inlet, approximately half the casing outlet

is covered by a solid impermeable cartridge. This was used to direct gas flow from

the outer edges of the cartridge to the centre of the device, highlighting an area for

investigation during the modelling investigation.

Figure 6.1: (a) Top view of the commercial filter cut at the plane of symmetry at
the middle of the device. Key features include the flow distributer and structure of
the casing wall. (b) Bottom view depicting the casing gas outlet which forms only
a portion of the base plate. (c) Zoomed view of the functional filter components,
including a pre-filter, adsorbent packed bed and stabilising scrim.
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Figure 6.1 (c) depicts the functional sections that were considered in the compu-

tational model. The pre-filter acts to remove large particulates and although the

removal of large particulates is not considered within this project the pre-filter will

be considered from the point of breathing burden. Therefore, correct assessment

of the pressure drop against experimental data could be considered to provide an

accurate pressure field. Similarly, in the computational model, the scrim does not

remove particulates or toxic gases and vapours, but adds to the breathing burden

for the user. The adsorbent bed consisted of a commercial broad spectrum AC and

was assessed in terms of its capacity and kinetics in relation to C6H12 adsorption in

addition to its influence on breathing burden.

Figure 6.2: Depiction of the steps taken to firstly de-feature and secondly prepare
the geometry for finite volume meshing.

The CAD geometry provided was excessively complex and applying a geometry

of such complexity to CFD analysis would be futile as generating results would

take excessive computational resource. Therefore, the geometry was de-featured,

which pertains to removing enough detail from the geometry without impacting

the accuracy and key findings. As shown by Figure 6.2, the flow distributor was
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discarded and the assumption was that the bulk inlet gas flow and inlet concentration

of C6H12 was uniformly distributed. At the device base-plate, which was defined as

the general section containing the outlet fins, the internal and external curves were

removed as producing finite volume to mimic curved geometries leads to poor mesh

quality and excessive meshing to fit the correct shape. As a final preparation step,

gaps were removed between the casing wall and the distributor lid by merging these

two section of the filter.

Figure 6.3: (a) Two-dimensional fluid volume domains. (b) Three-dimensional fluid
volume domains. In both cases the de-featured casing geometry was effectively used
as a mould enabling fluid domains to be defined which filled this mould.

Once de-featured and prepared, the external outline was used as a template to fill

with a fluid domain. Two approaches were taken at this stages. The first was to

produce a two-dimensional geometry, shown by Figure 6.3 (a), based on a slice

of the filter at the position of the symmetry plane with the aim of producing a

geometry representative of the overall system with a significant reduction in finite

volume elements upon the meshing stage. For the two-dimensional model, portions

of the flow distributor were included to gain insight into the impact it had on the

distribution of flow and component concentrations within the subsequent pre-filter.

In reality, the flow distributor compressed the pre-filter medium due to its oscillatory
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nature over the device cross section as shown in Figure 6.1, this was included by

permitting the flow distributor to cross the pre-filter and a created ambient air

domain. Figure 6.3 (b), depicts the fluid extrusion from the three-dimensional

casing mould and by careful comparison to Figure 6.2 it can be seen that the fluid

geometry is simply the inverse of the casing cartridge.

In both the two- and three-dimensional cases, the axial lengths of each section was

identical, apart from the aforementioned ambient air domain, and were provided by

the industrial contact. It is worth noting this design had a wide inlet area and a

short bed, just over 1 cm in axial length, ideal for reducing inhalation burden and

minimising face velocity. However, short bed lengths require excellent kinetics to

remove the toxic component to sufficiently safe concentrations, preventing instanta-

neous breakthrough.

6.1.2 Computerised tomography scan analysis

In addition to CAD geometries, CT scans of a similar filter were used to inspect the

AC bed and the configuration of the casing with respect to the active materials. It

was noted from Figure 6.4 that the casing near the inlet, which was due to the flow

distributor, covered sections of the AC bed. This was predicted to cause regions

of underutilised carbon bed with respect to C6H12 uptake. In addition, to utilise

this section of the bed, components would rely on backward diffusion, which may

adversely impact the kinetic performance of the bed, something which is imperative

in a short bed. A similar covering was present at the outlet, which was predicted to

direct flow away from the edges and via the outlet due to regions of high pressure.

Figure 6.4: CT scan across the axial length of the filter bed and (b) for a cross section
of the AC domain. Anticipated problematic areas for gas component transport was
identified early from these scans.
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Figure 6.5 provides an example of a cross sectional cut, halfway axially along the

filter, which provided evidence that AC bed particles were fine, measured on average

at 0.6 mm, and evenly distributed throughout the filter. Due to the even distribution

of the GAC within the CFD model a homogeneous particle distribution model could

be used with a single voidage value.

Figure 6.5: CT scans for a cross section of the AC domain. The bed was deemed to
have a uniform voidage and particle size.

6.1.3 Mesh considerations

Two techniques were investigated to mesh the interfaces between fluid domains as

shown in Figure 6.6. One was a connected mesh, which had the advantage of pre-

venting the averaging of variables between the domain interfaces and the other was

a disconnected mesh, which, although required interface averaging of variables, pro-

vided an improved mesh quality at a lower number of finite volume elements. Mesh

quality was measured using the ANSYS CFX 17.0 meshing software and is calcu-

lated by checking whether the edge lengths of each side individual mesh elements

were equal and averaging this over all the mesh elements.

Figure 6.6: (a) Connected and disconnected finite volumes at the fluid domain
interfaces. (b) Mesh edge length and mesh quality definitions.
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Table 6.1 provides a comparison of the chosen meshing parameters for the connected

and disconnected meshing methods. The variable mesh parameters were the global

(default) edge length and individual domain mesh edge lengths. The edge length of

the pre-filter, adsorbent bed and scrim were specifically set because these domains de-

fine the performance of the device in terms of adsorption and pressure drop, therefore

numerical accuracy was of importance. The global edge length was relaxed slightly

and applied to the ambient air and outlet domains to reduce the number of meshing

elements. In summary, a connected mesh method caused the minimum mesh quality

to be low due to the constraint at the boundary, unless a large number of finite vol-

umes was achieved, whilst a disconnected provided a minimum mesh quality largely

independent of the number of finite volumes, as without the connection constraint,

regular shaped volumes of high quality could be maintained within each domain.

Table 6.1: Summary of mesh analysis for the two-dimensional model.

Mesh elements connected at interfaces

Default
mesh edge
length [mm]

Pre-filter
mesh edge
length [mm]

Adsorbent bed
mesh edge
length [mm]

Scrim mesh
edge length

[mm]

Number of
elements

[k]

Min. mesh
quality [-]

0.50 0.10 0.10 0.10 1800 0.15

0.50 0.20 0.20 0.20 509 0.091

0.50 0.30 0.30 0.30 286 0.051

Mesh elements disconnected at interfaces

0.50 0.10 0.10 0.10 1000 0.13

0.50 0.10 0.20 0.10 300 0.13

0.50 0.10 0.30 0.10 223 0.13

0.25 0.10 0.30 0.10 540 0.15

A comparison of frozen velocity profiles, generated by solving the continuity and

momentum equations within each domain, the methodology of which is covered in

section 6.2, for a connected and disconnected mesh with a similar number of finite

volumes, 509 k and 540 k respectively, was completed to show the improvements

made by using a disconnected method (Figure 6.7). In both cases the maximum

velocity occurred at the outer edge of the outlet domain, with an approximate value

of 2.2 m s−1. The outer edge is defined in Figure 6.3 for reference. The jetting effect

was due to the mass flow rate of bulk gas from the adsorbent packed bed, which

had a greater cross sectional area, into the outlet domain which had a smaller cross

sectional area. Additionally, a large proportion of the mass flow rate originated from

150



Figure 6.7: Velocity profiles for the two-dimensional model for the (a) 509 k finite
volume mesh with connected interfaces and the (b) 540 k finite volume mesh with
disconnected interfaces.

the outer edges of the device, leading to the localised high velocity jetting. Using

a mesh edge size of 0.50 mm in the outlet domain was insufficient to capture the

velocity magnitude at the centre of the jet, as shown qualitatively between Figure

6.7 (a) and Figure 6.7 (b).

More importantly was minimising the number of finite volume elements within the

three-dimensional geometry, Figure 6.3 (b), where the total number of elements

were millions. Due to this the edge lengths of the specific domains were relaxed

compared to the two-dimensional geometry and a disconnected method for interface

meshing was used. As shown by comparing the three-dimensional geometries with 18

M and 9.6 M elements in Table 6.2, a reduction of 0.15 mm in the edge length of the
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default setting and a reduction of 0.10 mm in the pre-filter and scrim domains caused

a significant increase in the number of finite volume elements. To maintain good

accuracy of the jetting effect at the outlet domain, the chosen meshed geometry had

a default edge length of 0.25 mm and pre-filter, adsorbent bed and scrim edge lengths

of 0.30 mm, 0.50 mm and 0.20 mm respectively, providing 9.6 M finite volumes and

a reasonable minimum mesh quality. Note, the average mesh quality, for the two-

and three-dimensional geometries was approximately 0.80.

Table 6.2: Summary of mesh analysis for the three-dimensional model.

Mesh elements disconnected at interfaces

Default
mesh edge
length [mm]

Pre-filter
mesh edge
length [mm]

Adsorbent bed
mesh edge
length [mm]

Scrim mesh
edge length

[mm]

Number of
elements

[M]

Min. mesh
quality [-]

0.10 0.20 0.50 0.10 18 0.12

0.25 0.30 0.50 0.20 9.6 0.11

0.50 0.30 0.50 0.20 7.8 0.11

6.2 Numerical modelling

Numerical models were formulated for both the two- and three-dimensional geome-

tries, with both the two and three-dimensional cases being solved to generate a frozen

flow profile and pressure field to understand localised velocity within the domains

and pressure drop across the device. Further, the transport and adsorption of C6H12

within the device for the two-dimensional case was modelled by transient analysis to

determine regions of underutilised adsorbent capacity. As ANSYS CFX 17.0 soft-

ware uses finite volume element method, the two-dimensional case was made one

volume element deep and two-dimensionality was enforced by symmetrical relation-

ships for each parameter normal to the direction of flow, which will be discussed in

further detail in this section.

6.2.1 Operating conditions

The global operating conditions for both the two- and three-dimensional models

are summarised in Table 6.3. The steady state flow profiles were generated for

each geometry case based on a inlet flow rate of 32 L min−1, representing standard

commercial tested flow conditions. The temperature was maintained at 25oC and
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Table 6.3: Operating conditions for the two- and three-dimensional models.

Global operating conditions

Ambient pressure, P 1 atm

Ambient temperature, T 25oC

Volumetric Flow rate, Ḟ 32 L min−1

Inlet C6H12 fraction, yc,z=0 1300 ppm

Adsorbent properties

Particle size, dp 0.6 mm

Particle density [1], ρp 770 kg m−3

Particle voidage [1], εp 0.51

Macropore size, dmp [2] 0.4 µm

Tortuosity, τ [3] 2.2

[1]: (Scott, 2019b), [2]: Shen et al. (2010), [3]: Dantas et al. (2011)

therefore the system was represented as isothermal, removing the need for energy

balances to be solved. The adsorbent properties for tortuosity, τ , and macropore

size, dmp, were obtained from literature, the particle density, ρp, and voidage, εp, were

determined experimentally as described in section 4.3.3, the bulk voidage, εb, was

determined by fitting a momentum sink equation, as described in section 6.3.1 and

the particle size, dp, which, as mentioned, was determined from CT scan analysis.

6.2.2 Governing equations

The governing equations were defined for each fluid domain. The same set of partial

differential equations were used for the two- and three-dimensional case. To minimise

the amount of computation the steady state continuity and momentum equations

were solved to generate a frozen flow profile, as described by the method in sec-

tion 4.2.2 and used to initialise the velocity vector, u, in the component transport

equations. The global assumptions for the models were:

1. Ideal gas law applies and was used to determined bulk gas density, ρb.

2. The flow is compressible and Newtonian.

3. The incoming flow to the pre-filter was uniformly distributed for the three-

dimensional case.

4. The physical properties of air at 25oC are used to generate the frozen flow
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profiles.

5. The flow profile can be frozen and used for the transport balance as the inlet

concentration of C6H12 will be small and the conditions are isothermal.

Ambient air, Base plate & Outlet

The steady state continuity (Eq. (4.15)) and momentum (Eq. (4.16)) equations

were solved for all non-porous domains to determine the u and absolute pressure,

P , profiles. The component transport equation (Eq. (5.59)) provided the solution of

the C6H12 fraction, yc, both spatially and temporally, in this equation i was replaced

with c to represent C6H12. The molecular diffusivity, Dm,c, was determined by the

Chapman-Enskog correlation (Green and Perry, 2008) as shown by Eq. (4.28).

Adsorbent bed, Pre-filter and Scrim

The following assumptions pertained to the porous domains:

1. The porous domains were treated as homogenous and each had a single εb.

2. A single momentum loss term could be defined as the porous domain was

assumed to be isotropic.

3. The rate of adsorption was describe by a global linear driving force (LDF)

approximation (Eq. (5.40)).

4. The LDF coefficient was the reciprocal of the sum of the film, macropore and

micropore mass transfer resistances (Eq. (4.37)).

To determine the u and P profiles for the porous regions the continuity (Eq. (4.15))

and momentum (Eq. (6.1)) equations were solved. The momentum equation in-

cluded the loss of momentum by a sink term, Sm.

∇ · (ρbu⊗ u) = −∇P +∇ ·
[
µ

(
∇u+ (∇u)T − 2

3
I (∇ · u)

)]
− Sm (6.1)

The Ergun momentum sink, Sm,er, was used to describe the momentum loss in the

adsorbent packed bed. For the pre-filter and the scrim both the Ergun and Carman-

Kozeny momentum sink, Sm,ck, were compared to experimental pressure drop data

to determine the optimal sink term to use and whether both viscous and kinetics
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effects were important in these domains (Richardson, Harker and Backhurst, 2002;

Shafeeyan, Wan Daud and Shamiri, 2014).

Sm,er =
150µ(1− εb)

2

d2pε
3
b

u+
1.75ρb(1− εb)

d2pε
3
b

|u|u (6.2)

Sm,ck =
180µ(1− εb)

2

d2pε
3
b

u (6.3)

The component transport equation (Eq. (6.4)) was solved to determine the C6H12

fraction throughout the filter. The axial diffusivity, Dz,c, was calculated from Eq.

4.31, using the correlation proposed by Wakao and Funazkri (1978). The rate of

C6H12 adsorption was described by the LDF model (Eq. (5.40)) and the LDF coeffi-

cient, ka, was calculated by Eq. (4.37) to describe the global mass transfer coefficient

by individual assessment of the transfer resistances in the film (f), macropore (m)

and micropore (µ) of the GAC. This equation has been redefined below for C6H12

for ease of reference for the reader:

ka =

[(
Rpq̄c,z=0

3kfCc,z=0

)
f

+

(
R2

pq̄c,z=0

15εpDp,cCc,z=0

)
m

+

(
R2

µ

15Dµ,c

)
µ

]−1

To determine ka, the terms used were the particle radius, Rp, C6H12 film transfer co-

efficient, kf,c, as calculated using Eq. (4.32) (Wakao and Funazkri, 1978), equilibrium

adsorbed amount at the inlet conditions, q̄c,z=0, inlet C6H12 concentration, Cc,z=0,

particle voidage, εp and the C6H12 pore diffusivity, Dp,c, which was determined by

the Bosanquent approximation using Eq. (4.30) (Yang, 1987). The microporous

resistance was used as a fitted parameter to alter the global rate coefficient to fit

experimental breakthrough times.

εb
∂(ρbyc)

∂t
+ εb∇ · (ρbycu) = εb∇ · (Dz,cρb∇yc)− ρpMr,c

1− εb
εb

∂q̄c
∂t

(6.4)

The equilibrium adsorbed amount of C6H12, qe,c, which was required to solve the LDF

equation was determined according to the Dubinin-Radushkevich (DR) isotherm

(Eq. (5.50)). The gas temperature was used and fixed at 25oC. Here the maximum

adsorbate capacity, qm, and characteristic adsorption energy, E, were determined by
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fitting to experimental isotherm data at a temperature of 25oC and are summarised

in Table 5.5, along with fitting root mean squared (RMSE) errors.

6.2.3 Initial and boundary conditions

The initial and boundary conditions for the steady state and transient model are

summarised in Table 6.4. For the continuity and momentum equations, the non-slip

boundary condition was imposed for all casing walls, including the outlet fins in

the base plate. For the two dimensional model, symmetry was defined by setting

the velocity and scalar variable gradients normal to the front and back faces of all

domains to zero. Similarly for the three-dimensional model the plane of symmetry

at the centreline of the cartridge was explained mathematically within each domain

by setting the velocity and scalar variable gradients normal to the plane of symmetry

to zero. For the transient simulations an additional boundary condition was set for

the inlet fraction of C6H12 as 1300 ppm in line with the experimental testing. The

velocity field solved from the steady state simulation, ufrozen, was used as the initial

condition in the transient balance.

Table 6.4: Initial and boundary conditions for the steady state continuity and
momentum equations and the transient transport equation.

Steady State

Inlet Outlet Wall Initial

mz=0 = 6.3 × 10−4 kg s−1 Pout = 101 kPa uw = 0 m s−1 ut=0 = 0 m s−1

Transient

yc,z=0 = 1300 ppm n · ∇yc|L = C yw,c = 0 ppm yc,t=0 = 0 ppm

mz=0 = 6.3 × 10−4 kg s−1 ut=0 = ufrozen

For the interfaces a gas to porous (Eq. (6.5)) and a porous to porous interface were

used (Eq. (6.6)), here i and j refer to the a given domain.

Dm,c,iρbn · ∇yc = Dz,c,jεb,jρbn · ∇yc Gas to porous (6.5)

Dz,c,iεb,iρbn · ∇yc = Dz,c,jεb,jρbn · ∇yc Porous to porous (6.6)
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6.3 Industrial data

Experimental data and adsorbent samples were kindly provided by an industrial

partner. The experimental data consisted of pressure drops across the pre-filter,

adsorbent bed and scrim domains in addition to numerous tests recording the C6H12

breakthrough time, tb,yc . The adsorbent samples were used to conduct further pres-

sure drop tests at numerous face velocities, uf .

6.3.1 Pressure drop

The most up to date data for the modelled filters, according to the industrial partner,

was pressure drop data provided for a single cartridge under a flow rate of 42.5 L

min−1 for the pre-filter, adsorbent bed and scrim domains, as shown in Table 6.5.

The adsorbent bed had a similar depth to that modelled of 10.9 mm and 10.5 mm,

respectively. It was clear from Table 6.5 that the highest pressure drop per unit

length was the pre-filter. However, as the depth of the pre-filter was short at 1.5

mm and the commercial device cross sectional area was sufficient to reduce the uf

to low values the pressure drop was maintained at reasonable values, further detail

is given in section 6.4.2.

Table 6.5: Pressure drop for the pre-filter, adsorbent bed and scrim, assuming
respective domain depths of 1.5 mm, 10.9 mm and 0.35 mm at a single cartridge
flow rate of 42.5 L min−1.

Test 1 2 3 Average St. Dev.

Pre-filter [kPa m−1] 309 306 319 311 6.68

Adsorbent bed [kPa m−1] 10.0 10.3 10.3 10.2 0.160

Scrim [kPa m−1] 4.29 5.71 8.57 6.19 2.18

Table 6.6: Pressure drop for the pre-filter, adsorbent bed and scrim, assuming
respective domain depths of 1.5 mm, 8.5 mm and 0.35 mm at flow rates of 10, 20
and 30 L min−1.

Flow rate [L min−1] 10 20 30

uf [m s−1] 0.35 0.58 0.87

Pre-filter [kPa m−1] 141 304 513

Adsorbent bed [kPa m−1] 5.92 14.3 29.3

Scrim [kPa m−1] 19.6 39.2 67.3
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Pressure drop data was also provided for an older filter for each of the functional

domains as shown in Table 6.6. This enabled the parameters, including dp and εb,

for the pressure drop sink terms, Eq. 6.2 and Eq. 6.3, to be defined for the pre-filter

and scrim domains. Although the carbon pressure drop was also given in Table

6.6, the parameters for the Ergun equation for the adsorbent bed domain was fitted

using data gathered at the University of Bath (UoB) using the adsorbent packing

provided by the industrial partner. The fitted model was then checked against the

averaged pressure drop in Table 6.5. The pressure drop resulting from the numerical

model was compared to the experimental pressure drop in section 6.4.2 to determine

whether the momentum sink terms were accurate and therefore, whether the general

flow profile was representative of the actual filter.

6.3.2 Breakthrough time

A distribution of C6H12 breakthrough times, based on the time to reach 30 ppm

C6H12 at the filter outlet, were provided by the industrial partner as shown by

Figure 6.8.

Figure 6.8: Distribution of experimental C6H12 breakthrough times provided by
the industrial partner. Breakthrough time was defined based on a 30 ppm C6H12

breakthrough.
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The data provided will be compared to the breakthrough times generated by the

numerical models formulated in section 6.2 and ka will be altered until the modelled

breakthrough time matches the experimental breakthrough time.

6.4 Results & Discussion

The velocity and pressure drop profiles within the filter were generated by solving

the steady state continuity and momentum equations and were used to identify

unfavourable flow patterns and dead zone within the device, characterised by low

velocity, diffusional flows, and high local pressure regions for both the two- and three-

dimensional geometries. In addition, consideration was given to transient adsorptive

profiles and breakthrough curves to firstly identify regions of inefficient mass transfer

and secondly to fit the microporous kinetic parameter within the kinetic model to

experimental breakthrough time to ensure a representative example of the actual

adsorption process.

6.4.1 Velocity profiles

Velocity profiles at different bed depths are depicted in Figure 6.9. The profiles

represent the velocity profile across the cross sectional area of the filter at different

bed depths, with Plane 1 representing the inlet to the adsorbent bed, depicting the

influence of the inlet casing covering the bed, see Figure 6.4, and Plane 4 representing

the base of the casing. At Planes 1 and 2 the casing covering the adsorbent bed inlet

significantly reduced the local plane velocity magnitude at the outer edges. At

Plane 3 and 4 the position of the outlet directed flow towards the device centre and

local high pressure regions at the case outer edges caused regions of low local plane

velocity, or dead zones, at the outer edges. Further, for Plane 4, the direction of flow

towards the central outlet caused a jetting effect within the base plate, as shown by

large velocity magnitudes, reaching a maximum of 2.7 m s−1, before the gas outlet.

For Planes 1, 2 and 3, the local velocity magnitude was greater directly above the

outlet port, due to the low pressures generated at the device centre, see Figure 6.13.

Understanding the velocity profile distribution of the complex geometries studied was

important as the velocity was directly used within the C6H12 component transport

equation which influence the mass transfer profile.
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Figure 6.9: Cross sectional velocity magnitude profiles at different bed depths for the three-dimensional geometry.
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The velocity and interstitial Peclet number, Pe, profile within the adsorbent bed

domain is shown in Figure 6.10 for the two-dimensional geometry. The Pe (Eq.

(6.7)) was calculated using the magnitude of interstitial velocity, uI , and dp as the

characteristic length. The velocity profile within the adsorbent bed highlighted dead

zones at the top corners where the casing lid covered the adsorbent bed and at the

bottom corners, where the casing directed flow towards the outlet domain. The Pe

profile was identical to the velocity profile and highlighted that within the deadzone

diffusional transport was dominant, which gave an initial indication of insufficient

advective mass transfer within these regions.

Pe =
|uI |dp
Dm

(6.7)

Figure 6.10: Velocity and interstitial Peclet profile for the adsorbent bed domain for
the two-dimensional geometry at a bulk gas flow rate of 32 L min−1. The red circles
indicate the dead zones.

6.4.2 Pressure drop

To ensure the magnitude of the pressure drop through the adsorbent bed was correct

the data gathered at the UoB using the adsorbent packing provided by the industrial

partner was used to enable the εb in the Ergun sink term (Eq. (6.2)) to be fitted

to the data by minimising the root mean squared error (RMSE) using the Excel

non-linear solver. The dp was fixed as 0.6 mm as found from the CT scan images

(Figure 6.4 and Figure 6.5) and the physical properties used were for air at 25oC and

included the air density, ρb = 1.18 kg m−1, and dynamic viscosity, µ = 1.83 × 10−5

Pa s. By using this approach the εb was found to be 0.33, with a RMSE of 0.0396

kPa m−1. The uf was calculated on the basis of the pre-filter inlet area from the
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geometry in Figure 6.2, as the cross sectional area for flow, which was determined

from the ANSYS CFX 17.0 software as 7420 mm2. For the cylindrical system used

at UoB the cross sectional area for flow was 1130 mm2. Considering the minimum

experimental pressure drop, for a face velocity of 0.0073 m s−1, was 0.732 kPa m−1,

the RMSE was deemed acceptable. A value of 0.33 is a reasonable packing voidage,

with values found within the range of 0.31 - 0.52 for packed beds (Shen et al., 2010;

Cavenati, Grande and Rodrigues, 2006; Farooq and Ruthven, 1990; Crittenden et al.,

2005; Brea et al., 2017; Dantas et al., 2010).

Figure 6.11: Experimental pressure drop data for the adsorbent carbon as provided
by the industrial partner at 42.5 L min−1 and provided by others at the UoB at
numerous uf . The Ergun equation (Eq. (6.2)) was fit to the pressure drop data

The fitted Ergun sink equation and experimental UoB and industrial pressure drop

data are plotted as a function of uf in Figure 6.11 indicating the good fit between

the model and experimental results. The fitted Ergun equation was interpolated

and extrapolated to cartridge flow rates of 32 L min−1 and 50 L min−1, respectively,
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to indicate the pressure drop expected for low and high flow conditions within the

adsorbent carbon bed. For the flow rates of 32 L min−1 and 50 L min−1 and for a

adsorbent bed depth of 10.5 mm the pressure drop can be predicted from the Ergun

equation as 76.5 Pa and 123 Pa, respectively.

Figure 6.12: Experimental pressure drop data for the pre-filter and scrim as provided
by the industrial partner for a test system at flow rates of 10 L min−1, 20 L min−1

and 30 L min−1. The Ergun equation (red lines) was fitted to the pre-filter and the
Carmen-Kozeny (black lines) equation to the scrim data.

A similar process was used to determined the magnitude of the pressure drop for

the pre-filter and the scrim using the data provided in Table 6.5, however both

the dp and εb were varied as dp was also unknown. For this test system the cross

sectional area for flow was 573 mm−2 which was used to determine the uf for the

three experimental flow rates. Once again the RMSE was minimised for each domain

against the experimental data using both the Ergun, Eq. 6.2, and Carmen-Kozeny,

Eq. 6.3, equation to determine the optimal momentum sink parameters for the pre-

filter and scrim, respectively. The resulting momentum sink curves and experimental

data are plotted in Figure 6.12. For both the pre-filter and the scrim the Ergun

equation provided the lowest RMSE of 7.71 and 0.408 kPa m−1, as opposed to 33.0

kPa m−1 and 4.41 kPa m−1 for the Carmen-Kozeny equation, respectively.
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Figure 6.13: Cross sectional pressure drop profiles at different bed depths for the three-dimensional model.
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Pressure drop profiles at different bed depths are depicted in Figure 6.13. The profiles

represent the pressure drop across the cross sectional area of the filter at different

bed depths, with Plane 1 representing the inlet to the adsorbent bed, depicting the

influence of the inlet casing covering the bed, see Figure 6.4, and Plane 4 representing

the base casing. Similarly to the velocity profiles, it was clear that the shape of the

base casing created areas of plane localised high pressure regions as the flow moves

around the solid structure, directing flow towards the outlet ports. At Plane 1, a

low local plane pressure was found at the filter edges due to the casing covering

the adsorbent bed, preventing incoming gas from flowing immediately into these

regions from the pre-filter. Another significant finding was that the location and

cross sectional area of the outlet created localised plane pressure drops, with high

local pressures at the outer case edge and lower local pressures towards the centre

of the filter, where the outlet was located. This was perhaps best exemplified by

Plane 4, where the base plate created channels and a subsequent pressure drop

of approximately 9 Pa. The pressure drop was suspected to be caused by two

contributions, 1) the accumulation of gas at the outer edges of the adsorbent bed

without and 2) the constriction of flow caused at the outer edges of the base plate,

causing the jetting effect explained in Figure 6.7 and Figure 6.9.

A summary of the domain and total pressure drops for the two- and three-dimensional

geometries are provided in Table 6.7 and the pressure profile of the two-dimensional

case at a flow rate of 32 L min−1 is shown in Figure 6.14. Both the two- and three-

dimensional cases had a similar pressure drop in each domain, providing evidence

that the two-dimensional case was a good representation of the filter in terms of the

mass and momentum equations solved. The total pressure drop of the device in both

cases was below the requirements specified by BS EN 403, which sets a maximum

pressure limit of 800 Pa (Technical Committee CEN/TC 79, 2004).

This can be compared to the benchmark packed bed studied in chapter 4, which

was of the same order of magnitude with an approximate pressure drop of 30 Pa,

although the system in hapter 4 had a bed length of 25 mm and a dp of 1 mm. From

the experimental pressure drop curves depicted in Figure 6.12 the pressure drop at

32 L min−1 and 50 L min−1 was expected to be 76.5 Pa and 123 Pa, respectively,

which when compared to the values shown in Table 6.7 shows the methodology of

using an Ergun momentum sink the fitted parameters was accurate. In terms of

the pressure drop profile, the dead zones identified in Figure 6.10, corresponded to
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regions of high pressures in the upper and lower corners of the adsorbent bed, forcing

flow away from these areas, which as shown in section 6.4.3 became problematic for

adsorption performance.

Table 6.7: Comparison of pressure drop for the pre-filter, adsorbent bed and scrim
domains for two- and three-dimensional geometries.

Case Pre-filter [Pa] Carbon [Pa] Scrim [Pa] Total [Pa]

32 L min−1

2-D 58 75 (80) 2 135

3-D 57 79 (80) 3 139

50 L min−1

2-D 93 122 4 219

3-D 92 128 5 225

(): Bracketed value represent experimental pressure drop from UoB data at a similar uf .

Figure 6.14: Pressure profile for the adsorbent bed domain for the two-dimensional
geometry at a bulk gas flow rate of 32 L min−1.

6.4.3 Adsorption

6.4.3.1 Mass transfer rate

A range of breakthrough times were provided by the industrial partner as shown in

Figure 6.8, which was defined as the time taken for the outlet concentration of C6H12

to reach 30 ppm. To ensure the mass transfer rate of adsorptive within the adsorbent

bed was of the correct order of magnitude, as verified by achieving a breakthough

time within the range specified, the microporous mass transfer resistance, ζµ, was

varied between 0 - 5000 s to alter the global mass transfer coefficient, ka. The film
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resistance, ζf , and macropore resistance, ζm, were calculated using Eq. (6.8) and

Eq. (6.9) and had constant values due to isotherm operating and a constant inlet

C6H12 concentration. By increasing ka the time-step had to be reduced in order

to maintain numerical stability i.e. to prevent the adsorption sink term calculating

negative component fractions.

ζf,c =
Rpq̄c,z=0

3kf,iCc,z=0

(6.8)

ζm,c =
R2

pq̄c,z=0

15εpDp,cCc,z=0

(6.9)

ζµ,c =
R2

µ

15Dµ,c

=
1

kµ,c
(6.10)

Table 6.8: Film, macropore and micropore mass transfer resistances with corre-
sponding global mass transfer coefficient and time-step required to solve the numer-
ical models, irrespective of geometry.

ζf,c [s] ζm,c [s] ζµ,c [s] ka [s−1] Time-step [s]

194 232 0 2.3 × 10−3 0.0006

194 232 1000 7.0 × 10−4 0.0025

194 232 5000 1.9 × 10−4 0.0025

6.4.3.2 Optimisation of time step at differing transfer rates

The optimal time step was found for each ka as recorded in Table 6.8 which was

achieved by simulating the adsorption process for 10 s at incrementally greater time

steps until a point of instability was reached. The largest time step was then chosen

which still provided a stable, accurate and convergent solution. A time step of 0.0025

s was optimal for both a ka of 7.0 × 10−4 s−1 and 1.9 × 10−4 s−1 and a time step

of 0.0006 s was optimal for a ka of 2.3 × 10−3 s−1. By optimising the time step for

the smaller ka values the simulation time was reduced by approximately 75%, on a

percentage difference basis, as displayed in Figure 6.15.

For time-steps of 0.0050 s and 0.0100 s, although these time-steps were greater

than 0.0025 s, the solution took longer to solve which was due to the inaccuracies or

instabilities present in the numeric model. For example the solution using a time step

of 0.005 s represented a convergent but inaccurate and unstable solution, reaching
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the same final solution at z = L but oscillated along its path, and using a time

step of 0.01 s represented an unstable, inaccurate and non-convergent solution. For

both inaccurate and unstable solutions further iterations occur to minimise residual

errors until a minimum value is reached or a maximum number of iterations set by

the user is reached which leads to the increased computation time shown in Figure

6.15.

Figure 6.15: Computation time as a function of time step to simulate 10 s of the
adsorption process for the two-dimensional geometry using a ka of 7.0 × 10−4 under
a flow rate of 32 L min−1.

6.4.3.3 Adsorption profiles

The transient simulations for C6H12 transport and adsorption were completed for a

representative duration of operation, when compared to FEM minimum use times of

above 15 minutes, as suggested by the BS EN 403 standard (Technical Committee

CEN/TC 79, 2004), with simulations achieved up to 40 min for the case using a ka

of 7.0 × 10−4 s−1. The adsorption rate of C6H12 was insufficient when ka was 1.9 ×
10−4 s−1 as instantaneous breakthrough occurred with an approximate concentration

of 60 ppm very shortly after simulation inception and therefore the simulation was

paused after 2 min.
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Figure 6.16: C6H12 contour profiles under a bulk gas flow of 32 L min−1, comparing
a (a) ka of 7.0 × 10−4 s−1 and a (b) ka of 1.9 × 10−4 s−1, highlighting the impact
of the casing on the mass transfer profile.

The C6H12 contour profile for the two-dimensional geometry is shown in Figure 6.16

(a) for a ka of 7.0 × 10−4 s−1. This profile was taken at the point when a break-

through of 30 ppm occurred, in line with the industrial testing conducted to create

the breakthrough time distribution in Figure 6.8. The breakthrough concentration

was calculated based on the average concentration over an outlet area specified be-

low the base plate domain, as shown in Figure 6.16. The profile in Figure 6.16 (a)

qualitatively shows that breakthrough occurring at the correct time, in comparison

to Figure 6.8 which had a mean breakthrough time of 32.6 min. In addition, it

highlights the cross sectional distribution of the C6H12 profile within the adsorbent

bed and the impact the inlet casing lid and the outlet shape had on the profiles.

The diffusional flow in these regions caused a non uniform distribution of the C6H12

contours across the cross sectional areas at all adsorbent bed depths. This high-
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lighted that at the outer edges of the device the adsorbent carbon was not being

fully utilised, in comparison to areas at the same depth, where a perfect scenario

would be a flat contour profile across a bed cross section. In this system the im-

perfection in the profile can be displayed by the axial deviation in the profile front

depth, at a constant concentration, from the adsorbent bed casing to a central point,

as shown by the mass transfer profile deviations in both Figures 6.16 (a) and (b).

The deviation depth for a ka of 7.0 × 10−4 s−1 and 1.9 × 10−4 s−1 was 3.5 mm and

2.5 mm, respectively.

Figure 6.17: C6H12 contour profiles at the base plate under a bulk gas flow of 32 L
min−1 using a ka of 1.9 × 10−4 s−1 to produce an instantaneous breakthrough.

As the three-dimensional geometry required 9.6 M elements to generate an accurate

solution the transient simulations took an excessive amounts of computation re-

sources and it was approximated that to simulate 40 min the compute time would be

over 150 weeks. However, using a ka of 1.9 × 10−4 s−1 caused an instantenous break-

through and therefore an instantaneous breakthourgh simulation was conducted to

study the three-dimensional C6H12 profiles within the device. Of special interest

was the base plate where the jetting effect was witness from the velocity profiles

in Figure 6.7 and Figure 6.9. Figure 6.17 displays the cross sectional C6H12 profile

across the base plate for a flow condition of 32 L min−1 after 20 s of simulated time.

This clearly showed that the C6H12 fraction was greatest towards the device outlet

and when compared to the outer-wall, the fractional difference reached 90 ppm. The

baffles in the base plate facilitated the expulsion of bulk gas out of the filter, as

previously determined from the velocity profiles, which directed the C6H12 towards

the device centre, also attributing to the fractional gradients found across the device.
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6.4.3.4 Breakthrough curve

The C6H12 breakthrough curve for a ka of 7.0 × 10−4 s−1 for the two-dimensional

geometry is shown in Figure 6.18. The breakthrough time predicted by the model was

approximately 31.7 min, whilst the mean experimental breakthrough time provided

by the industrial partner was 32.6 min, a percentage difference of 2.76%. This showed

that the accuracy of the model was sufficient to predict breakthrough times similar

to the experimental data, providing a good case for extrapolation of these models

to future case designs with differing geometric proportions but containing the same

adsorbent and challenge adsorptive properties.

Figure 6.18: C6H12 breakthrough curve for a ka of 7.0 × 10−4 s−1 for the two-
dimensional numeric model, indicating the difference between the numerically mod-
elled breakthrough time and mean experimental breakthrough time.

6.4.3.5 Geometric optimisation

Removal of the adsorbent under the casing lid would be key to improving the in-

dustrial filter in order to remove the mass transfer profile deviations across the

cross section of the adsorbent bed. To optimise the adsorbent bed section, whilst
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maintaining the same carbon mass and therefore the same adsorbate capacity, the

length of an optimised bed without the outer casing lid was calculated, providing an

’excluding lid’ geometry.

The cross sectional area of the bed, Ab, and the Ab excluding the area under the lid

were determined from the CAD geometry. By multiplying by the bed length of 10.5

mm, the volume of the bed, Vb, was calculated for both cases. From these volumes it

was found that the volume under the lid accounted for 9.39% of the total adsorbent

bed volume, as summarised in Table 6.9. Assuming the same ρp (770 kg m−3) and

εb (0.33) as used in the numeric model, the adsorbent mass, ma, within this volume

was 0.00417 g, provided an absolute molar adsorbed capacity, Na, of 0.00584 mol,

given a C6H12 fraction of 1300 ppm.

Table 6.9: Summary of geometric optimisation of the commercial FEM filter by
remove the outer volume under the casing lid and extending the adsorbent bed.

Ab [m2] 8.19 × 10−3

Ab, excluding lid [m2] 7.42 × 10−3

Vb [m3] 8.60 × 10−5

Vb, excluding lid [m3] 7.79 × 10−5

Percent outer volume [%] 9.39

ma [g] 44.4

ma, under lid [g] 4.17

Nc, under lid [mol] 0.00584

New bed length [mm] 11.6

To maintain an identical carbon mass to the original filter whilst removing the

adsorbent under the outer lid, additional length had to be added to the adsorbent

bed. This was calculated by dividing the original Vb by the Ab, excluding the lid.

From this calculation it was found that the length of the adsorbent bed would need

to be increased by 1.1 mm to 11.6 mm. This would ensure the adsorbent capacity

would be the same whilst improving the flow profile within the adsorbent section

by preventing mass transfer profile deviations at adsorbent bed cross sections. In

addition, an extension of 1.1 mm in axial length would still provide a small footprint

device in terms of axial length which would also limit pressure drop, predicted to be

80 Pa for a length of 1.1 mm as evaluated by the fitted Ergun equation.
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6.5 Chapter summary

The adsorption and transport processes within a commercial FEM filter was suc-

cessfully modelled to identify potential issues with the filter geometry and provide

potential solutions to improve adsorption performance. The industrial partner pro-

vided complex three-dimensional CAD design of the filter which were de-featured,

prepared and used as a template to fill with fluid. From the CAD drawings two- and

three-dimensional geometries were created, as the former had a low number of finite

volumes at 540 k finite volumes compared to 9.6 M for the three-dimensional model,

which permitted the transient adsorption equations to be solved for the full use time

of the filter. CT scans were also provided which were used to identify problematic

regions with respect to the filter geometry and to assess the particle diameter of the

adsorbent carbon which was found to be 0.6 mm.

Industrial data was provided by the industrial partner and by experimentation at

UoB for the pressure drop across different filter media. The experimental pressure

drop data within the pre-filter, adsorbent bed and scrim domains was used to fit mo-

mentum sink terms for use within the two- and three-dimensional numerical models,

providing a method to incorporate actual pressure drop within the model and to vali-

date the pressure drop simulation results across the filter. The momentum sink term

was based on the Ergun equation and was fitted for the carbon bed by minimising

the RMSE with respect to the εb which was found to be 0.33.

The velocity and pressure drop profiles, as determined by the solution of the steady

state continuity and momentum equations, for the two- and three-dimensional ge-

ometries highlighted stagnant regions of flow at the outer corners of the adsorbent

bed. This was identified by an axial contour plot of the Pe, which was low within

the stagnant regions (0.0-6.0) compared to the main bulk of the adsorbent section

(6.0-12), indicating flow became diffusion dominated at the outer corners. During

the mesh studies it was found that jetting of flow occurred within the base plate,

reaching a maximum velocity of 2.7 m s−1, as mass from the outer edge of the device

were projected towards the outlet. Axial pressure drop profiles were investigated and

little discrepancies were identified between the two- and three-dimensional models

and the experimental data for the carbon domain with respective values at a flow

rate of 32 L min−1 of 75 Pa, 79 Pa and 80 Pa, providing evidence that the numerical

models were a good representation of the filter in terms of pressure drop.
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By altering the microporous resistance within the global LDF coefficient, the break-

through time, as determined by solving the transient C6H12 transport equation,

could be corrected in order to provide a similar value to the experimental mean

breakthrough time, as provided by the industrial partners. This method was suc-

cessful and provided a simulated breakthrough time of 31.7 min, compared to a mean

experimental breakthrough time of 32.6 min. By quantitative inspection of the ad-

sorption contours, inconsistencies of the mass transfer profile across the adsorbent

cross section were identified which was attributed to the formation of stagnant zones

at the outer casing corners. Furthermore, an instantaneous breakthrough case for

the three-dimensional geometry was used to inspect the C6H12 profile at the base

plate, where the jetting effect was identified from the steady state velocity profiles.

From inspection of this case, a C6H12 concentration gradient was present between

the outer walls of the casing to the device outlet and at a simulated time of 20 s this

difference between these locations was approximately 90 ppm.

To optimise the device it was recommended to the industrial partner to remove

the adsorbent carbon directly under the inlet casing lid, which contained 9.39% of

the total adsorbent mass. In order to ensure an identical adsorbent capacity as the

original design, the length of adsorbent bed should be extended to be 11.6 mm. This

would remove the stagnant flow regions within the adsorbent bed and prevent mass

transfer profile inconsistencies at adsorbent bed cross sections.
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7 Structure optimisation

The ability to design fire escape filters with minimal pressure drop and excellent

adsorption performance are required to provide a step change in air purification

technology. This chapter aims to address this challenge by a numerical modelling

investigation of numerous short length monoliths containing different channel or hy-

brid channel geometries, where a hybrid channel contained a small section of packed

bed, for example. To ensure the geometries were classed as short, a maximum

monolith length of 1 cm was imposed, not including gaps within hybrid channel de-

signs. The channel geometries investigated were a square channel akin to those used

in previous chapters as a benchmark, a hexagonal channel and an s-bend channel

channel to generate a tortuous flow path. The hybrid channel geometries included

three square channelled monolith designs with progressively larger gaps between the

two channel sections and a square channelled monolith with a central adsorbent

packed bed between the channels. An s-bend geometry was included as often in

literature investigations are completed for different cross sectional channel shapes

and no changes in the axial structure are performed (Águeda et al., 2011; Sadeghi

et al., 2017). The adsorptive used to test each geometry with respect to adsorption

performance was cyclohexane (C6H12). The isotherm and kinetics were based on

the Dubinin - Radushkevich (DR) isotherm model and linear driving force (LDF)

model, respectively, with the isotherm and kinetic parameters defined in chapter 5.

7.1 Construction of channel geometries

Geometries were created within the ANSYS CFX 17.0 CFD software. A common

basis was set with respect to the overall face mask structure. Note that the ge-

ometry of the overall filter structure was not investigated and only the number of

monoliths and monolith dimensions were important. The assumptions for the filter

basis included:

1. The filter would contain an equal amount of carbon, therefore fixing the C6H12

capacity.

2. Each monolith had a maximum axial length of 1 cm when surrounded by a

carbon wall or containing a packed bed, for example, a monolith containing
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two 0.5 cm channels, with a 0.5 cm gap between would be acceptable.

3. The filter consisted of two cartridges and nine square faced monoliths and only

the channel geometry was permitted to change. An example configuration of

the monoliths is depicted in Figure 7.1.

4. A flow rate of 64 L min−1 of air containing 1500 ppm C6H12 was chosen as the

test gas which was distributed over the total number of channels across the

eighteen monoliths.

For each channel geometry a high and low cell density configuration was produced by

altering the characteristic channel dimension, dch, whilst holding the wall thickness,

tw, constant at a value of 0.4 mm, for aforementioned reasons in section 4.2.1, to

investigate whether changing to a more complex geometry was beneficial or by simply

reducing dch the adsorption performance of the device could be maximised.

Figure 7.1: Basis for construction of channel geometries permitting definition of
carbon weight, length, monolith width / height and channel width / height.
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7.1.1 Base case

A square channelled base case geometry was established for benchmarking purposes

and subsequent geometries were defined based on the base case dimensions. The

base case dimensions derived influence from the findings in this thesis which were:

1. An optimal wall to channel diameter was found to be approximately dch =

1.3 tw as summarised in Table 5.7.

2. A reasonable bulk voidage, εb, for a commercial respiratory filter was found to

be 0.33 by fitting experimental pressure drop data as explained in 6.4.2.

From this basis, and assuming a constant εb of 0.33 within each individual monolith,

a relationships can be derived for calculating dch for a constant εb and tw using the

following steps:

εb =
d2ch

(dch + tw)2
(7.1)

0 = d2ch · (εb − 1) + dch · 2twεb + εbt
2
w (7.2)

dch =
−2twεb ±

√
(2twεb)2 − 4 · (εb − 1) · εbt2w

2(εb − 1)
(7.3)

Due to the quadratic form of this equations two roots are determined with values

of dch = 0.54 mm and dch = -0.15 mm. As the second root is negative the positive

root can be accepted. Consequently, the value of 0.54 mm was close to the optimal

value determined for tw = 0.4 mm as summarised in Table 5.7 which satisfied the

aforementioned basis for the base case. The values of dch = 0.54 mm and tw = 0.4

mm defined the high CPI base case.

The total mass of adsorbent, ma, for the monolithic filter was set as 38.4 g. This was

determined from the optimal adsorbent bed cross sectional area, Ab = 7.42 × 10−3

m2, of the commercial filter as summarised in Table 6.9, if the filter had an adsorbent

bed length, La, of 1.0 cm. This provided a total adsorbent bed volume, Vb = 7.42

× 10−5 m2, which can be converted to the mass basis using the particle density of

activated carbon, ρp = 770 kg m−3. Once the ma was known the individual monolith
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diameter, dm, could be determined from number of monoliths, Nm, in the filter and

the geometry of the monoliths:

dm =

√
ma

NmρpLa(1− εb)
(7.4)

The dm was found to be 2.87 cm for an ma of 38.4 g, meaning a total filter width and

height of 8.61 cm × 8.61 cm, assuming no space between the monoliths. To enforce

the constant ma constraint, the mass of the filter for the high and low CPI cases

were set equal. The equation to calculate the ma for each case was then derived

(Eq. (7.5)) and by division of these equations to remove constants the constrained

dm was found for the low CPI case, dm,low, (Eq. (7.6) which was determined as 3.56

cm.

ma

ma

=
ρpNmL · d2m,high [1− εb,high]

ρpNmL · d2m,low [1− εb,low]
(7.5)

dm,low = dm,high

√
1− εb,low
1− εb,high

(7.6)

Once the dch and dm were determined for both cases, the number of channels per

monolith, Nch, and CPI were determined. The mass flow rate per channel, mch, was

found by assuming a per cartridge flow rate of 32 L min−1 divided by the number of

monoliths per cartridge and Nch. A summary of the calculated dimensions and flow

conditions is summarised in Table 7.1 and a depiction of the base case geometry is

shown in Figure 7.2 (a) and (b).

7.1.2 Hexagon

The derivation for the geometric dimensions of the hexagonal geometry was started

by setting the hydraulic diameter, dhyd, of the hexagon to that of the square channel

diameter, dch = dhyd. By including this constraint, the formula for dhyd (Eq. (7.7))

can be used to determine the hexagon edge length, a, whilst maintaining an equal

Reynolds number, Re.
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Figure 7.2: Base case geometry: (a) Front view of a single channel unit, indicating the modelled region, the (b) the isometric
view, consisting of an inlet space, adsorbent section and an outlet space, the (c) front view comparison of a channel, gap and
packed bed unit, indicating the modelled region and (d) gap or packed bed (hybrid) geometry, highlighting the adsorbent and
gap or packed bed section:
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Figure 7.3: Hexagon geometry: (a) Front view of a the square faced monolith filled with hexagonal channel units, the (b) the
front view of a single hexagonal unit, defining the characteristic dimensions, the (c) isometric view of three hexagonal units
and (d) front view of three hexagonal units, indicating the position of symmetry used to defined the modelled region.
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dhyd = dch =
4A

P
=

√
3a2

a
=

√
3a (7.7)

The ma was maintained by comparison to the ma of the base case (Eq. (7.8)) and by

division of these equations to remove constants, the constrained monolith diameter

for the hexagon, dm,hex, was found (Eq. (7.9)). This process was completed for both

the high and low CPI case by comparison to the respective base case geometries.

ma,base

ma,hex

=
ρpNmL · d2m,base [1− εb,base]

ρpNmL · d2m,hex [1− εb,hex]
(7.8)

dm,hex = dm,base

√
1− εb,base
1− εb,hex

(7.9)

The hexagonal bulk voidage, εb,hex, was determined by dividing the hexagonal chan-

nel area, Ahex, by the hexagonal unit area, Ahex,u, which included the wall, as shown

in Figure 7.3 (b). To determine Ahex,u the hexagonal unit edge length, y, was

determined by Eq. (7.10) and Eq. (7.11).

x =
tw

2 cos(30oπ/180o)
(7.10)

y = a+ x (7.11)

The Ahex,u can then be found by using the standard equation for the area of a

hexagon, only using y, instead of a, enabling the εb,hex to be evaluated:

εb,hex =
3
√
3a2/2

3
√
3y2/2

(7.12)

It was found that the εb,hex was identical to the base case for the low and high CPI

and therefore dm,hex = dm,base. This was expected due to the equal ma constraint.

The CPI for the hexagon geometries was greater due to the Ahex,u being lower than

the square channel unit area, Abase,u, with respective values of 2.22 mm2 and 2.56

mm2.
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7.1.3 Gap and packed bed

Both packed bed and gap geometries had the same channel dimensions as the base

case geometry. Therefore, the dm and CPI were identical to the base case. The gap

geometry, shown in Figure 7.2 (d), consisted of a central section without a bounding

adsorbent wall, surrounded by two adsorbent channel sections with a combined La

of 1.0 cm. Three gap lengths, Lg, were investigated with lengths of 0.10 cm, 0.25 cm

and 5.0 cm with the aim of producing a flat velocity profile within the gap sections

to improve adsorption performance in the following adsorbent section.

The packed bed geometry, consisted of a central packed bed section, sandwiched be-

tween two adsorbent channel sections. As both the packed bed and channel sections

consisted of activated carbon the total monolith length was held at 1 cm, with the

packing section being 0.10 cm in length and the surrounding channels were 0.45 cm

long. The εb of the packed bed, for both the low and high CPI cases was 0.33, in line

with the commercial respiratory filter packing discussed in section 6.4.2. Although

this caused ma to be greater in the low CPI case, as the εb of the packing did not

match the εb of the channels, it is more common for packed bed εb to be at or below

0.4 and so the choice was made to break the equivalent mass basis for this case and

favour the accuracy and suitability of the industrially available data.

7.1.4 S-bend

An S-bend geometry was constructed with the aim of creating a more tortuous

flow path, promoting the contact of C6H12 with the adsorbent wall and to increase

residence time. Unlike the straight channel geometries, with the S-bend geometry,

there was no visible line straight through the channel to the outlet. When defining

the dimensions of the S-bend, thought was given to the resulting pressure drop and

therefore a single S-bend was used, as multiple bends within a 1 cm long monolith

would create an excessive pressure drop in addition to being difficult to manufacture.

An S-bend geometry can be thought of as a hybrid between a straight channel and

a packed bed, providing the benefit of increased tortuousness whilst minimising the

pressure drop due to well defined and repeatable units.
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Figure 7.4: S-bend geometry: (a) Front view of the square faced monolith indicating the lost monolith space due to the S-bend,
the (b) the front view of a single S-bend unit, indicating the modelled region, and definitions of the arc dimensions, the (c)
isometric view of the S-bend unit, indicating arc and axial length and (d) a cut view showing the modelled regions for the low
and high CPI cases.
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Table 7.1: Summary of geometric dimensions for the high and low CPI cases for each geometry

Base Hexagon Gap Packed bed S-bend

Low High Low High Low High Low High Low High

Channel diameter dch, mm 1.2 0.54 - - 1.2 0.54 1.2 0.54 1.2 0.54

Hexagon edge length a, mm - - 0.69 0.31 - - - - - -

Particle diameter dpb, mm - - - - - - 0.60 0.60 - -

Monolith diameter dm, cm 3.56 2.87 3.56 2.87 3.56 2.87 3.56 2.87 3.86 2.94

Adsorbent length La, cm 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Gap length Lg, cm - - - - {0.10, 0.25, 0.50} 0.10 0.10 - -

Arc length Larc, cm - - - - - - - - 1.21 1.21

Arc length rarc, cm - - - - - - - - 0.289 0.289

Lost monolith diameter dloss, cm - - - - - - - - 0.144 0.144

Unit cross sectional area Au, mm2 2.56 0.879 2.22 0.761 2.56 0.879 2.56 0.879 2.56 0.879

Channels per monolith Nch, - 494 938 571 1083 494 938 494 938 540 885

Cells per square inch CPI, - 252 734 291 848 252 734 252 734 233 662

Bulk voidage εb, - 0.56 0.33 0.56 0.33 0.56 0.33 0.56 0.33 0.63 0.35

Adsorbent mass ma, g 38.4 38.4 38.4 38.4 38.4 38.4 40.4 38.4 38.4 38.4

Reynolds number Re, - 6.40 7.53 6.40 7.53 6.40 7.53 6.40 7.53 5.86 7.98

Entrance length Le, cm 0.0442 0.0233 0.0510 0.0269 0.0442 0.0233 0.0442 0.0233 0.0404 0.0247
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Starting from the basis of dch = 1.2 mm, tw = 0.4 mm, which was maintained

throughout the length of the S-bend, for the low CPI case and a total axial length

of 1 cm, by tracing the square cross section along an arc length, the characteristic

dimensions for the S-bend was determined. By using Figure 7.4 (a) and (b) for

reference, the arc radius, rarc, was found using Eq. (7.13). Here the arc angle, θarc,

was set as 120o, providing an rarc of 0.29 cm

rarc =
L

4sin(θarcπ/360)
(7.13)

Addition carbon was required at the outer edges of the monoliths as the S-bends

approached the bounding monolith wall as the shape was traced through the length

of the structure as shown in Figure 7.4 (a). This additional width, defined as the

lost monolith width, dloss, was calculated using Eq. (7.14).

dloss = rarc −

√
r2arc −

(
L

4

)2

(7.14)

Once dloss was calculated, which for both the low and high CPI cases was dloss =

0.144 cm, this was added to the dm from the base case to determine the S-bend

monolith width and height, which for the low CPI case was dm,low = 3.86 cm and

for the high CPI case was dm,high = 2.94 cm. As there was no dloss across the height

of the monolith, the S-bend channels could be packed more efficiently. Therefore,

a different number of channels were found within the monolith height and width,

where the total was calculated by Eq. (7.15) and for the low and high CPI case was

540 and 885, respectively.

Nch =
dm(dm − 2dloss)

(dch + tw)2
(7.15)

Finally, to give an indication of the additional length traversed by the adsorptive

along the channel due to S-bend, the arc length, Larc, was calculated by Eq. (7.16)

and for both cases was 1.21 cm, 0.21 cm longer than the centreline length of the

base case.
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Larc = 4rarc
θarcπ

360
(7.16)

7.2 Numerical modelling

Three-dimensional numerical models were produced for all the geometries sum-

marised in Table 7.1. Solutions to these numerical models were completed using

ANSYS CFX 17.0. The first step was to find solutions for the frozen flow profiles,

as achieved by solving the steady state continuity and momentum equations. This

provided values for the localised velocity profiles and axial pressure drop for each

geometry. A turbulent model was not considered because, as shown by the Reynolds

numbers in Table 7.1, the flow profile was within the laminar regime. Additionally,

and in all cases, transport and adsorption of C6H12 within the device was modelled

by solving the transient component balance equations with an adsorption sink term,

represented by a LDF term. All simulations were isothermal at a temperature of

25oC and therefore heats of adsorption were neglected as this would have negligible

effects on the results.

7.2.1 Operating conditions

The global operating conditions and packed bed properties were similar to those used

for the commercial mask testing, as specified in section 6.2.1, Table 6.3 for standard-

isation of testing purposes. Therefore, a flow rate of 32 L min−1 per cartridge was

used with an C6H12 inlet fraction 1500 ppm.

7.2.2 Governing equations

The governing equations will be defined with respect to the type of domain. Four

types of domain existed for the aforementioned geometries and included the monolith

channels, the porous monolith walls, gaps between channels sections and packed beds

between channel sections. Each of these domains had a specific set of steady state

and transient equations, describing the flow and component profiles, respectively.

The global assumptions for the simulations were:
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1. Ideal gas law applied due to operation at ambient temperatures and pressures.

2. The flow was compressible and Newtonian.

3. The region of symmetry containing a subset of the channels was deemed to be

representative of the larger structure.

4. The physical properties of air at 25oC were used to generate the frozen flow

profiles.

5. The conditions were isothermal and held at 25oC.

6. The frozen flow profiles were acceptable for initialisation of the component

transport equations to simulate the adsorption process.

7. εb and pore voidage, εp, were constant throughout meaning the porous regions

were homogeneous.

7.2.2.1 Channel

The steady state continuity (Eq. (4.15)) and momentum (Eq. (4.16)) equations

were solved within the gas channels to determine the frozen velocity, u, profiles

and absolute pressure, P , profiles. The component transport equation (Eq. (5.59))

provided the solution of the C6H12 fraction, yc, both spatially and temporally.

Three types of domain interfaces were present in contact with the channels for the

transient component balances, which included a channel to porous wall (Eq. (7.17)),

channel to gap (Eq. (7.18)) and channel to packed bed (Eq. (7.19)) interfaces. For

these expressions i and j refer to a given domain. These expressions assume that the

diffusive fluxes at the interfaces are continuous.

Dm,c,iρbn · ∇yc = Dp,c,jεp,jρbn · ∇yc Channel (or gap) to porous wall (7.17)

Dm,c,iρbn · ∇yc = Dm,c,jρbn · ∇yc Channel to gap (7.18)

Dm,c,iρbn · ∇yc = Dz,c,jεb,jρbn · ∇yc Channel to packed bed (7.19)

7.2.2.2 Porous channel walls

As the transport of adsorptive within the porous walls was purely diffusive the veloc-

ity field was initialised and fixed with a value of 0 m s−1. The following assumptions

were applied to the porous channel walls:
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1. The porous channel walls was treated as homogeneous and had a constant εp.

The εp was determine by helium pycnometry as summarised in Table 4.9.

2. The porous wall consisted of a macroporous network and within the wall trans-

port was purely diffusive.

3. The microparticles were assumed to be spherical and the transport resistances

within these particles can be defined by the microporous LDF model.

The transport of adsorptive within the porous walls was solved using the porous

component diffusive transport equation (Eq. (5.60)). The pore diffusivity, Dp,c, was

determined by the Bosaquent approximation (Eq. (4.30)) (Yang, 1987). To calculate

the microporous LDF coefficient, ka, the parameters from Table 5.6 in combination

with Eq. (5.49) were used. To calculate the equilibrium amount adsorbed, qe,c, of

C6H12 was described by the DR isotherm (Eq. (5.50)) using the parameters from

Table 5.5 at 25oC. To prevent numerical instability at low partial pressures, the first

5 Pa were linearised using a Henry’s law relationship; the method can be found in

chapter 4, section 4.2.3. A final interface transport term was required for the porous

wall to describe the transport from the porous wall to the packed bed (Eq. (7.20)).

Dp,c,jεp,jρgn · ∇yc = Dz,c,jεb,jρgn · ∇yc Porous wall to packed bed (7.20)

7.2.2.3 Gaps

The u and P profiles were determined using the steady state continuity (Eq. (4.15))

and momentum (Eq. (4.16)) equations and the component transport equation (Eq.

(5.59)) was solved to describe the transport of C6H12. Two domain interfaces were

present for the gap domain and included the gap to porous wall (Eq. (7.17)) and

gap to channel (Eq. (7.18)) interfaces.

7.2.2.4 Packed beds

The steady state continuity (Eq. (4.15)) and momentum (Eq. (6.1)) equations were

solved within the packed bed domain to determine u and P profiles. The packed bed

momentum equation contained a momentum sink term, Sm, to describe momentum

losses within the packing due to viscous and kinetic effects using the Ergun equation

(Eq. (6.2)) (Shafeeyan, Wan Daud and Shamiri, 2014).
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1. The packed bed was treated as homogeneous and had a constant εb. Addition-

ally, the εp was held constant.

2. A single momentum loss term, based on the Ergun equation, was defined as

the porous domains was assumed to isotropic.

3. The rate of adsorption was describe by a global LDF approximation (Eq.

(5.40)).

4. The LDF coefficient was the reciprocal of the sum of the film, macropore and

micropore mass transfer resistances (Eq. (4.37)).

5. The qe,c was identical to the porous channel wall domain to ensure a fair

comparison of adsorption performance when including the packed bed domain

and was therefore determined by the DR isotherm (Eq. (5.50)) using the

parameters from Table 5.5.

6. The εp was determine by helium pycnometry as summarised in Table 4.9.

The transport of C6H12 through the interstitial gas phase of the packed bed domain

was solved using the packed bed component transport equation (Eq. (6.4)). The

axial diffusivity, Dz,c, was calculated from Eq. (4.31), using the correlation proposed

by Wakao and Funazkri (1978). Two domain interfaces were present for the packed

bed domain and included the packed bed to channel (Eq. (7.19)) and porous wall

to packed bed (Eq. (7.20)).

7.2.3 Boundary and initial condition

The boundary and initial conditions for the steady state continuity and momentum

equations are summarised in Table 7.2. The inlet mass flow rates are expressed in

terms of a single channel for both the high, mch,high, and low, mch,low, CPI cases.

These flow rates were identical for the base, gap and packed bed geometries as the

Au and Nch for these geometries were identical whereas the hexagon and s-bend

channels, variations in these parameters were present, respectively. The non-slip

boundary condition was imposed for all channel walls.

The boundary and initial conditions for the transient transport equation are sum-

marised in Table 7.3. The velocity field was initialised as the frozen profile solution

from the steady state results and all domains started with a zero fraction of C6H12.

At the channel inlet, for all geometries, the mass flow rate was set as the value in

Table 7.2, however an inlet fraction of 1500 ppm C6H12 was introduced to investigate
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adsorption performance.

In both models symmetry was defined by setting the velocity and scalar variable

gradients normal at the boundary edges of the modelled regions which is shown for

each geometry in Figures 7.2, 7.3 and 7.4.

Table 7.2: Initial and boundary conditions for the steady state continuity and
momentum equations for each geometry.

Steady State

Geometry Inlet Outlet Wall Initial

Base mch,low = 0.141 µg s−1 Pout = 101 kPa uw = 0 m s−1 ut=0 = 0 m s−1

mch,high = 0.0741 µg s−1

Hexagon mch,low = 0.121 µg s−1 Pout = 101 kPa uw = 0 m s−1 ut=0 = 0 m s−1

mch,high = 0.0641 µg s−1

Gap mch,low = 0.141 µg s−1 Pout = 101 kPa uw = 0 m s−1 ut=0 = 0 m s−1

mch,high = 0.0741 µg s−1

Packed bed mch,low = 0.141 µg s−1 Pout = 101 kPa uw = 0 m s−1 ut=0 = 0 m s−1

mch,high = 0.0741 µg s−1

S-bend mch,low = 0.129 µg s−1 Pout = 101 kPa uw = 0 m s−1 ut=0 = 0 m s−1

mch,high = 0.0785 µg s−1

Table 7.3: Initial and boundary conditions for the transient transport equation for
all geometries.

Transient

Inlet Outlet Wall Initial

yc,z=0 = 1500 ppm n · ∇yc|L = C yw,c = 0 ppm yc,t=0 = 0 ppm

ut=0 = ufrozen

7.3 Results and Discussion

Each geometry was compared on the basis of velocity profile, pressure drop and

adsorption performance. Velocity profiles were investigate at the channel cross sec-

tional areas at fully developed flow and at points of interest along the axial geometry

length, for example, at the gaps, packed bed and constrictions within the S-bend. A

comparison of the pressure drop will be conducted for the low and high CPI cases to

determine the impact of a more complex geometry. Adsorption performance will be

assessed by qualitative assessment of adsorption contour plots at two-dimensional
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planes within the geometries in addition to quantitative assessment by plotting cen-

treline C6H12 profiles and breakthrough curves. Finally, a critical bed depth will be

determined for the base case geometry, by plotting the breakthrough time for differ-

ent base case lengths, which will enable the evaluation of a global LDF coefficient

using the Wheeler Jonas equation.

7.3.1 Steady state velocity profiles

The entrance length to achieve fully developed flow was calculated by Eq. (7.21) and

was used a reference point to qualitatively assess the cross sectional velocity profiles

beyond this distance for the channel domains in each geometry (Coulson et al., 1999).

As shown by Table 7.1, the maximum entrance length was 0.0510 cm and 0.0269 cm

for the low and high CPI cases of the hexagonal geometry, respectively. This was

due to a slightly greater hydraulic diameter afforded by the hexagonal channels than

other geometries. Therefore, the cross sectional velocity profiles shown in Figure 7.5

were taken at 0.25 cm for all geometries and CPI cases as a fair comparison aside

from the S-bend cross section in Figure 7.5 (d) which was taken at an axial length

of 0.50 cm to indicate the impact of the flow constriction.

Le = 0.0575Redhyd (7.21)

Figure 7.5 (a) and (b) depict the velocity profile for the base geometry for the low

and high CPI case, respectively. This indicated that although the mch was lower

for the high CPI case due to a greater number of channels, the velocity was greater

due to a constricted cross sectional area. The hexagonal channels, shown in Figure

7.5 (c), had a cross sectional velocity profile more characteristic of a circular pipe

geometry, unlike the square channels where velocity profile deviated from a circular

profile occurs within the corners of the square. The cross sectional velocity profile

at the point of flow constriction with the S-bend channel is shown in Figure 7.5 (d).

As air was forced into a constricted flow area half-way along the S-bend, to maintain

continuity, the velocity at the centre of the channel increased.

A better understanding of the flow within the S-bend geometry was determined by

depiction of the axial velocity contours at the central plane of the S-bend for the

low CPI and high CPI cases in Figure 7.6 (a) and (b), respectively. In Figure 7.6
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Figure 7.5: Cross sectional velocity profiles for the (a) high CPI base, packed bed
and gap geometry channels (z=0.25 cm), the (b) low CPI base, packed bed and gap
geometry channels (z=0.25 cm), the (c) high CPI hexagonal channel (z=0.25 cm)
and (d) the constriction point of the high CPI s-bend geometry (z=0.50 cm).

(a), the red lines indicate the cross sectional width was constant irrespective of axial

length. By holding the width consistent, which was important when concerning how

the channels fit together in the wider monolith structure, a constriction in the dch

perpendicular to the direction of flow occurred, causing the region of high velocity

at the channel centre. The maximum velocity, |u|max, occurring at the constriction

for the low and high CPI case was 0.26 m s−1 and 0.83 m s−1, respectively, which

indicated that reducing the dch had a significant impact on the flow constriction

width and |u|max. The constriction had the advantage of reducing the thickness of

the laminar layer as shown in Figure 7.6 (a) and (b) by the thinner blue velocity layer

contour next to the wall. The additional impact of holding the width consistent was

two regions of expansion perpendicular to the region of flow, which had the impact of

reducing the velocity in this regions. These are two competing factors of the S-bend
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geometry in terms of pressure drop, where a constriction would be detrimental and

an expansion would be complimentary.

Figure 7.6: Central plane of the axial velocity contour profiles for the (a) low CPI
S-bend and (b) high CPI S-bend geometries.

Figure 7.7 (a) shows the axial velocity contours for the high CPI packed bed and

Figures 7.7 (b - d) show gap domains of different lengths. The region containing

the packed bed is shown in Figure 7.7 (a). The velocity in this region was greater

when compared to the gap geometries due to the volume occupied by the adsorbent

carbon, amounting to the fraction of 1 − εb. Within the packed bed domain, the

flow was not completely redistributed from a parabolic to a flat profile as illustrated

by the overlapping of the residual channel exit and entrance profiles, suggesting

the packed bed domain could be lengthened further to flatten the velocity profile

and prevent jetting from one channel to the next. As, the εb was identical in the

packed bed domain and high CPI channel domain, the volume averaged velocity,

|u|av, was similar at 0.23 m s−1 and 0.22 m s−1, respectively, however the maximum

velocity at the centre of the high CPI channel was 0.23 m s−1 greater than the

packed bed domain, which was identified as potentially detrimental to instantaneous

breakthrough.

193



The aim of the gap geometries was to include a space to redistribute the flow from a

parabolic to a flat profile, with the aim of reducing the flow velocity and improving

adsorptive - wall contacting by proving another inlet channel wall face. A shown by

Figure 7.7 (b), a gap length of 0.10 cm was too short to redistribute the flow before

the entrance of the second channel domain because the parabolic contour profiles

produced by the exit and entrance of the channels overlapped. The geometry in

Figure 7.7 (c) has a gap of 0.25 cm and provided an example of fully redistributed

flow, as indicated by the flat contour profile within the gap domain. In addition, the

approximate maximum axial lengths of the exit and entrance parabolic flow profiles

are indicated, with lengths of 0.085 cm and 0.045 cm, respectively. This suggested

that for the high CPI case a gap of 0.13 cm would be sufficient to redistribute the

flow and that the 0.50 cm gap illustrated in Figure 7.7 (d) was excessive.

Figure 7.7: Axial velocity profiles for the (a) high CPI packed bed domain, the (b)
high CPI 0.10 cm gap domain, the (c) high CPI 0.25 cm gap domain and the (d)
high CPI 0.50 cm gap domain.

The average, Λav, and minimum, Λmin, residence time for the low and high CPI

case were evaluated and summarised in Table 7.4 for each domain to provide a value

for the amount of time the adsorptive would spend within different domains. The

Λav was determined by dividing La or the Larc for the S-bend by |u|av and Λmin

was determined using the same method but by |u|max at the channel centre or the

channel constriction for the S-bend.
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Table 7.4: Average and maximum velocities and residence times for each geometry.

Geometry |u|av Λav / L |u|max Λmin / L

[m s−1] [ms cm−1] [m s−1] [ms cm−1]

Base channel

Low 0.083 121 0.17 58

High 0.22 46 0.45 22

Hexagon channel

Low 0.082 122 0.17 60

High 0.22 46 0.44 23

Gap*

Low 0.048 138 NA 88

High 0.074 64 NA 45

Packed bed

Low 0.15 116 NA 59

High 0.23 46 NA 24

S-bend channel

Low 0.090 135 0.26 46

High 0.28 43 0.83 14

NA: Values not applicable as velocity profile was flat in these domains, thus |u|av = |u|max.

*: The gap geometry reference had a gap length of 0.25 cm.

For the S-bend channel, conflicting conclusions could be drawn when comparing the

Λav / L for the low and high CPI cases. The low CPI S-bend had the greatest Λav

/ L of all the channel only geometries at 135 ms cm−1, a 12 % percentage difference

improvement over the base channel. However, for the high CPI case, Λav / L was

lower at 43 ms cm−1, 6.5 % lower than base channel, meaning the adsorptive would

occupy adsorbent regions of the device for less time. The opposing findings for the

low and high CPIs indicated that there would be an optimum S-bend dch, maximising

Λav / L to improve time spent by the adsorptive within the channels.

The gap geometry had the greatest Λav / L and Λmin / L of all the geometries due

to the extension of the filter length by incorporation of a gap, with a total filter

length of 1.25 cm, in addition to the fact |u|av was lowest in the gap. For the packed

bed geometry the εb within the adsorbent bed was 0.33 for both the high and low

CPI cases, which differed from the adjacent channels for the low CPI case with a

value of 0.56. Due to the lower εb compared to the adjacent channels, the Λav / L
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was lower than the base case geometry with respective values of 116 ms cm−1 and

121 ms cm−1. As εb was equal for the high CPI case for the adsorbent bed and the

surrounding channels the Λav / L was the identical to the base case with a value of

46 ms cm−1. Based solely on residence times the recommended filter would be the

low CPI gap geometry, with the greatest Λav / L and Λmin / L.

7.3.2 Pressure drop

The pressure drop was evaluated between the channel inlets and outlets for the full

axial length of each geometry and has been summarised in Figure 7.8. For the low

and high CPI cases the pressure drop was almost identical for base, hexagon and

gap geometries.

Figure 7.8: Axial pressure drop for each geometry at low and high CPI cases.

The packed bed geometry had the greatest pressure drop of all the geometries for

both the low and high CPI cases as, in reality, the flow would traverse the tortuous

path through the interstitial spaces of the packing voids. As mentioned, the loss

of momentum was described by a sink term based on the Ergun equation (Eq.
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6.2) which accounted for pressure loss due to the viscous and kinetic energy losses

(Shafeeyan, Wan Daud and Shamiri, 2014). A minor increase in pressure drop for

the low CPI S-bend case of 0.2 Pa over the base case was calculated and attributed

to the constriction of flow at the axial centre of the S-bend causing an increase in

|u|max of 0.090 m s−1 over the base case. For the high CPI case, the flow constriction

caused a |u|max of 0.83 m s−1, attributing to the increase in axial pressure drop to

8.0 Pa. However, due to the short length designs of the monoliths in this chapter,

in all cases, the pressure drop was below the acceptable limit of 800 Pa imposed by

BS EN 403:2004 (Technical Committee CEN/TC 79, 2004) and therefore was not a

design constraint in this instance, highlight the improvement of unitary channelled

adsorbents over packed bed counterparts.

7.3.3 Breakthrough concentration

Fire escape masks are tested on the basis of preventing a given toxic challenge gas

concentration at the filter outlet breaching a maximum concentration after a given

minimum use time, known as the breakthrough time, tb, as set by design standards,

such as in BS EN 403:2004 and BS EN 14387 (Technical Committee CEN/TC 79,

2004, 2008). However, for this chapter, due to the short axial lengths studied, break-

through occurred instantaneously in most cases and it was more representative to

compare the different geometries based on the breakthrough fraction at one minute,

yc,t=1min, of simulation time.

The yc,t=1min is summarised in Figure 7.9 and in general differences in yc,t=1min

between geometries were more significant for the low CPI cases, ranging from 60.9

ppm to 27.7 ppm as opposed to 34.6 ppm to 29.0 ppm for the high CPI case. This

suggested that increasing CPI by reducing dch improved adsorptive mass transfer into

the monolith walls. This was a finding in Chapter 5 from Figure 5.12 (b) for square

channelled monoliths which identified optimal an dch for a given tw. In addition,

by increasing CPI the impact the geometry had on yc,t=1min was less significant as

suggested by the range of 34.6 ppm to 29.0 ppm.

The worst performing adsorption occurred for the low CPI base channel geometry

with a yc,t=1min of 60.9 ppm which was attributed to two reasons. Firstly, compared

to the hexagonal channel, which was the only other straight channel geometry, the

base channels had poorer packing efficiency, as evident by the lower Au and high
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Figure 7.9: Comparison of breakthrough C6H12 fraction at the channel outlet at a
simulation time of 1 min for low and high CPI cases.

CPI of the hexagonal geometry. Secondly, there was a lack of axial obstruction or

redistribution of flow, as with the gap, packed bed and S-bend geometries. The

worst performing high CPI geometry in terms of yc,t=1min was the S-bend, which

was attributed to the flow constriction at the axial centre of the channel, shown in

Figure 7.6 (b), which caused the lowest Λav / L and Λmin / L of all the geometries

and cases.

The optimal geometry in terms of yc,t=1min, was the low CPI S-bend with a yc,t=1min

of 27.7, indicating that by including an obstruction to the bulk flow in the form of

an S-bend, the severity of instantaneous breakthrough of C6H12 was reduced. This

correlated well with Λav / L as summarised in Table 7.4, which was greatest for the

low CPI S-bend at 135 ms cm−1 compared to 121 ms cm−1 for the base channel; the

gap geometry had a greater Λav / L but this was irrelevant due to the additional

gap length.

In addition, the packed bed geometry was optimal for the high CPI case, which
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confirms that the addition of an obstruction to short channelled monoliths, forcing

the flow on a more tortuous path, provided a benefit in terms of yc,t=1min, whilst still

permitting a low pressure drop, due to the hybrid nature of the design.

7.3.4 Adsorption profiles

To provide further insights regarding the adsorptive mass transport with different ge-

ometric structures, quantitative and qualitative representation of adsorption profiles

within the functional domains were investigated.

Figure 7.10: Axial C6H12 profiles, normalised by the total distance of the monolith
channel centre line for each geometry for the low CPI case at a simulation time of 1
min. The gap geometry had a 0.25 cm gap domain.

The C6H12 profiles along the monolith channels normalised against the axial length

are shown in Figure 7.10. The shape of the curves for the base, hexagon and S-bend

geometries were all similar, as these geometries were all complete channels without

additional gaps. At any given axial distance within the channel, the profiles show

the fraction of C6H12 was greatest in order of base > hexagon > S-bend, once more

suggesting the obstruction included by the low CPI S-bend geometry promoted mass
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transfer of adsorptive above less tortuous designs.

The gap and packed bed geometries had noticeably altered profiles over the channel

only designs. Due to the lack of adsorbent within the gap the profile plateaued as no

adsorption occurred and flattening the velocity profile made little difference with a

6.3% reduction in yc,t=1min over the base geometry. Within the packed bed domain

a dramatic decrease in the fraction of C6H12 occurred as the bulk flow from the

channel was directed into the adsorbent packing.

Figure 7.11: Comparison of the top planar view C6H12 fraction contours for the (a)
low CPI S-bend and (b) high CPI S-bend geometries at a simulation time of 1 min.

A visualisation of the C6H12 contours for the low and high CPI S-bend geometry for

a simulation time of 1 min is shown in Figure 7.11. By looking at the distance be-

tween neighbouring contours, each showing a yc delta of 150 ppm, a clear correlation

between the velocity contours shown in Figure 7.6 and yc contours was identified.

During the expansion of the cross sectional area perpendicular to flow at two arc

lengths, Larc/4 and 3Larc/4, the velocity was minimised within the channel and at

these positions the yc contours remained closer together, approximately 0.06 cm be-

tween the contour peaks at the channel centre line as opposed to 0.13 cm within

the flow constriction for the low CPI case. Additionally, in Figure 7.11 (a), a re-

gion of high adsorptive fraction within the wall compared to a location immediately

upstream from the wall indicated the obstruction to flow produce by the S-bend
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geometry forced flow of adsorptive into the adsorbent wall.

The flow constriction was not detrimental for the low CPI case, as evident from

this geometry achieving the lowest yc,t=1min. However, for the high CPI case, the

flow constriction reduced Λav / L, as at Larc/2 the velocity reached a maximum

|u|max of 0.83 m s−1, indicating less contact time between the adsorptive and the

adsorbent wall in addition to the adsorptive reaching the filter outlet after less time.

Additionally, as Figure 5.12 (b) depicts, upon reducing the dch below an optimal

point for a given tw, although film mass transfer resistance decreases the internal

channel to wall surface area also diminishes, leading to poor adsorptive transfer into

the wall.

A clear distinction between the C6H12 contours of the packed bed and gap geometries

for the low and high CPI cases have been illustrated in Figure 7.12. In general,

the hybrid channel / packed bed system had some of the lowest yc,t=1min which as

evident from these figures was due to ability of the adsorbent bed domain to flatten

the velocity profile and therefore the adsorptive contour across the bed cross section,

in addition to reducing the C6H12 fraction, when compared to the gap geometry, in

the following channel due to the packed bed adsorption sink.

Figure 7.12: Comparison of the top planar view C6H12 fraction contours for the (a)
low CPI S-bend and (b) high CPI S-bend geometries at a simulation time of 1 min.
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7.4 Chapter summary

There is a drive to produce FEM filters with low weight, small spatial footprint,

minimal pressure drop and excellent adsorption performance. To improve the design

of FEM filters over current commercial examples, which was evaluated in chapter

6, numerous adsorbent monolith channels and hybrid channel - gap/packed bed

geometries were successfully evaluated in terms of adsorbent weight, flow profiles,

pressure drop and adsorption performance. For each geometry, a low CPI case

and high CPI case were compared by numerical modelling to investigate whether

a more axially complex geometry was beneficial or by reducing dch the adsorption

performance could be maximised.

The wider structure of the cartridge contained nine monoliths with challenge condi-

tions of 32 L min−1 air containing 1500 ppm C6H12 at 25
oC. A base channel geometry

was defined as a point of comparison for other more complex geometries. The op-

timal dimensions for the square channelled monolith from Chapter 5 were used to

define the high CPI base case whilst the low CPI case was based on a dch of 1.2

mm. Two further channel geometries were constructed which included a hexagon

and S-bend design and two hybrid designs which consisted of a gap or packed bed

situated between two monolith channels, all of which had a low and high CPI case.

All geometries constructed were based on the low and high CPI base case geometry

ensuring equal ma.

Velocity profiles were qualitatively assessed for the S-bend, packed bed and gap

geometries by axial contour plots. For the S-bend geometry this highlighted a region

of high velocity at a point of constriction perpendicular the direction of flow occurring

at a length of Larc/2, with |u|max values of 0.26 m s−1 and 0.83 m s−1 for the low

and high CPI cases.

The pressure drop was compared for each geometry, with almost identical pressure

drops for the base, hexagon and channel geometries. A minor increase in pressure

drop of 0.2 Pa for the low CPI S-bend case above the low CPI base case was apparent

and attributed to the flow constriction in the S-bend. The increase in pressure drop

for the high CPI S-bend was more pronounced, with an increase of 4.3 Pa, once

again caused by a high |u|max of 0.83 m s−1. The packed bed geometries had the

greatest pressure drop for both the low and high CPI cases. However, in all cases the
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pressure drop was below the acceptable limit of 800 Pa imposed by BS EN 403:2004

(Technical Committee CEN/TC 79, 2004).

To assess the adsorption performance of each geometry, the yc,t=1min was compared.

The low CPI cases had yc,t=1min values ranging from 60.9 ppm to 27.7 ppm whilst

for high CPI these values ranged from 34.6 ppm to 29.0 ppm, suggesting that a

more complex geometry was less significant in terms of decreasing yc,t=1min when

the dch:tw was lower. The highest yc,t=1min of 60.9 ppm was for the low CPI base

geometry and was attributed to a greater Au than the hexagonal channels and the

lack of axial obstruction or redistribution of flow, as in the gap, packed bed and

S-bend geometries. The lowest yc,t=1min of 27.7 ppm was for the low CPI S-bend

geometry which attributed to an obstruction to bulk flow in the form of the S-bend

and a greater Λav / L of 135 ms cm−1 due to the internal arc, compared to 121 ms

cm−1 for the other channel type geometries.

The optimal geometry was therefore the low CPI S-bend geometry, providing an

equal ma to all other designs, a Λav / L of 135 ms cm−1 compared to 121 ms cm−1

for other channel type designs, an optimal yc,t=1min of 27.7 ppm and an obstruction

to flow. However, due to the difficulties in manufacturing an S-bend geometry, a

hybrid high CPI channel - packed bed system may be the most viable, as this system

had an acceptable pressure drop of 14.6 Pa and the second lowest yc,t=1min of 28.6

ppm.
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8 Conclusions

The aim of this thesis is to design and optimise a novel multifunctional adsorbent

filter for the application of fire escape masks (FEMs) using numerical modelling.

FEMs are seldom used for the protection of civilians in residential building fires and

yet fatalities are commonly the results of inhalation of harmful gases, causing imme-

diate death, or due to high air temperatures, which damage the respiratory system,

further increasing mortality rates and recovery times. Prototyping, understanding

and design of a novel multifunctional device was completed to make a step change

in filter design to (i) reduce inhalation burden, (ii) maintain or improve the perfor-

mance of toxic component capture onto a porous solid and (iii) extend the capability

of filters to reduce inhaled air temperatures.

A literature review was conducted in chapter 2 which summarised the hazardous

conditions faced by FEMs, the standards FEMs have to adhere to such as BS EN

403, currently available commercial FEMs and a review of present advances in these

devices. A summary of the kinetic and equilibrium models used to describe adsorp-

tion processes was provided, with special consideration given to individual domain

kinetic models and global expressions. Functional materials for adsorption, carbon

monoxide (CO) oxidation and heat absorption were discussed and compared. Com-

parisons of low temperature CO oxidation catalysts were tabulated in Table 2.10

with the Pt/TiO2 identified as a viable candidate. For absorption of environmental

and process heats, focus was placed on shape stable phase change materials (SS-

PCMs), due to the utilisation of latent and sensible heat whilst maintaining their

shape. The composite material chosen for use within the numerical modelling stud-

ies was a 4,000 MW PEG : TAIC mixture due to the desirable melting temperature

and high latent heat.

A benchmark numerical computational model was produced in chapter 4 based on

the proposed multifunctional filter under single component butane adsorption and a

high inlet temperature of 80oC. The benchmark monolithic design was compared to a

packed bed filter to indicate the difference in performance in terms of pressure drop,

adsorption and heat absorption. In addition, an initial attempt at optimisation of

the monolith channels per square inch (CPI) was made, with the optimum cartridge
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containing monoliths with a CPI of 734. This design reduced pressure drop below

the packed bed comparison and reduced the breathing temperature below a safe

limit imposed as 60oC for 22 min and prevented breakthrough of 1000 ppm butane

adsorptive challenge gas for 14.0 min.

Adsorption, reaction and heat absorption were considered for the novel multifunc-

tional filter in chapter 5 by the development of a computationally efficient system

of equations, describing the flow, sorption of C6H12, reaction of CO and heat gener-

ation and removal. The computationally efficient system of equations provided ex-

cellent accuracy at significantly reduced computational time when compared to the

three-dimensional CFD model ca. 99.7%. The derived bi-linear driving force model

enabled an optimal channel diameter to wall thickness ratio of dch = 1.3tw to be de-

fined which was based on a balance point between maximising internal surface area

and minimising film resistance. The length and configuration of the multifunctional

filter were investigated and indicated that positioning the heat absorbing SS-PCM

within the post-cooler was optimal, providing thermal and breakthrough protection

times of 18 min and 21 min, respectively. By using 2.5 wt% of the Pt/TiO2 catalyst,

the outlet CO fraction was reduce to 6.5 ppm at a use time of 15 min. Therefore,

the proposed device could provide protection, in all respects, whilst providing a low

inhalation burden for the minimum required use time.

An industrial project was completed (chapter 6) to assess the performance and sug-

gest improvements to a commercial escape filter used for Chemical, Biological, Radi-

ological and Nuclear (CBRN) defence applications. Computer aided design (CAD)

drawings and computerised tomography (CT) scans of the commercial filter were

provided and enabled the creation of computational fluid domains using the CAD

drawings as a template whilst the CT scans were used to identify problematic ar-

eas with respect to fluid flow and adsorption issues. By qualitative inspection of

adsorption profiles within the adsorbent carbon bed it was identified that the stag-

nant regions of the bed were under utilised in terms of adsorption capacity. It was

therefore recommended that the adsorbent carbon directly under the casing lid was

removed, which contained 9.39% of the total adsorbent mass and to ensure an equal

adsorbent capacity, the length of the adsorbent bed should be extended by 11.6 mm.

The modelling work completed here will help inform decisions about future redesigns

of the commercial filter.

Structural optimisations of various short length monoliths with different channel or
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hybrid - channel geometries was investigated in chapter 7 by comparison of velocity

profile, pressure drop, breakthrough fraction and adsorptive profiles. Three channel

geometries were investigated which included a square channel as a benchmark case,

a hexagonal channel and an S-bend channel. Two hybrid - channel geometries were

also compared and included three square channel designs with progressively larger

gaps between two channel sections and a square channel design with a central ad-

sorbent packed bed between the channels. The component fraction at the outlet

at a simulation time of 1 min was compared across all geometries, with the best

performing geometry being the low CPI s-bend with a value of 27.7 ppm which was

attributed to the obstruction to bulk flow. However, it was suggested that due to

manufacturing difficulties when producing an s-bend, the high CPI channel - packed

bed system would be optimal, as this system had an acceptable pressure drop of

14.6 Pa and a breakthrough fraction at a simulation time of 1 min of 28.6 ppm.

To conclude, proposal and optimisation of a novel multifunctional filter using com-

putational numeric models has been successfully accomplished within this research.

Results of these models indicate that the novel filters can meet the original objectives

which were to (i) reduce inhalation burden, (ii) maintain or improve the capacity

and kinetic performance to adsorbed or react harmful gases and (iii) extend the ca-

pability of the filter to remove heat. To meet this criteria the optimal filter cartridge

should contain nine monoliths, each with a width / height of 2.75 cm containing

numerous square channels with a channel width / height of 0.52 mm and a wall

thickness of 0.40 mm. The axial configuration of each monolith should begin with

an 2.0 cm impregnated adsorbent activated carbon section followed by and a 2.5 cm

post-cooler section each with identical channel dimensions. The addition of a small

packed bed region situated between the adsorbent channels improved the adsorptive

profiles, although this was untested for high temperatures and reactive systems. The

proposed configuration of the mutilfunctional adsorbent filter provided low pressure

drop, below the 800 Pa standard, and protection from common challenge gases, such

as butane, cyclohexane and carbon monoxide, in addition to thermal protection for

a required minimum use time of 15 min.
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9 Future Work

There are a wide range of hazardous gaseous or vaporous components present within

the building fires as outlined by the BS EN 403 and BS EN 14387 (Technical Com-

mittee CEN/TC 79, 2004, 2008). As eluded to in this work, three-dimensional

models with multiple interacting components would take an excessive amount of

computation time and resource, whilst similar accuracy can be obtained for com-

ponent concentrations and temperature using the Bi-LDF adsorption model. An

extension to this model was completed by including the impacts of humidity on

cyclohexane adsorption, representing the impact of another competitive adsorptive.

The one-dimensional Bi-LDF model could be extended by including general meth-

ods to explain interactions between species within the bulk flow and the impact of

competitive adsorption on filter performance.

By using alternative geometry transforms the Bi-LDF model can be derived for chan-

nels with different cross sectional shapes. This would provide a good comparison

study between the Bi-LDF adsorption model and different channel geometries con-

structed in three-dimensions using the numeric models previously defined for ANSYS

CFX 17.0. For example, comparisons of pressure drop, breakthrough profiles and

temperature profiles could be completed for a hexagonal channel geometry, similar

to that created in chapter 7, containing an adsorbent and heat absorbing component

in three-dimensions, whilst for the one-dimensional Bi-LDF model geometry trans-

forms as defined by by Patton, Crittenden and Perera (2004) could applied, where

ri = 3a/π and ro =
√

(6tw/π)[tw/
√
3 + a] + r2i .

Finally, physical prototyping of the proposed optimal multifunctional monolithic

filter should be completed. Firstly, this would permit further validation of the nu-

merical models regarding pressure drop and temperature and breakthrough curves.

Additional, prototyping would provide details for the physical limitations of the ma-

terials, for example, the minimum achievable wall thickness and channel diameter

or whether the SS-PCM would be processable into similar channel shapes to the

phenolic resin derived activated carbon.
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