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SUMMARY

Natural gas has become increasingly important as a fuel source with lower
environmental impact; therefore, there is a growing need for scalable natural gas
purification systems with small footprints. Current industrial purification systems are
based on absorption, membrane separation, or adsorption techniques; however, each of
these technologies requires large capital costs or suffers from scalability issues.
Adsorption-based separation techniques are categorized into pressure-swing adsorption
(PSA) and temperature-swing adsorption (TSA). Among adsorption-based gas
purification techniques, PSA has typically been preferred over TSA due to the ease of
operation and reliability. TSA processes have not commonly been used for industrial gas
separation due to the typically low thermal conductivity of the adsorbent bed, which
poses challenges for desorption of impurities and regeneration of the adsorbent.
However, the high heat and mass transfer coefficients possible with microchannels offer

the potential for using the TSA process for gas purification.

The present work investigates the fluid mechanics and coupled heat and mass
transfer processes within a microchannel monolith with a polymer-adsorbent matrix
coating the inner walls of the microchannels during TSA-based gas separation. Carbon
dioxide is separated from methane by passing the feed gas through microchannels,
followed by sequential flow of desorbing hot liquid, cooling liquid, and purge gas
through the same microchannels. For selected operating conditions and geometries, the
process shows merit when compared to current technologies. A combination of spatially-
and temporally-resolved analyses was conducted to assess these processes and select

optimal configurations and process parameters. Experimental validation followed,

XXVIi



wherein the temporal and spatial variations of the rates of adsorption and heat releases
during the adsorption stage of the separation process in adsorbent-coated microchannels
were measured and analyzed using mass spectrometry. This combination of
measurements and analyses was used to develop validated models, which are expected to

provide design guidance to a wide variety of TSA-based separation and other related

industrial processes.
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1 INTRODUCTION

The rise in global environmental concerns has resulted in widespread efforts
toward investigation of sustainable energy sources and technologies that can deliver clean
energy. In the USA, 104 EJ of primary energy is consumed annually, of which 91.2% is
from non-renewable sources (EIA, 2015). Combustion of these fossil fuels generates
nearly 3.96x10" kg of carbon dioxide (CO,) in the USA (with a total of 29.43x10* kg
on Earth (GCA, 2014)) each year, contributing significantly to global warming. The total
CO;, emission is dependent primarily on four factors (Gates, 2010):

e Global population

e Per capita use of services (e.g., appliances)
e CO, produced per unit of energy

e Energy required for each of the services.

Of these factors, the development of ways to moderate the first two factors is a
very long term goal and is complicated as they are closely tied with the human
development index (HDI). However, tackling the last two causes of CO, emission is

more tangible and offers opportunities for engineering solutions.

1.1 Natural gas as a fuel
The CO, emission coefficient of coal is 96 kg GJ* of energy, whereas for

petroleum-based fuels, it is 70 kg GJ™. As compared to these fuels, natural gas produces
50 kg GJ™ upon combustion without production of any solid waste, such as soot (EIA,
2015), thus addressing the third factor mentioned above. With continuously increasing

proven natural gas reserves and the consequent availability of cleaner energy at a reduced



cost, the use of natural gas as a primary fuel for power generation and in the automobile
industry has sharply risen in the last decade. Figure 1.1 shows that the contribution of
natural gas as an energy source in the USA has increased by 30% since 2005 (EIA,

2015).
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Figure 1.1. Fractions of non-renewable fuels as USA primary energy (EIA, 2015).

Such a trend is also observed globally, which can be seen in Figure 1.2, which
shows that natural gas consumption reached 3.14 trillion m* per year at the start of this

decade.
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Figure 1.2. Globally increasing natural gas consumption (Schaal, 2013).



Natural gas must be purified to be used as fuel in different energy sectors. Raw
natural gas contains 70% to 90% methane (CH,) depending on the source, whereas the
remainder is composed of heavier hydrocarbons, which can be separated as natural gas
liquids (NGLs), acid gas impurities including CO, and hydrogen sulfide (H>S), and traces
of nitrogen (N,). It may also contain liquid water immediately after extraction. Different
separation techniques are employed to remove impurities from natural gas. Typically, a
sequential approach as shown in Figure 1.3 is followed, wherein sediment and liquid
water, trace water vapor, acid gases, N, and NGLs are removed from CHy, in successive
stages. Contingent on the location of the natural gas reserve (inland vs. off-shore), one or
more of these processes can be clustered at a single location to minimize capital and
transportation costs. Different grades of gas can be supplied after acid gas removal for
end use; therefore, acid gas removal becomes the vital process in the natural gas life

cycle.
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Figure 1.3. Sequential purification of natural gas (Brooks, 2013)



To enhance the quality of the fuel and minimize corrosion of the pipelines, the
minimum acceptable natural gas purity is set to 98% (Baker, 2002). Furthermore, when
the gas is liquefied (LNG) for transportation and storage, the CO, fraction is limited to

100 ppm, to avoid freezing of CO, and choking of pipelines (Schaal, 2013).

Because of multiple separation processes, the typical plant size, and the
corresponding capital costs are high. As an example, Figure 1.4 shows the large footprint
of the Prudhoe Bay processing plant in Northern Alaska, from where the processed gas is
sent to the end use via pipelines. To accommodate the growing need of natural gas as a
primary fuel and to reduce the cost overhead to improve market penetration, compact and
cost-effective natural gas separation and purification processes meeting the purity

constraints must be investigated and commercialized.

Figure 1.4. Prudhoe bay natural gas processing plant in Alaska (White, 2014)

1.2 Thermally driven energy systems
Annually, 40 EJ of primary energy is consumed in the USA to produce 14.75 EJ

of electricity (EIA, 2015), with 87% coming from fossil and nuclear fuels. The power
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conversion loss combined with the waste heat produced from the consumption of direct
primary energy amounts to nearly 43 EJ of waste heat available at temperatures greater
than 30°C (Rattner and Garimella, 2011). As conventional fuels become more
constrained, the need to manage the available primary energy resources intelligently is
becoming critical, until renewable energy sources can effectively replace the current
energy supply landscape. Judicious management of energy requires the utilization of low-
grade waste heat from power and other industries for thermal applications. Accordingly,
thermally driven systems can replace electrically driven systems that may increase the
carbon load on the environment. This transition will eventually lead to reduced burden on
power industries, reduced use of conventional energy sources, and reduced carbon
footprint, while retaining overall energy sufficiency, addressing the fourth impacting
factor in CO, emission mentioned above. One such energy technology pertaining to gas
separation that can reduce the use of direct electricity for its operation is the temperature

swing adsorption (TSA) process.

1.3 Motivation for the present work
The thermodynamic state of an adsorbent can be manipulated by altering either

the partial pressure or the temperature of the surrounding gas adsorbate to cause
adsorption or desorption. EXxisting adsorption-based systems prefer pressure swing
adsorption (PSA) over temperature swing adsorption (TSA). Conventional adsorbent
beds are prepared by filling the adsorbent pellets in rigid cylinders, allowing porous
regions between adsorbent particles for the gases to flow. In a PSA process, compressors
are incorporated into the system for pressurization and depressurization of the adsorbent,

thus consuming electricity. Additionally, these processes are slow due to large mass



transfer resistances in large adsorbent particles and sluggish gas diffusion through porous
gaps (Pahinkar et al., 2015). Nevertheless, PSA processes are preferred due to their ease
of operation. TSA processes have not been commonly used for industrial gas separation
due to the difficulty in heating the low thermal conductivity adsorbent material to desorb

impurities and regenerate the adsorbent (Riemer et al., 1994).

The high heat and mass transfer coefficients possible with microchannels offer the
potential for the use of TSA processes for gas purification. The central concept of the
present research involves passing of the impure feed gas through a microchannel
monolith with an adsorbent layer coated along the inner walls of the microchannel. The
adsorbent microchannels not only create convective passages, through which the working
fluids flow quickly, but also eliminate difficulties in heating and cooling the adsorbent as
a result of excellent heat and mass transfer characteristics. Rapid cycling of the adsorbent
is therefore possible with the use of heat transfer fluids (HTFs) that may pass through
separate adjacent channels or through the same channels. Multiple microchannels can be
stacked together to form a monolith to make the system modular and achieve the required
process output for a wide range of capacities. Such natural gas purification systems
enable the two important topics discussed earlier: a) the shift toward the use of natural
gas as a fuel, and b) the use of thermally driven systems, resulting in a reduction in

primary energy consumption.

Figure 1.5 shows a schematic of a monolithic structure employed for TSA-based
natural gas purification by Pahinkar et al. (2016). Alternate rows of adsorbent-coated
microchannels and HTF channels transfer heat across the thin monolith wall, minimizing

the heat transfer resistance. Therefore, the desorption and cooling stages of the

6



purification cycle can be executed quickly, improving the product yield for the same
amount of adsorbent mass 15-fold over that of bed-based processes. Due to small mass
transfer resistance between the microchannel and the adsorbent layer, adsorption and
purge stage wave fronts are sharp, which enhances the product purity and CH4 recovery
to 97% and above. Finally, this process is shown to work with water as the HTF at 90°C,
obviating the use of electricity for its core operation. Such thermally driven separation
systems can also utilize a part of the purified fuel they produce, reducing the need for

subsystems for auxiliary operations.

Monolith Wall

Liquid HTF
Flow

Figure 1.5. Adsorbent bed design with alternate rows of adsorbent-coated and HTF
microchannels (Pahinkar et al., 2016).

The primary distinctive feature of the present work is to pass the working and
coupling fluids through the same channel, thus eliminating the need for dedicated HTF
channels, which makes the purification systems much more compact. This not only

reduces the system footprint, but also simplifies header design. This requires the



investigation of the direct and simultaneous interaction of liquid HTFs and working fluids

with the adsorbent, which is considered in depth in the present study.

The present work explores several parameters for the design of the system
through fluid dynamics and heat and mass transfer modeling. These include the size of
the microchannels, thickness of the adsorbent layer, materials for the adsorbent and HTF,
and most importantly, appropriate sequencing and timing of the stages based on these
parameters. Additional considerations include routing options for the working and
coupling fluids, avenues for heat and mass recovery to enhance industrial feasibility, and
comparisons between the process performance map under consideration here and those of
the conventional separation processes. An experimental investigation of gas separation in
microchannels at the laboratory scale is also conducted to validate the process models.
The combination of measurements and analyses is used to develop validated models and

provide design guidance for TSA processes.

1.4 Research objectives
The primary research objectives of this work are to:

e Develop an experimentally validated computational process model for the
TSA cycle with working fluid and coupling fluid flowing in series through

microchannels

e Compare process performance with that of other industrial natural gas

purification processes

To accomplish these objectives, the following tasks are undertaken:



e Develop heat transfer, mass transfer, and fluid flow models for the
adsorption, desorption, cooling, and purge stages of the proposed cycle

and identify critical issues in the implementation of the process.

e Couple the individual models sequentially to attain cyclic steady state
operation of the process and predict process performance (e.g., product

purity, yield and energy efficiency).

e Investigate heat and mass recovery techniques for improvements in

process performance.

e Design and construct a test facility and conduct heat and mass transfer
experiments on the adsorbent microchannels for a range of pressure drops

and microchannel lengths.

e Develop lab-scale models for heat and mass transfer tests, and use

experimental results to validate the models.

1.5 Dissertation outline

This dissertation is organized as follows:

Chapter 2 describes the concept development for the natural gas purification process
through an understanding of the advantages and limitations of conventional gas
separation systems. Once the process foundation is laid, computational models for
each of the stages for the purification process are developed, followed by a parametric

study to select optimum microchannel dimensions and a feasible adsorbent-HTF pair.



Subsequently, full process model development and overall process performance are

discussed using a sample set of operating conditions.

Chapter 3 describes feasibility of the TSA-based process in the present work by
comparison with conventional gas separation processes. A performance map of the
process is generated and the relevant performance indicators are compared with the
corresponding parameters in the literature to demonstrate the applicability of the

concept.

Chapter 4 contains a detailed experimental analysis of feed gas adsorption in
adsorbent-coated microchannels and the development of laboratory scale models,
followed by validation of the heat and mass transfer models. Preferable adsorbent
coating structures, manufacturing variability in coating the adsorbent, and the

response of the adsorbent to a range of experimental conditions are discussed.

Chapter 5 summarizes important conclusions and provides recommendations for

future work.

10



2 PROCESS MODELING METHODOLOGY

2.1 Introduction
Natural gas consumption worldwide is over 3.14 trillion m® per year (Schaal,

2013) and continuously increasing. Therefore, natural gas purification is by far the largest
industrial gas separation application with a total worldwide market of up to $5 billion per
year (Baker, 2002). Natural gas is predominantly methane (CH,); but also contains
impurities such as carbon dioxide (CO5), hydrogen sulfide (H,S), nitrogen (N,) and other
hydrocarbons in varying proportions ranging from 10% to 30%. Before supplying the gas
via pipelines, removal of these impurities is essential. Gases such as N, reduce the
combustion efficiency of the fuel without other harmful effects; however, acid gases such
as H,S and CO, are corrosive, harmful to the environment, and may lead to excessive
maintenance costs. Furthermore, freezing of CO, clogs liquefaction pipelines due to its
relatively high freezing point. Regulations on CH, purity in natural gas are therefore
stringent. Pipeline grade purity requirement exceeds 98.0% (Baker, 2002), while the CO,
content in liquefied natural gas (LNG) is limited to 100 ppm (99.99% pure CHy) (Schaal,
2013). As natural gas becomes increasingly important as an alternative to conventional
fossil fuels, the growing need for inexpensive, multi-utility (large to small scales, on-
shore and off-shore platforms), and scalable natural gas purification systems that cater to

these product purity requirements must be addressed.

The most widely used large-scale process for the removal of acid gases from CH,4

involves the absorption of gaseous contaminants into liquid solvents that demonstrate
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strong chemical affinities for acid gases (Yang et al., 2008). Absorption-based systems
are widely employed for not only natural gas purification, but also for CO, separation
from flue gas (Aaron and Tsouris, 2005). The dynamics of an absorption-based
purification system are well understood, and operation and product collection in an
absorption process is continuous. However, implementation of absorption-based systems
requires large capital costs. As a result of bulk liquid circulation, which is the primary
process in the system, the system size is large; therefore, absorption-based systems
seldom find applications in off-shore platforms or smaller plants. Continuous operation of
the system deteriorates the solvent gradually over time due to irreversible reactions of
more strongly reacting impurities with the solvent, and replacement of the solvent is
expensive. The reversible energy requirement reported in the literature for absorption-
based systems is 0.34 kWh kg™ CO,, while the same for the adsorption-based processes
can be as low as 0.16 kWh kg™ CO, (Géttlicher and Pruschek, 1997) for a feed gas
mixture with 28% CO, by volume. The actual operating costs for the MEA absorption

systems (Bounaceur et al., 2006), however, can be up to 1.67 kWh kg-CO,™.

The second commonly used separation method — membrane gas separation —
relies on preferential sieving of the components in the feed gas mixture based on a
combination of gas molecule size, selectivity of membrane material, and membrane sizes
(Koros and Mahajan, 2000). Membrane separation processes are gaining importance in
small-scale (< 6000 m® hr) and medium-scale applications (6000 - 50000 m* hr)
applications, at off-shore locations, and in remote locations where energy availability is

an issue, because of advantages such as small footprint, simplicity in design, low

12



environmental impact, and low energy requirements (approximately 0.07 kWh kg™ CO,

(Gottlicher and Pruschek, 1997) reversible electrical input).

Thorough reviews of membrane gas separation technology and advances have
been conducted by Koros and Mahajan (2000), Bernardo et al. (2009) and Baker (2002).
Since its first commercial implementation, a vast number of membrane materials have
been devised and tested for target applications, and they can be broadly classified into the
following categories: polymers, reverse selective membranes, molecular sieves, zeolites
and mixed matrix membranes. Although polymers and reverse selective membranes are
used for conventional separation purposes, molecular sieves and zeolites are considered

superior in terms of separation performance and selectivity.

Molecular sieving membranes have CO,/CH, selectivity up to 10 times more than
their polymeric counterparts and offer more rigidity and stability. However, due to the
greater cost per unit area of molecular sieves compared to polymers, aging effects, pore
blocking, and brittleness, molecular sieve membranes are not yet commercially viable
(Bernardo et al., 2009). Gas separation in zeolites is driven by molecular diffusion as in
molecular sieves as well as by preferential adsorption (Koros and Mahajan, 2000).
Favorable attributes such as very high selectivity, high thermal and chemical stability,
and moderate cost have driven the use of zeolites in CO2/N,, CO,/CH, separation.
However due to their inelasticity, formation of standalone zeolites into flat sheets or

hollow fibers is difficult.

Lower selectivity and permeability, plasticization in the presence of heavy

hydrocarbons and CO, in large quantities, and loss of separation properties at elevated
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temperatures and pressures are additional challenges for conventional membrane plants.
Despite their simple operation, the mass flux of permeate gases remains very small
compared to that of amine absorption systems and the large-scale plant is not cost-
competitive with absorption systems or with PSA processes. With recent advancements
in the manufacturing of mixed matrix membranes (MMM), some of the challenges such
as low selectivity and thermal and chemical instability can directly be addressed. It is
possible to make such a matrix within the same framework of polymer membrane
manufacturing (Koros and Mahajan, 2000). Recent efforts have been directed at
successful fabrication of MMMs with a variety of polymers and adsorbents. Among these
investigations, studies on the integration of zeolites into rubbery polymers have shown
improved selectivity without sacrificing permeability (Bernardo et al., 2009). Figure 2.1
shows the improvement in CO,/CH, selectivity as the adsorbent particles are integrated in
the conventional membrane materials without any significant change in polymer

permeability.

Although recent development in making MMMs addresses the challenges
highlighted above for membrane separation process, it also opens new avenues for
investigating the applicability of these membranes in separation systems. While an
increase in zeolite content in the polymer matrix increases selectivity, and in turn, the
separation performance (Koros and Mahajan, 2000), it must be noted that the membrane
gas separation process migrates from the conventional sieving mechanism toward the
adsorption-based cyclic process. Determan et al. (2011) studied a possible application of
MMMs configured by Lively et al. (2009) as hollow fiber modules for the removal of

CO;, from flue gas using a TSA process and employed a hot water regeneration stage. In a
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similar approach, new hybrid systems incorporating such superior membrane materials
can combine the benefits of membrane separation and adsorption systems. Therefore,
along with understanding the separation behavior in MMMs from a membrane
standpoint, it is also essential to consider the possibility of incorporating them into

adsorption-based systems.
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Figure 2.1. Improvements in selectivity of mixed matrix membranes by increasing
adsorbent loading in polymers (Koros and Mahajan, 2000; Bernardo et al.,
2009).

Adsorption-based gas separation processes employ preferential adsorption of
component gases on solid adsorbent materials, and this phenomenon is controlled by
manipulating the pressure (PSA) and temperature (TSA) of the gases under consideration.
In a typical PSA process, the adsorbent pellets or crystals are packed to form a porous
adsorbent bed through which the mixture components pass. In the adsorption stage of the
cycle, the bed is pressurized with the feed mixture, and gas separation takes place by

selective adsorption. After the bed is saturated with the adsorbate, it is depressurized, in

some cases to near-vacuum pressure (Zhang et al., 2009; Liu et al., 2011), which desorbs

15



the adsorbed species that are subsequently removed from the system. A pressurization
stage follows, after which the next batch of feed gas can pass through the bed. In a TSA
process, the adsorbate is removed from the adsorbent by increasing the adsorbent
temperature. After the adsorbed components are removed, the adsorbent bed is
regenerated by cooling the adsorbent, followed by the next feed stage. Although the
nature of a typical adsorption process is periodic, commercial viability can be improved
by out-of-phase product collection from several adsorbent beds, making the overall

process pseudo-continuous (Cen et al., 1985).

Bed-based PSA systems are well established and a vast body of literature
describing the flow and adsorption kinetics in the adsorbent bed is available. The research
scope in PSA systems has been widened to study different adsorbents and their impacts
on adsorbent breakthrough. In particular, interaction of different classes of zeolites such
as 13X, 5A, LTA, silicalite, and DDR with gases such as N,, CO,, CH4, and water vapor
has been documented in terms of pure gas adsorption isotherms, competitive adsorption
isotherms, and heat of adsorption (Cavenati et al., 2004; Delgado et al., 2007; Liang et
al., 2009; Palomino et al., 2009; Wang and LeVan, 2009; Morishige, 2011; Peng et al.,
2011; Shao et al., 2011; Delgado et al., 2012; Mulgundmath et al., 2012). For metal
organic frameworks (MOFs), larger capacities for the component gases than zeolites have
been reported, but from a separation cycle perspective, more energy is required to desorb
the adsorbed species (Liang et al., 2009; Palomino et al., 2009; Chowdhury et al., 2012;
Herm et al., 2012; Askari and Chung, 2013). Figure 2.2 shows an overview of CO,

adsorption isotherms at 25°C for representative adsorbents. The adsorbents show not only
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different capacity at a given partial pressure, but also different patterns of variation in

adsorbent capacities with partial pressure, which in turn affects their selectivities.
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Figure 2.2. CO, adsorption isotherms for MOFs, activated carbon zeolites and silicalite
at 25°C (Lee, 2007; Gholami and Talaie, 2009; Shao et al., 2011; Herm et
al., 2012; Xiang et al., 2012)

Adsorption systems can be less expensive in some aspects compared to absorption
systems. Solid adsorbents seldom need replacement as compared to the liquid solvents
used in amine absorption systems, which decreases the operating cost. However, a PSA-
based process requires complex valve operation and large compressor operation costs. In
this aspect, TSA-based processes are favored because large pressure swings are not
needed for their operation, which reduces system complexity and compressor power
requirements (Moore, 2012). Despite these advantages, however, PSA-based systems
have thus far been considered more energy efficient than their TSA counterparts, mainly

due to the difficulty in heating adsorbent packed in a bed form (Moate and LeVan, 2010;
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Lee et al., 2015). The adsorbent materials used for the removal of CO, from natural gas
or flue gas mixtures have low thermal conductivities; hence, long durations and heating
loads are required for the desorption stage of a TSA-based separation cycle. For the same
reason, very few studies in the literature have reported a full process design of TSA-
based separation. Li et al. (2014) conducted a theoretical analysis of energy required for
desorption of CO; and reported the ideal values of the total energy required (sum of heat
of desorption and sensible heat) for a variety of MOFs. Pirngruber et al. (2013)
performed a similar feasibility analysis for TSA-based processes on a hypothetical
adsorbent for determining optimum conditions for desorption. Meérel et al. (2006)
investigated an indirect TSA-based CO, separation process that utilized finned heating of
the adsorbent bed for better heat distribution and reported the process capacity and cyclic
energy required. They found that the heat loss fraction is 25% of the total heat required,
while the heat of desorption for zeolite 13X, adsorbent sensible heat, and sensible heating
of the metal accessories are 11%, 27%, and 37%, respectively. These calculations
reinforce the need for a better design of TSA-based separation processes that results in
lower parasitic thermal energy consumption by the metal accessories to make TSA

processes viable.

Microchannel heat exchangers are attracting increasing attention in the heat
exchanger industry due to the high heat and mass transfer coefficients achievable at small
hydraulic diameters. Microchannel designs with adsorbent particles coated on the walls
can exchange heat and species with the working and coupling fluids very effectively,
which helps overcome the limiting challenges associated with large-scale systems. In

particular, TSA processes can be greatly improved by configuring the impurity removal
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and regeneration processes using convection within microchannels instead of diffusion

through the porous bed in the case of bed-based systems.

The hollow fibers constructed from the mixed matrix membrane (MMM)
mentioned earlier are suitable candidates for such microchannels, wherein the flow area
can be used for the motion of the requisite fluids, while the adsorbent—polymer matrix
can be utilized for selective adsorption and desorption. Additionally, these microchannels
can be stacked together in arrays to form monoliths to greatly increase product collection
(Pahinkar et al., 2015, 2016), which improves scalability of the system. It should also be
noted that adsorption process performance depends on heat and mass transfer kinetics
only within the microchannel and not on the overall size of the system as in packed bed-
based systems. The flue gas CO, separation approach studied by Determan et al.(2011)
utilized a hollow fiber module arranged as a heat exchanger, where the HTF, modeled as
water, flows through the center of the hollow fiber. Pahinkar et al. (2016) analyzed an
equivalent TSA-based process design for CH,4 purification that consists of parallel
alternating arrays of adsorbent and HTF channels. Such a structured design results in a
reduction of the system footprint compared to the module analyzed by Determan et al.
(2011) due to elimination of non-uniform space assigned for the flue gas flow over the
adsorbent layer. More compact systems can be built using hollow fiber MMMs by
flowing the working fluids and HTFs through the same channel. This direct interaction of
feed gas mixture and hot and cold HTFs with the adsorbent—polymer matrix presents a

new avenue for research.

This Chapter investigates a TSA-based gas separation cycle concept and its

underlying heat transfer, mass transfer, and fluid dynamics phenomena in a microchannel

19



monolith with porous adsorbent-binder matrix coated along the inner walls of each
microchannel representing an MMM hollow fiber. This configuration is unique in that
both the working fluid and the HTFs flow through the same microchannel, resulting in
direct and simultaneous interaction of feed gas mixture and hot and cold HTFs with the
adsorbent-polymer matrix. This design reduces heat and mass transfer resistances when
compared to configurations in which heat is transferred across separate parallel channels
(Pahinkar et al., 2016); thus increasing the possibility of reducing the system footprint

with direct contact heat and mass exchange.

The cycle has four stages, the first being the adsorption stage as shown in Figure
2.3(a), where CO; is removed from CH,4 by passing the feed gas through the adsorbent
microchannel. The adsorption stage is followed by a desorption stage, in which the hot
HTF enters the microchannel, heats the adsorbent, and desorbs the adsorbed gases. These
desorbed gases are carried away with the hot liquid stream as shown in Figure 2.3(b).
This concept could also be an improvement over more conventional PSA and TSA
processes because the HTF serves the purpose of heating the adsorbent as well as that of
a purge gas for partial pressure reduction and impurity removal, making this a “pressure-
enhanced temperature swing” process. After impurities are removed from the adsorbent,
cold liquid is sent through the microchannel, which lowers the adsorbent temperature and
prepares it for the next adsorption stage. The cooling stage is shown in Figure 2.3(c).
After the adsorbent is cooled, the cold liquid is driven out of the microchannel by a purge
gas, bled from the product stream. The purge gas is expected to displace the cold liquid in
the microchannel and dry it by shearing the liquid attached to the microchannel walls as

shown in Figure 2.3(d). In addition, after the liquid displacement is accomplished, the
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purge stage is extended further to dry the adsorbent-binder matrix by evaporating any
trapped liquid. The implementation of such a system requires a thorough understanding
of the alternating flows of the working and coupling fluids through the adsorbent
microchannel in a cyclic steady state. Additionally, the effect of the presence of two
phases on mass transfer between the adsorbent layer and the microchannel, and on the
adsorption into the adsorbent, and the effect of adsorbent microchannel geometry,

adsorbent and HTF material on the overall process performance is unclear.
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Figure 2.3. Schematics of the stages in the proposed TSA based purification cycle. Red dots

indicate adsorbent crystals in the gray hollow binder matrix and small yellow
dots indicate CO, impurity in pure CH, shown as yellow background.




2.2 Modeling Methodology
The computational model of the purification cycle involves analyses of the fluid

dynamics (FD), heat transfer (HT), and mass transfer (MT) associated with the
microchannel and the adsorbent layer. It is assumed that the mixed matrix membrane
(MMM) representing the adsorbent layer is attached to a monolith wall for additional
support and to inhibit mass transfer beyond the adsorbent layer. To simplify the modeling
efforts, the development of the complete process model is subdivided into a sequence of

six different sub-models as shown in Figure 2.4.
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Figure 2.4. Computational modeling architecture of the purification process

The models for each of the stages are developed independently; these individual
models are then coupled sequentially to develop a full purification process model
operating in a cyclic steady state. The FD/HT/MT models are developed and simulated in
gPROMS™ Model Builder (Process Systems Enterprise, 1997-2015), and the material

h™ property data

properties of the system components are imported from the Multiflas
package. The monolith wall material is modeled as fused silica with a thickness of 25
pum, which has a low thermal capacity and density, thereby minimizing dynamic heat

losses during heat transfer to the adsorbent. The feed gas composition assumed for the

22



present work is 0.7/0.3 (CH4/CO,) by mole. The inlet and outlet pressures for the
working fluid gases and the coupling liquid are assumed constant at 5500 and 5400 kPa,
respectively. Thus, mass flow rates and velocities of the fluids adjust to match the fixed
pressure drop imposed between the microchannel inlet and outlet, based on the chosen
microchannel diameter and length. The selection of these pressure extremes is based on
typical pressure values used for transportation of natural gas via pipelines (Schaal, 2013).

Table 2.1 shows the numerical values of parameters chosen for the model simulation.

The microchannel diameter, adsorbent layer thickness, adsorbent material and the
HTF material are chosen to ensure a feasible and realistic process performance; their
selection is discussed in detail in later sections.

2.2.1 Adsorption stage model
For the adsorption stage modeling, an approach similar to that used by Pahinkar et

al. (2015) is used. This approach involves radial lumping of the adsorbent microchannel
fluid, adsorbent layer, and monolith wall regions. A 2-D axisymmetric model was also
developed and its results are compared with those with the present approach in Appendix
A. The heat loss from the microchannel monolith wall to the surroundings is neglected
because several microchannels stacked together interact with each other thermally and all

are considered to demonstrate a similar thermal state at any instant of the process.
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Table 2.1. Simulation parameters and
Determan et al., 2011)

material properties (Mark, 1999; Lee, 2007;

Parameter Value
e 0.55
MF 1
L I m
thrs 25 um
P 5500 kPa
Pout 5400 kPa
Ty 25°C
Theso 200°C
Nnodes 100
Kads 12 Wm' K"
CP ads 800 Jkg' K
Ppoly 1270 kgm>
Kpoly 022 Wm™' K
CP poly 1460 Jkg' K
DES 2200 kgm™
ks 1.3 Wm' K
Cp. FS 740 Jkg! K
eps 10° m

2.2.1.1 Mass and heat transfer resistances

For the mass and heat transfer resistance determination, the mass and heat transfer
coefficients are calculated using Churchill equations (Churchill, 1977a; Churchill, 1977b)
and the effective diffusion coefficient approach, which also involves calculation of the
mean free path for the mixture of CH, and CO; is followed (Cussler, 1997). Equations
(2.1) and (2.2) are used to calculate the mass and heat transfer resistances, respectively.
The thermo-physical properties of the adsorbent layer, pw, Cow, and ky are calculated
using appropriate weighted average methods from the adsorbent and binding polymer

properties (Pahinkar et al., 2015).
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2.2.1.2 Governing equations for the microchannel

The governing equations for the microchannel are balances for each species, the
momentum balance, and the energy balance for each node, and are shown in Equations
(2.3) through (2.5), respectively. The dispersion coefficient Da in Equation (2.3) is
calculated using the Peclet number as shown in Equation (2.6). Dag IS the binary
diffusion coefficient adjusted for convection as shown in Equation (2.7), which also
indicates the difference between the effective diffusion coefficient used for the adsorbent

layer, Desriand Dag.
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2.2.1.3 Governing equations for the adsorbent layer

The governing equations for the adsorbent layer involve the species and energy
balance for each adsorbent layer node, which are shown in Equations (2.8) and (2.9),
respectively. In these equations, Ca is the adsorbed concentration for the species
components, which is dependent on the adsorbent material, gas mass fraction, pressure,
and temperature. The method of calculating C, is addressed later, where criteria for the

selection of the adsorbent are discussed.
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The source terms in the energy equation include heat transfer from the
microchannel to the adsorbent layer, heat transfer from the adsorbent layer to the fused

silica wall, and the volumetric rate of heat generation due to adsorption for all component
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species. The resistance to heat transfer from the adsorbent layer to the fused silica is
calculated using Equation (2.10), in which the conduction heat transfer resistance in the

adsorbent layer and that in the fused silica are added (Pahinkar et al., 2015).

In(i‘HhJ In(gps'm“;‘)
_ A D ) (R (2.10)
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2.2.1.4 Governing equations for the fused silica

The adsorbent layer considered in the present simulation is attached to the fused
silica monolith wall. Although the fused silica wall is impermeable to species, the
thermal mass of fused silica participates in heat transfer with the adsorbent layer. The
energy equation used for the fused silica wall is shown in Equation (2.11), which is
coupled with the energy equation for the adsorbent layer shown in Equation (2.9). The

thermo-physical properties of fused silica used in Equation (2.11) are listed in Table 2.1.

8TFs 82TFS T _TFS

w

+
FS 2
82 AFS ' Req,Heat,FS

PrsCp s o

(2.11)

2.2.1.5 Boundary conditions for the adsorbent layer

The adsorbent layer is assumed to be insulated at the inlet and outlet headers to
improve computational stability of the model in presence of changing boundary
conditions for the microchannel. The boundary conditions for the species and energy

balances can then be identified as shown in Equation (2.12) and (2.13).
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2.2.2 Displacement models
At the end of the adsorption stage, the hot HTF enters the microchannel to heat

the adsorbent and desorb CO,. The hot HTF accomplishes three tasks: the displacement
of the residual gases from the microchannel, heating of the adsorbent layer, desorption of

gases from the adsorbent, and the removal of the desorbed gases from the channel.

The model of the residual gas displacement with the hot HTF is separated from
the desorption stage model to simplify the implementation of the complete process
model. Although the boundary conditions for these two scenarios are identical, the
presence of two different phases requires independent analysis of the displacement
phenomenon. An approach with decoupled momentum and heat/mass transfer in the
microchannel is used, where the displacement of gas by liquid is simulated on a dynamic
mesh using simplified momentum equations. The heat and mass transfer in the
microchannel and the adsorbent layer, however, are analyzed on a fixed mesh. Logical
statements are introduced to distinguish between liquid and gas nodes, so that the heat
and mass transfer kinetics are simulated separately for these regions. The liquid-gas
interface location is explicitly imported into the heat and mass transfer models. The effect
of mass transfer into the microchannel is neglected, because the desorbed gases constitute
only 4% of the mass of gas-liquid mixture present in the channel. This methodology
accurately simulates heat and mass transfer during displacement while maintaining
stability and substantial details in the modeling equations. Details of the fluid

displacement modeling and experimental validation are described by Moore et al. (2016).
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The equations used for modeling displacement in the present study are the
incompressible forms of the displacement equations derived by Moore et al. (2016) and
are listed in Equations (2.14) through (2.16), where the total pressure drop in the channel
is calculated as the sum of pressure drops across liquid- and gas-filled regions. The
interface location, which marks the boundary between the two phases during
displacement, is tracked through the variable z in Equation (2.14). The interface velocity
defined by Equation (2.17) shows the velocity of the fluids during the displacement stage

and is used in the energy and species conservation equations.

AR, = (f'j_':j (2, ){?TZL (L-z2,) (2.14)
‘(?TZ) 1, /;[;‘ o (215)
:d(% 2.17)

With modifications incorporated for the decoupled momentum approach, the
species equation for the microchannel during the displacement stage is given by Equation
(2.18). A similar approach is followed for all other governing equations illustrated
previously. This modeling approach is applicable for both displacement scenarios (gas by
liquid and liquid by gas.) The clean displacement approach adopted for the displacement
of gas is justified by the experimental findings of Moore (2012), who observed a liquid

slug cleanly displacing residual gas present in the microchannel.
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In these equations, X¢ and X, are used to switch between the liquid and gas
regions. During the displacement of gas, if the axial location for a node is downstream of
the interface location, then X¢ for that node becomes one while X becomes zero. The

axial fluid property variation with this decoupled approach is discussed in Appendix B.

During the desorption stage, gases desorbing out of the adsorbent crystals
accumulate in the void spaces, and concentrations of both gases increase locally in the
adsorbent layer. The increase in concentration and temperature causes an increase in the
total pressure of the gases, which exceeds the pressure of the corresponding microchannel
node at the start of desorption. Hence, favorable pressure and concentration gradients
drive a convective-diffusive flow of desorbed gases radially inwards. Figure 2.5(a)
explains the assumption of convective-diffusive flow during desorption. This quick
desorption phenomenon is more likely to be short-lived and to exist during early
desorption stage before the loss of desorbing gases to the microchannel, although this
mechanism is explained in an exaggerated manner for illustrative purposes in Figure
2.5(a), where desorbing gases are shown as bubbles entering the microchannel from the
adsorbent layer. The flow of gases from the adsorbent layer to the microchannel
diminishes as a substantial mass of the gases leaves the adsorbent layer and mixes with
the HTF stream. At this point, pressure equilibrium is attained between the microchannel
and the adsorbent layer. Further desorption and outflow of gases takes place by slow

diffusion through the gaseous void space and slow diffusion though the liquid boundary
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layer in the microchannel. This condition is depicted in Figure 2.5(b). The total pressure
difference in the adsorbent layer and corresponding microchannel node is tracked to
differentiate between these two desorption scenarios. In this manner, appropriate changes
involving diffusion phenomena (gas diffusion and gas convection during early
desorption/gas diffusion and liquid convection during late desorption) are made to the

mass transfer resistance shown in Equation (2.1).

It must be noted that surface tension forces become important for the entry of the
HTF into the adsorbent layer during desorption and cooling. The presence of void spaces
of variable size in the adsorbent layer poses significant challenges in modeling the exact
local movement of the HTF. The binder material, modeled as Poly (Ether Imide) (PEI) in
the present work is hydrophilic. Therefore, when liquid water is used as the HTF, PEI is
more likely to facilitate the entry of water in the adsorbent layer owing to capillary forces
acting in the direction from the microchannel core to the adsorbent layer. Simultaneously,
as the gases are desorbed and are accumulated in the void spaces, they exert a
counteracting force due to pressure difference between the adsorbent layer and the
microchannel. However, for the microchannel geometry considered in the present work,
capillary forces are not capable of inducing a radially outward motion of the HTF. This is
because the outer boundary of the adsorbent layer, i.e., the channel wall, is impervious,
and the incoming HTF would encounter the desorbing gases at high pressure. Hence, the
surface tension forces can only act to decrease the pressure difference between the
adsorbent layer and the microchannel, which is created by the desorption of gases. (In
contrast, for designs such as heat pipes, capillary forces are the primary driving agents for

the liquid flow from the condenser to the evaporator and for such systems, they do not
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encounter a counteracting force that could prevent this refrigerant transfer). The physical
effect of surface tension forces in terms of HTF ingress into the adsorbent layer can
manifest after substantial mass of gases leaves the adsorbent layer by diffusing through
the adsorbent layer, followed by getting dissolved in the liquid HTF. The present model
takes the different modes of mass transfer into account to accurately model the species
diffusion in gases and liquids. The HTF is not modeled as a mixture component, and
conservation of CH, and CO; is targeted. This approach enables full process simulation
without addressing HTF ingress in the adsorbent layer. The interaction of HTF and
adsorbent layer in presence of surface tension forces should be investigated in detail in
future, using flow visualization and other relevant techniques to characterize the
desorption stage phenomenon in the adsorbent layer. Nevertheless, the full process model
does consider that due to a combined effect of surface tension forces and impurity
removal from the adsorbent layer, the adsorbent layer is completely filled with liquid
HTF at the end of the cooling stage, and this liquid must be removed, so that a fresh batch
of impure gas can be sent for purification. Modeling techniques used to predict the time

required for liquid HTF removal are discussed in a subsequent section.
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Figure 2.5. Illustration of (a) Initial convective diffusive flow and (b) subsequent slow
diffusive flow

2.2.3 Desorption model
The heat and mass transfer models of the extended desorption stage are developed

using the assumptions described above for displacement modeling. The desorption model
is switched on after the hot HTF sweeps over the entire length of the microchannel. The
conservation equations used for the desorption model consist only of the liquid part of the
displacement equations because the displacement and desorption models are parts of the

larger desorption process model. Additionally, the momentum equation is similar to
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Equation (2.4) with appropriate substitutions for liquid phase material properties.
Depending on the desired extent of contaminant removal, the desorption stage may be
extended beyond the time required for the initial desorption or thermal wave, which is
described in the displacement modeling section.

2.2.4 Cooling stage model
After the desorption process is complete, the adsorbent layer is brought to room

temperature so that adsorbent particles can adsorb impurities again during the next feed
gas cycle. Hence, cold HTF is passed through the microchannel. Species and energy
equations used for the cooling model are identical to the equations used for the desorption
stage. The only change in the equations involves an alteration of the boundary condition
for the fluid temperature at the inlet.

2.2.5 Purge stage model
The purge stage involves the displacement of the cold HTF in the microchannel.

The channel is effectively dried and prepared for the next adsorption stage. The initial
liquid displacement modeling methodology is discussed in the previous sections. Once
the gas-liquid interface reaches the channel outlet as the purge gas displaces the cold
HTF, the purge stage model is activated. Because this stage of the cycle involves purified
CH, flowing through the microchannel, the governing equations for heat and mass

transfer and fluid flow are identical to Equations (2.3) through (2.9).

As a result of the expected re-adsorption of the desorbing gases during the cooling
stage, loss of pressure in the void spaces is expected to facilitate the entry of the HTF into
the void space. Removal of the HTF trapped in the void spaces is only possible via

evaporation as it cannot be physically displaced. If the outer surface of the adsorbent
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layer (i.e., the channel wall) were to permit mass transfer, application of a pressure
difference across the inner and outer surface of the annular layer with a purge gas would
have helped in removal of the liquid. Hence, for estimation of the time required for the
HTF to evaporate, an independent kinetic model is developed in gPROMS™. It is
assumed that HTF occupies the entire void space at the end of the cooling stage and the
total mass of trapped HTF can be calculated using Equation (2.19). The concept of HTF
evaporation in the adsorbent layer void space and vapor-liquid interface movement in the

void spaces are illustrated schematically in Figure 2.6(a) and Figure 2.6(b), respectively.

M i =&V,o. (2.19)

L,ini

(a)? (b) f
i i |
. . . - YV = Ysat —r
Displacement of liquid in channel .
& imposing concentration =
. . R . o+
gradient of liquid in void spaces y=0 Y

Figure 2.6. (a) Schematic representation of water evaporation as it is exposed to
concentration gradient (b) Ilustration of an instant in time during water
removal

It is assumed that liquid and vapor phases of the HTF are in equilibrium at the
interface. The mass fraction of HTF in gas at the vapor-liquid interface can be determined
by ratio of the saturation pressure of HTF at the liquid temperature and the total gas
pressure in the void space. The evaporated HTF at the interface is exposed to the

concentration gradient as purge gas is assumed to contain negligible HTF vapor. Thus,
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the rate of removal of evaporated HTF can be determined from Equation (2.20), which is

a function of HTF diffusivity and tortuosity of the adsorbent layer.

M,
dt

dy
—-D A 2.20
off ,HTF—CH, Pe r(th—|) ( )

With an initial condition of an HTF filled adsorbent layer, the kinetic model is
simulated until the total mass of the HTF becomes zero. This kinetic model is also
validated analytically as shown in Equation (2.21), where first order differential equation

for mass conservation is solved by simple integration.

For the displacement of liquid, the clean displacement approach used for the
displacement of gas is not valid, as Moore (2012) observed intermittent, annular and
rivulet flow regimes, and in absence of liquid replenishment, these regimes are soon
replaced by single-phase gas flow. Because the purge stage continues even after the
theoretical time required for the displacement of liquid, this additional purge stage time is
utilized to remove the HTF from both domains, the microchannel and the adsorbent layer.
It is expected that at the end of the purge stage, not only the adsorbent layer, but also the
microchannel flow region, is free of HTF. Furthermore, surface tension does not play an
appreciable role during the purge stage, because drying of static liquid due to evaporation
is merely dependent on how fast the evaporated liquid can be removed from the

adsorbent layer via diffusion.

¢ (th)2 & P (2.21)

purge =
2Deff,HTF—CH4 J2e
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2.2.6 Sequential coupling and full process simulation methodology

In the comp

displacement of gas

lete purification process model, the sub-models (i.e., adsorption,

by liquid, desorption, cooling, displacement of liquid by gas, and

purge) are coupled sequentially as shown in Figure 2.4. A switching technique is used to

activate the relevant

governing equations during the transition from one stage to another.

The governing heat and mass transfer equations are modified using the binary switches

and equivalent resistances. Each stage is assigned a switch that assumes a value of either

one or zero, depending on whether the stage is being simulated at that time or not. The

overall microchannel domain species equation used for the full process simulation is

shown in Equation (

2.22), where S indicates the switch for a corresponding stage of the

process. Similar treatment is given to the other conservation equations for the full process

model.
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The momentum equation, however, assumes the form shown in Equation (2.23),

due to different approaches adapted for single-phase (adsorption, desorption, cooling, and

purge) and two-phase flows (displacement of gas and displacement of liquid) to calculate

the fluid velocity in the microchannel.
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The full process model is simulated with an implicit first-order backward
differencing scheme in gPROMS™ by controlling the binary switches explicitly. The
stages are simulated ensuring that the grid size mentioned in Table 2.1 results in a grid
Peclet number of 0.13, which is much lower than the maximum acceptable limit of two to
achieve numerical stability. Hybrid differencing techniques can be employed; however,
the additional penalty on the calculation time and simulation failures must be addressed.
Additionally, gPROMS™ ModelBuilder offers backward, forward, and central
differencing options and hybrid differencing is observed to create computational
instabilities in the solution procedure, as the transient built-in solvers are used to solve
the differential equations. Appendix C shows detailed sample calculations for a sample

data point during the simulation of the overall process in a cyclic steady state.

In the full process model, the execution times for each of these stages are
specified. The times required for each stage are calculated using parametric studies, in

which important variables for the considered stage are monitored. Table 2.2 shows the
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criteria for monitored variables during each stage used for determining the stage times for
satisfactory performance of the purification cycle. The adsorption stage is continued until
the adsorption wave front reaches the axial midpoint of the microchannel so that, as the
HTF stream replaces the feed gas stream at the inlet, the feed gas in the upstream half of
the microchannel is adsorbed in the downstream half of the adsorbent layer as the
displacement is continued, maximizing product purity and recovery. While the
displacement times are calculated based on when the gas-liquid interface reaches the
outlet, the desorption stage time depends largely on the magnitude of Tgeso and is
discussed in detail in later sections. The cooling stage time is the time required for the
HTF to leave the microchannel at 25°C, which is the inlet HTF temperature. The purge
stage time is calculated separately as discussed earlier, and the purge stage is simply
simulated for the corresponding time with the purified product being recirculated, without

explicitly modeling the HTF leaving the adsorbent layer.

Table 2.2. Purification cycle simulation criteria and monitored variables.

Stage Monitored variable
and imposed constraint
Adsorption Caco2 = CacozMax for z~ 0.5
Displacement of gas zr <L
Desorption Depends on Teso
Cooling Ty1 =25°C
Displacement of liquid zr <L
Purge Myutr=0

2.2.7 Microchannel boundary and initial conditions
The microchannel inlet is exposed to different species and temperature boundary

conditions during the execution of each stage. Table 2.3 lists the boundary conditions at
the channel inlet and outlet. The adsorbent microchannel is assumed to be filled with
purified CH,4 at Ty at the start of the process. The mixing header models are not integrated

39



with the full process model and it is assumed that the requisite species and the
temperature values are available at the channel inlet as needed by the corresponding
stage. A hypothetical model for valves, with a valve time constant, Ct, of 0.1 s, is
inserted in the boundary conditions equation as shown in Equation (2.24), to avoid
simulation failures due to a sudden change of equations. The solenoid valve used in the
experimental set-up by Moore et al. (2016), is found to have a response time of 0.04 s,

substantiating the value chosen here for Cr.

d(BC) 1

hael = —(BC ssigned BC ctual (224)
IS (BChsi et )
Table 2.3. Boundary Conditions for the microchannel species and energy equations.
Stage of the cycle BC - channel Inlet BC - channel Outlet
Adsorption yi| 0= Yi teed
T, =To
. o oC. .
Displacement of gas and Cg,i| =[o 2 107] il _p
Desorption . oz |,
Tg 2-0 :Tdeso 8T
Cooling Cyil, , =[1072,107] a—g =0
- z
Tg|z:0 :TO i
Displacement of liquid y_| o = Yiprod
and Purge . '
g Tg |z:0 :TO

2.2.8 Product purity and yield
The performance indicators for the entire purification process are the bulk

methane purity and the methane yield per unit adsorbent mass. These parameters are
monitored to evaluate the process performance and to provide a platform for comparison

with other existing purification technologies. Equations used to determine the product
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yield and mass and mole based product compositions are shown in Equation (2.25)

through (2.27).

oM _ AU Coil, (2.25)
at padsa)vw .
. M;
Purity,,, = =— (2.26)
' Z Mi
(PurityKV )
MW,
PUFity, e ; = : (2.27)

Z(Purityk%/lwij

2.3 Optimization of geometry and material selection

2.3.1 Adsorbent microchannel geometry
The appropriate adsorbent microchannel geometry is selected using a parametric

study on the microchannel diameter and the adsorbent layer thickness. The microchannel
length is kept constant at 1 m, while the binder that holds the adsorbent to form a hollow
adsorbent layer is assumed to be made of poly (ether imide) (PEI) (Mark, 1999), which
can resist temperatures of up to 482°C. Another reason for selection of PEI is its high
glass transition temperature (up to 216°C (Mark, 1999)) and the use of a brittle and
glassy polymer eliminates its own resistances to gas flow due to moving linkages, unlike
rubbery polymers such as PDMS. Therefore, macroscopic gas diffusion equations based
on the Chapman-Enskog theory (or the Knudsen diffusion approach, if applicable) suffice
for the calculation of the effective diffusion coefficient used in Equation (2.1) (Cussler,

1997).
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The adsorbent material considered for the simulation of this parametric study is
silicalite, while the HTF compatible with the adsorbent is water. The adsorbent-HTF pair
is selected in such a way that the HTF interacts with the adsorbent only thermally,

thereby maximizing the amount of gas adsorbed.

The Langmuir equation is used for calculating the competitive adsorption
isotherms for CH, and COx in the silicalite adsorbent as shown in Equation (2.28) along
with temperature dependence shown in Equation (2.29). Auxiliary parameters and

coefficients used in these equations are listed in Table 2.4.

Cotas = Pus| Moy T2 L - (2.28)

B = bme[_RQTBwjj (2.29)

Table 2.4. Coefficients for the Langmuir equations with competitive adsorption
(Babarao et al., 2007; Lee, 2007)

Factor CH, CO,
Mg, mol 3.918 4.161
kg™
bo, kPa’ 4.15x 107 4.506 x 107
Op, Jmol” 20000 25400
Derysia m’s  1.5x10° 53 x 107
Pads kg m> 1793
r, m 10°

To model the microporous diffusion and account for intra-crystalline diffusivity,
the LDF constant shown in Equation (2.30) is used. This constant, K _pf, is then used in
the linear driving force equation, Equation (2.31), to determine the instantaneous rate of

adsorption.
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The parametric study on microchannel geometry is performed in two parts. First,
the adsorbent layer thickness is kept constant at 30 um and the microchannel diameter is

varied from 150 to 530 pm.

The full process is simulated with the adsorption stage running until the product
purity in the product sink drops below 99%, and with a desorption stage time of 20 s.
Figure 2.7 shows the effect of microchannel diameter on the time required to saturate the
adsorbent layer and subsequently, the time required for removal of CO, from the
adsorbent layer. For the smallest Dy of 150 um considered in the present study, it takes
nearly 4 s for the feed CO, to saturate the adsorbent as a result of low feed mass flow
rate. As the diameter increases, the mass flow rate of the feed gas increases, therefore the
time required for saturation of the adsorbent layer decreases. The convective heat and
mass transfer coefficients from the fluid to the adsorbent layer surface decrease as Dy, is
increased. This decrease impedes the heat and mass transfer into and out of the adsorbent
layer marginally. However, this higher convective resistance is compensated for by the
higher mass flow rate possible at the larger diameter. Furthermore, increased heat and
mass transfer resistances with increased diameter would only have been a critical factor if
Peclet numbers (Pe) were of the order of one. The three possible outcomes that are
possible with variation of Dy on relative effects of convection through the microchannel
and radial diffusion of heat and species are (a) high heat and mass transfer coefficients

but with low mass flow rates, resulting in quick heat and mass transfer to and from the
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adsorbent layer with longer stage times (b) moderate heat and mass transfer coefficients
at moderately long stage times (c) low heat and mass transfer coefficients but with shorter
stage times. Although the present parametric study does not attempt to determine the
microchannel geometry for the trade-off between convection and diffusion, it accounts
for additional effects, including microporous diffusion and adsorption, to analyze the
overall adsorption stage performance. This parametric study focuses on the ability to
achieve separation while maintaining a sharp adsorption and thermal wavefront by using
the considered geometry within controllable and short stage times. For the adsorption
stage with a D of 530 um, heat and mass transfer Pe values are 8193 and 8243,
respectively. This clearly indicates that fluid flow in the microchannel considered in the
present work is inertia-dominated and marginal changes in the heat and mass transfer
resistances, as a result of change in diameter, do not affect the overall adsorption stage
performance in terms of purity and product collection. For a diameter of 530 um, it takes

no more than 0.3 s for the adsorbent layer to saturate as seen in Figure 2.7(a).

The adsorbed concentration curves during desorption provide more insight into
the effectiveness of adsorption swing with the present concept. As shown in Figure
2.7(b), for the smallest Dy of 150 um, the velocity of hot water during desorption is
small, resulting in a slower heating of the adsorbent layer and a slower CO, removal. The
CO, removal rate is very small; hence, the hot water supply should be continued for a
reasonable swing capacity of the adsorbent layer. This results in an increased cycle time
and energy requirement. For a Dy, of 530 pum, the mass flow rate of hot water through the
microchannel is the highest between the cases considered; hence, the adsorbed

concentration of CO; rises quickly to the maximum CO, concentration during adsorption
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in 0.3 s and the entire adsorbent layer is nearly regenerated in about 6 s. It should be
noted that the maximum CO; adsorbed concentration for all the cases is similar, which

shows equal adsorbent layer utilization, regardless of the diameter.
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Figure 2.7. Effect of variation of microchannel diameter on (a) product purity and (b)

CO, adsorbed concentration for a constant adsorbent layer thickness of
30 pum.

Table 2.5 shows the mass of product collected normalized with the adsorbent
mass during the adsorption stage for the range of Dy considered. As the diameter

increases, the product mass collected increases more sharply than the increase in the
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adsorbent mass. Hence, increase in diameter has a favorable effect on the process

performance and a diameter of 530 pum is considered for further analysis.

Table 2.5. Effect of microchannel diameter on adsorption stage performance

th Dn Vux10®  Magsx10®  Mprog X107 Morod
[um] [um] [m°] [ka] [ka] [kg kg'']

150 1.13 3.18 1.66 0.52

20 200 1.60 4.51 2.45 0.54

300 2.54 7.17 4.63 0.64

530 4.71 13.3 11.7 0.88

To analyze the effect of adsorbent layer thickness, th, on process performance, Dy,
is fixed at 530 pum, while th is varied from 15 to 120 um. Figure 2.8 shows the results
from this parametric study. For a constant Dy, increase in th does not add any benefit to
the adsorption stage performance. The product purity starts dropping at nearly same time
just after 0.2 s; however, at different rates for different th values, as seen in Figure 2.8(a).
For the thinnest adsorbent layer, the adsorbent layer saturates quickly within 0.2 s, while
the CO, adsorbed concentration in the adsorbent layer reaches the highest possible value
analogous to the cases shown in Figure 2.8(b). However, as th increases, the feed gas
wave front tends to reach the microchannel outlet without completely filling the
adsorbent layer. For the thickest adsorbent layer with a th of 120 um, 34% of the
adsorbent layer remains unused as seen in Figure 2.8(b). The dispersed nature of the
adsorption wave for thick adsorbent layer is in agreement with the previous experimental

findings for the hollow fibers in the literature (Lively et al., 2011; Lively et al., 2012).

Additionally, the desorption stage performance with a thick adsorbent layer
deteriorates due to an increased mass transfer resistance to the desorbing gases. While the

entire adsorbent layer can be saturated and regenerated within 4 s for a th of 15 um, even
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a partly filled 120 um thick adsorbent layer cannot be regenerated within 20 s as seen in
Figure 2.8(b). Such behavior can be attributed to the convection-based design in the
present study, where the diffusion in the adsorbent layer in the radial direction must be
fast enough to match the feed gas convection in the axial direction in the microchannel.
Thinner adsorbent layers can exhibit such behavior, as a result of lower mass transfer
resistance within the adsorbent layer. It is found that mass transfer resistance through the
adsorbent layer is up to ten times greater than the convection mass transfer resistance at
the adsorbent layer wall. Therefore, employing a thin adsorbent layer reduces the overall
mass transfer resistance by a significant margin. For thick adsorbent layers, diffusion in
the adsorbent layer lags convection in the microchannel, contaminating the product
before saturating the adsorbent layer. The reduced slope of the purity curve for a th of
120 um, as shown in Figure 2.8(a), indicates that CO, starts to enter the outlet stream
after 0.4 s, while the adsorbent layer is not saturated with CO; entirely; and even after 1.5
s, only 66% of the adsorbent layer is filled with CO,. For thinner adsorbent layers, the
time required for adsorbent layer saturation matches the time required for the fluid
breakthrough of CO, closely. For useful operation of this cycle, the cycle times should

therefore be based on convection time scales and not diffusion time scales.
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Figure 2.8. Effect of variation of adsorbent layer thickness on (a) product purity and
(b) CO, adsorbed concentration for a constant diameter of 530 pm.

Although the adsorption and desorption processes are quickest for the 15 um case,
a th of 30 um is selected for further analysis, to enable slightly better process control.
Also, it can be seen from Table 2.6 that for a th of 30 um, the absolute product collected
is higher than that with a th of 15 um, because of a higher separation capacity. A th of 60
um yields the highest absolute product; however, the desorption time as shown in Figure
2.8(b), exceeds 20 s. For a Tgso 0f 200°C, the regeneration ability stays above 95% as
seen in Figure 2.8(b), even when the desorption stage is terminated after 4 s. As th

increases, the actual product collection saturates, while the adsorbent mass increases
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proportionally. Therefore, the normalized product collected during the adsorption stage

decreases as th increases.

From a process standpoint, choosing a greater Dy, and a thinner adsorbent layer
results in shorter cycle times. For example, with a Dy of 200 um and th of 100 um, the
total cycle time is estimated to be 2225 s, compared to 203 s with a Dy of 530 um and th
of 30 um, as illustrated later. This enhanced performance is attributed to large mass flow
rates through a large microchannel, and to reduced mass transfer resistances through a
thin adsorbent layer. It must be noted that this optimization is based on the mass of
purified product, whereas the optimization for energy requirement is addressed in a later

section.

Table 2.6.Effect of adsorbent layer thickness on adsorption stage performance

Dn, th Vux10®  Magsx10®  Mprog X107 Morod
[um] [um] [m°] [ka] [kg] [kg kg™']

15 2.43 6.83 10.3 151

30 471 13.3 11.7 0.88

530 60 8.86 24.9 12.3 0.49

120 155 435 12.3 0.28

2.3.2 Adsorbent and HTF material selection
The appropriate adsorbent material and HTF are selected based on another

parametric study to assess the feasibility of adsorbent-HTF pairs. The full process
performance observed with the use of silicalite — water is compared against that of the

zeolite 5A — polyalphaolefin (PAO) pair.

Zeolite 5A has a higher selectivity for CO, compared to silicalite as shown in
Figure 2.9, which shows the competitive adsorption isotherms for zeolite 5A and silicalite

for a CH4-CO; mixture (70/30). The dual-site Langmuir equation (DSL) for modeling the
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isotherms for zeolite 5A, along with its auxiliary parameters, is explained in Pahinkar et

al. (2015), and is adapted from Gholami et al. (2010).

More favorable isotherms for zeolite 5A at 25°C result in greater adsorption
capacity at low CO, partial pressures and faster adsorption. This advantage of using
zeolite 5A as an adsorbent can only materialize if the HTF does not interfere with CO;
adsorption. As zeolite 5A has a high affinity for water (Gholami and Talaie, 2009), its use
as the HTF adversely affects the adsorption and desorption of CO,. Therefore, PAO,
which has a large molecule size compared to water and CO, and does not interfere with
CO, adsorption, is chosen as the HTF for the zeolite 5A case. Although zeolite 5A has a
high capacity for CO, that remains constant for a large range of partial pressures, it
cannot rely on merely temperature swing for a reasonable adsorbent swing capacity, as

seen in Figure 2.9.

Silicalite, on the other hand shows reduced selectivity, as seen in the slope of the
capacity curve at zero partial pressure; however, it has a comparable adsorption capacity
to that of zeolite 5A. Silicalite is also found to show better response to temperature swing
in terms of increased adsorbent swing capacity. Due to negligible water adsorption
capacity of silicalite, water can be used as the HTF to heat and cool the adsorbent layer.
The full process simulation using this pair is demonstrated in the previous section, where
the use of the silicalite-water pair was shown to drive the selection of the appropriate

geometry for adsorbent-coated microchannels.
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Figure 2.9 Competitive adsorption isotherms for zeolite 5A and silicalite at 25°C and
100°C for CH4-CO; gas mixture (70/30 by mole)

Table 2.7 shows the comparison of the material properties of water and HTF at
25°C and 100°C. It should be noted that the desorption temperature selected for this
parametric study is 100°C, considering the safety concerns regarding use of an organic

flammable liquid at higher temperatures.

It can be seen that the viscosity of PAO is at least an order of magnitude greater

than that of water, which impedes HTF flow during the desorption and cooling stages.
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Table 2.7. Comparison of properties of water and PAO (Process Systems Enterprise,
1997-2015; Chevron, 2008)

Property PAO, 25°C PAO, 100°C Water, 25°C Water, 100°C

-1 -1 -3 -3 -4 -4
& kgm s 7.7x10 1.9x10 8.9x10 2.82x10

1 -1
c Jkg K 2208 2468 4180 4580
kK Wm K. 0.154 0.143 0.590 0.670
o kgm. 808 719 997 958
Pr 110 33 6.18 1.92
o, A 45.0 2.64

-1
MW, g mole 336 18
Py, kPa 0.133 3.16
2 -1 -9 -

L 1.37x10 1.05x107

The full process is simulated with the methodology discussed in the previous
sections and the two adsorbent-HTF pairs. Based on the extent of completion of each
stage, the stage times for both the scenarios are estimated and listed in Table 2.8 with
Figure 2.10 showing the overall cycle performance in terms of the adsorbent capacity for
CH, and CO,. The adsorption, desorption, cooling and purge stages are marked by the

numbers 1, 2, 3, and 4, respectively.
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Figure 2.10. Cyclic CO, adsorbed concentration with silicalite — water and zeolite 5A —
PAO pairs
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The adsorption stage times for both the pairs are comparable and are dependent
on the adsorbent swing capacity for silicalite and zeolite 5A. It should be noted that the
adsorbed CO; after the purge stage is already high, because of the high CO, mole fraction
in the product, and the purge stage in fact involves purification of the product gas.
Therefore, enough CO, from the feed stage cannot be accommodated in the adsorbent
layer, especially in zeolite 5A. This is attributed to the reduced operating capacity at a
reduced temperature swing of 75°C. At the end of the adsorption stage, the CO, adsorbed
concentrations for zeolite 5A and silicalite rise from the equilibrium desorbed values at
the start to the values at A and D, respectively.

Table 2.8. Comparison of stage times with silicalite-water and zeolite 5A — PAO for a
temperature swing of 75°C

Stage Zeolite SA  Silicalite
- PAO - Water

Adsorption [s] 0.16 0.19
Displacement 1.40 0.55
of gas [s]
Desorption [s] 5.00 5.00
Cooling [s] 23.00 3.00
Displacement 5.00 0.70
of liquid [s]
Purge [s] 320400 195.00

Total time [s] 320434.56 204.44

The desorption stage time is kept constant at 5s for both the HTFs to assess
desorption effectiveness. The desorption stage time with silicalite-water pair with Tgeso Of
200°C discussed in the previous section is 4 s with a 95% regeneration. However, the
desorption stage time with Tgeso 0f 200°C should be higher than 5.5 s. As shown in Figure
2.11(a), water is able to raise the temperature of the adsorbent layer within 3 s, while the

temperature rise with PAO is slower and not all the axial locations reach 100°C after 5 s.
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As mentioned before, the high viscosity of PAO limits its mass flow rate through the
microchannel. Therefore, rate of energy input into or removal from the microchannel is
significantly lower, in turn decreasing the rate of heating or cooling of the adsorbent
layer. Therefore, the rate of decrease in CO, adsorbed concentration with PAO is smaller
than that with water. The CO; concentrations at the end of the desorption stage are
depicted as points B and E, respectively, for zeolite 5A and silicalite. The cooling stage
time, which is primarily dependent on heat transfer from the adsorbent layer to the HTF,
is affected adversely by the high viscosity of PAO, as shown in Figure 2.11(b). It takes
more than 23 s for PAO to cool the adsorbent layer to 25°C, while water does so in only
3 s. Because the Reynolds number during the cooling stage does not exceed 5, heat
transfer coefficients for this laminar flow also remain small (1326 W m? K™) due to the
low thermal conductivity of PAO. The corresponding heat transfer coefficient for the
flow of water during the cooling stage is 6215 W m™ K™. The final values of adsorbed
CO, at the end of the cooling stages are depicted by points C and F for the zeolite 5A and
silicalite cases, respectively. The adsorbent swing capacities for the zeolite 5A-PAO and
silicalite—water pairs for a temperature swing of 75°C are then calculated as the vertical
distances between A and C, and D and F in Figure 2.10, which are 1450 and 2650 mol

m’3, respectively.

Additional problems arise during the displacement of liquid and purge stages with
PAO as the HTF. Not only does it take longer to be displaced from the microchannel
compared to water, but it also takes an unreasonable amount of time to be removed from
the adsorbent layer. These results are due to the low volatility of PAO (one order of

magnitude lower than water) and diffusion coefficient (two orders of magnitude lower
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than water)

as a result of greater molecular weight. Hence, once PAO enters the

adsorbent layer void spaces during desorption and the cooling stage as a result of

adsorbed CO, removal, it cannot be practically removed as seen from the purge stage

time values shown in Table 2.8.

Figure 2.11.
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with PAO and water as HTFs

Water, on the other hand, not only flows through the microchannel rapidly with

high heat an

d mass transfer coefficients, thereby improving process effectiveness, but

also offers smaller resistance to evaporation and diffusion through the adsorbent layer. It
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takes 195 s for the adsorbent layer to be free of water and ready for the next feed stage as

seen in Table 2.8.

Therefore, due to a higher adsorption swing capacity and regeneration ability of
silicalite and the excellent heat and mass transfer characteristics of water as the HTF, the

silicalite—water pair is selected for further analysis.

2.4 Results
Once the adsorbent microchannel geometry and the adsorbent—HTF pair is

selected, the full process is simulated using the key parameters listed in Table 2.1. The
final stage times selected for the process simulation are shown in Table 2.9. Because T geso
selected for the optimized version of the full process simulation is 200°C, the
displacement of gas and desorption stage patterns for CO, average adsorbed
concentrations follow the trend shown in Figure 2.7(b). The stage times then differ from
those shown in Table 2.8, due to reduced viscosity of water at 200°C compared to that at
100°C (55% decrease), in turn increasing the velocity. Therefore, the displacement of gas
at 200°C is faster by 5% than at 100°C, and a 4 s desorption stage results in 95%

regeneration ability as seen in Figure 2.7(b).

This section explains the adsorbent layer and the microchannel heat and mass
transfer Kinetics in a cyclic steady state, and discusses the transient variation in the

adsorbed and gaseous concentrations for both CH, and CO, through the various stages.
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Table 2.9. Final stage times and total cycle time selected for the full process

simulation

Stage Time [s]
Adsorption [s] 0.19
Displacement 052
of gas [s]
Desorption [s] 4.00
Cooling [s] 3.00
Displacement
of liquid [s] 0.70
Purge [s] 195.00

Total time [s] 203.41

Figure 2.12(a) shows the adsorbed concentration of CH, and CO; during the
adsorption stage. It can be seen that the CH,4 concentration in the adsorbent layer
decreases as the adsorption wave front progresses. CO,, on the other hand, diffuses and is
adsorbed as it travels through the channel. The feed gas supply is stopped at 0.19 s to
prevent contamination of the collected product. It should be noted that the adsorption
stage duration affects the CH, yield and purity. More advanced control of the supply and
collection times should yield a broad spectrum of product purity to meet varying end use

requirements.
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Figure 2.12. (a) Adsorbed concentrations in the adsorbent layer during the adsorption
stage (b) Component gas densities during displacement of gas (c)

Adsorbed concentrations during displacement of gas

Figure 2.12(b) shows the density of trapped gases in the adsorbent layer during

the displacement of gas by liquid. The initial reduction of CO, density as a result of

convective-diffusive flow can be seen over the duration of the displacement stage. As the
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adsorbent is heated to the desorption temperature, more gaseous CO, accumulates in the
void spaces and increases the total pressure, aiding quick removal of the gases. A wave of
rising CO, pressure can be observed in Figure 2.12(b) in the form of a distinct
concentration peak followed by a rapid loss of mass in upstream regions. CH4 density,
however, falls rapidly without any local peaks as the amount of CH,4 adsorbed in the
previous stage is small compared to that of CO,. Figure 2.12(c), which shows the
corresponding adsorbed concentrations, indicates a continuous decrease in the adsorbed
concentrations of both gases. It is also interesting to note that the residual feed gas gets
adsorbed into the adsorbent downstream while the desorption process has started in the
upstream adsorbent as a result of selection of premature termination of feed to prevent

product contamination.

Figure 2.13(a) shows the progress of gas removal from the adsorbent layer during
the extended desorption stage. The CO, desorption wave in the form of a gas density
peak, which initiates with the start of the displacement stage and reaches the axial
midpoint of the microchannel at 0.71s, reaches the outlet in about the next 0.5 s.
Continued decrease in both gas densities is seen as a result of slow diffusive flow
afterwards, which is a result of the change in the mode of mass transfer from advective-
diffusive to diffusive. As the desorption stage concludes at 4.71 s, CH, density in the
adsorbent layer is negligible, while CO, density remains below 5% of the initial value at
the start of desorption. Similar patterns are observed for the adsorbed concentration graph
shown in Figure 2.13(b). The adsorbed concentration levels of both the component gases
fall uniformly as a result of desorption from the adsorbent pores and removal from the

void spaces through diffusion. The residual adsorbed concentration of CO at the end of
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the desorption stage remains below 5% of the maximum CO, adsorption capacity of

silicalite.

T
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Figure 2.13. (a) Component gas densities in the adsorbent layer and (b) Adsorbed
concentrations during extended desorption (c) Axial temperature
variation during cooling stage showing rapid thermal wave
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As the desorption process concludes, the hot water supply at the microchannel
inlet is replaced by a cold water supply. However, the reduction in temperature causes
silicalite to adsorb gases trapped at the end of desorption stage and increase the adsorbed
CO;, concentration by a small margin. Figure 2.13(c) shows the temperature variation of
the adsorbent layer during the cooling stage. It takes approximately 3 s for water to cool
the entire adsorbent layer to 25°C from 200°C. Due to small thermal mass of the
adsorbent layer and fused silica monolith wall, the cooling thermal wave breakthrough

occurs nearly at the same instant as the cooling fluid breakthrough.

Figure 2.14 shows the progress of water removal from the adsorbent layer as a
result of evaporation. As water is removed, the gases in the purge stream diffuse and
adsorb into the adsorbent, and the process is highly dependent on localized resistance
offered by the remnant water in the void spaces. However, an overall estimate of the time
when the adsorbent layer is free of liquid water can be acquired from Figure 2.14. This
time estimate also covers the time required for drying the water films existing on the
microchannel walls at the end of displacement of liquid, documented by Moore et al.
(2016). After the liquid evaporation is complete, the adsorbed concentrations of species
in the adsorbent layer are assumed to have reached the equilibrium concentration level,
corresponding to the product tank mole fractions; and the process may be followed by
sending a fresh batch of feed gases through the microchannels for purification, continuing

the cycle.
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Figure 2.14. Progress of liquid water removal from the adsorbent layer

The integrated adsorbed concentration of CO, in the adsorbent layer varies over
two entire cycles as shown in Figure 2.15. Two consecutive cycles are considered to
explain the cyclic steady state of the process with the operating capacity of the adsorbent
ranging from point A to C. A partial increase in adsorbed CO, concentration during the
purge stage results in purification of product gas (up to point B) without any feed, while a
further increase in adsorbed concentration is observed during the feed/adsorption stage as
more CO; enters the microchannel for separation (up to point C). An insignificant re-
adsorption of trapped CO, during the cooling stage is also observed (just before point A).
As explained previously, the precise rate of regeneration of the adsorbent layer during the
purge stage is difficult to determine. Nevertheless, the dotted lines shown in Figure 2.15
represent a possible pattern of variation of adsorbed concentrations, as water is removed

from the adsorbent layer.
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Figure 2.15. Total adsorbed concentration in the adsorbent layer predicted for two
cycles

The performance of the purification process is analyzed by monitoring the
product yield and purity. Figure 2.16 shows the product collection from a process
operating in cyclic steady state. For this simulation, it is assumed that although the feed
stage only lasts for 0.19 s, the product collection continues until the displacement of gas
is complete, so that the product recovery remains high. The initial increase in product
gases seen in Figure 2.16 is due to the collection of gases from the adsorbent
microchannel present previously before the start of the feed stage and the feed gases. At
the end of the cooling stage, the adsorbed concentrations of both the component gases,
CH, and CO, are the lowest, which are subsequently compensated by the product purge.
This essentially reduces the total product by the amount required to replenish the

adsorbed concentrations in the adsorbent and gaseous concentrations in the void spaces.
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Figure 2.16. Product collection per cycle showing transient variation for adsorption
and purge stages

Based on the collected CH4 and CO, seen in Figure 2.16(b), the purity of
collected product in this case is 90% by mole. The calculated CH,4 recovery, which
compares the CH; in the product and CH, in the feed, is 82%. The total product
collection from the process is 7.4 kg kg-ads™ hr* (9118 LSTP kg-ads™ hr™) for the stage
times listed in Table 2.9. The single point performance data are comparable with those in
the literature as shown in Table 2.10, in terms of product purity and recovery. While the
process capacity for the system under consideration is ~100-fold better than the values
for bed-based PSA processes reported in the literature, it is four times better than the
TSA-based process studied by Pahinkar et al. (2016), who studied a monolithic design

with separate alternating rows of gas and liquid HTF microchannels.
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Table 2.10. Single-point process performance comparison with the literature

Parameter Present  Kapoorand  Olajossy et Pahinkar
Study Yang (1989) al. (2003) et al.
(2016)
CH, Molar Purity [%0] 90 82-95 86-98 ~97
CH, Mass Recovery [%0] 82 40-94 86-93 >04
Process capacity 9118 <121 <167 < 2750

[LSTP kg-ads™ hr']

It must be noted that the calculations presented in this section refer to a single
adsorption stage time based on the criteria shown in Table 2.2. A comprehensive
investigation of the purification cycle is reported in Chapter 3, wherein further
improvements in the process performance through variation of stage times and heat and

mass recovery are also reported.

2.5 Conclusions

A novel TSA process cycle involving adsorbent microchannels for natural gas
purification is proposed and the underlying fluid dynamics and heat and mass transfer are
analyzed computationally. Comprehensive HT/MT/FD models are developed for the
adsorption, desorption, cooling and purge stages of the process cycle to investigate
species exchange and adsorption phenomena in the adsorbent layer in a cyclic steady

state process.

It is found that the adsorption stage is fast, resulting in adsorbent layer saturation
within 0.2 s as a result of the convection-governed process, unlike the diffusion-governed
process in the case of adsorbent beds. Due to the presence of two different phases in the
microchannel during the desorption stage, species exchange is subjected to varying mass
transfer resistances. Nevertheless, the desorption stage does not take more than 4 s for a

near complete regeneration of the adsorbent layer. As a result of the small thermal mass
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of the microchannel geometry, the cooling stage is also rapid, lasting only 3 s. One of the
areas of further improvement is the purge stage, where the microchannel configuration
with a prescribed constant pressure drop results in small rate of liquid water removal
from the adsorbent layer. The options of mechanisms by which water can be removed
from the adsorbent layer are limited. However, the overall cycle time for the TSA process
proposed is smaller than the PSA processes documented in the literature (600 - 1200 s)

(Kapoor and Yang, 1989; Olajossy et al., 2003).

Parametric studies on microchannel geometry are conducted, which show that a
larger diameter channel with a thinner adsorbent layer results in short and efficient
purification cycles. In particular, the cycle time is estimated to be 203 s for a Dy, of 530
um and th of 30 um, which increases to 2225 s for a Dy, of 200 um and th of 100 um.
Large mass flow rates as a result of the large microchannel diameter, and reduction in
mass transfer resistances within the adsorbent layer as a result of the thinner adsorbent
layer result in fast execution of each of the stages. The full process model is simulated
with two adsorbent-HTF pairs, silicalite-water and zeolite 5A-PAO. Although zeolite 5A
is an excellent CO, adsorbent, it cannot be used with water, because of its greater affinity
for water. The use of PAO, which does not interfere with CO, adsorption in zeolite 5A,
results in a very slow process due to its high viscosity. Additionally, because of its low
volatility, it cannot be evaporated out of the adsorbent layer. The silicalite—water pair,
however, yields excellent process performance, due to higher temperature sensitivity of
silicalite and excellent heat and mass transfer characteristics offered by water. Therefore,

silicalite—water is the preferred adsorbent—HTF pair for this system.
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With the silicalite—water pair and a D, of 530 um and th of 30 um, the proposed
concept can produce high purity output with a moderate CH, recovery in purification
cycles of 203 s duration. The estimated process capacity of the present study is not only
about two orders of magnitude greater than the capacity of the bed-based PSA processes,
but is also an improvement over a design with separate alternating microchannels for gas
and HTF flow. Chapter 3 reports a comprehensive investigation of this process for a
range of attainable purities, recovery factors and energy efficiencies to determine its

viability for an actual large scale installation.
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3 PERFORMANCE ASSESSMENT

3.1 Introduction
In Chapter 2, a temperature swing adsorption (TSA) process in adsorbent-coated

microchannels for natural gas purification, with the flow of working and coupling fluids
through the same microchannels, was investigated. A review of existing industrial natural
gas purification techniques was conducted to identify the advantages and limitations of
MEA absorption (Gottlicher and Pruschek, 1997; Aaron and Tsouris, 2005; Yang et al.,
2008; Pirngruber et al., 2013), membrane separation (Koros and Mahajan, 2000; Baker,
2002; Bernardo et al., 2009) and bed-based PSA systems (Cen et al., 1985; Kapoor and
Yang, 1989; Olajossy et al., 2003; Liu et al., 2011; Shao et al., 2011; Mulgundmath et
al., 2012), which are extensively investigated and used for commercial gas separation
plants. TSA-based purification processes, however, are difficult to implement (Riemer et
al., 1994) due to the low thermal conductivity of the adsorbent packed in an adsorbent
bed, except for the recent studies with microchannel heat and mass exchangers (Lively et
al., 2009; Determan et al., 2011). It was also demonstrated that with the recent
developments in manufacturing of hollow fiber or mixed matrix membranes (MMM),
adsorption-based gas separation systems can be designed to effectively utilize high heat
and mass transfer coefficients in microchannels to enhance product collection and reduce

system footprint (Pahinkar et al., 2015, 2016).

In Chapter 2, adsorption, desorption, cooling and purge stages of the TSA-based

cycle were analyzed in detail and the microchannel geometry was optimized. The
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silicalite-water adsorbent-HTF pair was selected based on detailed analyses of the heat

and mass transfer processes in each stage.

This Chapter uses the model developed in Chapter 2 to investigate the complete
performance spectrum of the purification process in terms of product purity, process
capacity, CH, recovery, and operating energy requirement. These performance
parameters are compared with those reported in the literature for existing purification
processes. Methods to enhance product purity and reduce energy requirements are also

investigated.

3.2 System design selection and results

3.2.1 Liquid HTF recirculation and absorption
Detailed stage-wise fluid dynamics, heat and mass transfer modeling is described

in Chapter 2; however, for the full process simulation, additional consideration must be
given to gas solubility in water and absorption to ensure a realistic operation. The
estimated stages times and the total cycle time used for the simulation are shown in Table

3.1.

Table 3.1. Stage times and total cycle time selected for the full process simulation

Stage Time [s]
Adsorption [s] 0.19
Displacement 0.52
of gas [s]

Desorption [s] 4.00
Cooling [s] 3.00
Displacement

of liquid [s] 0.70
Purge [s] 195.00

Total time |[s] 203.41
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The modeling architecture considered for the process is shown in Figure 3.1,
which also shows purge gas recirculation and HTF recirculation paths. The HTF is
recirculated to avoid the need of a fresh batch of HTF to be sent through the monolith for
each cycle. This requires an investigation of the effect of liquid absorption on cyclic

steady state of the process and its influence on product collection.

The governing equations used for modeling the absorption of gas in the HTF are
based on condensability of gases in the presence of a pressurized liquid. As gases are
pressurized at the system temperature, the mass of gases that changes phase and mixes

with the liquid HTF can be calculated by using Equations (3.1) and (3.2) (Reid et al.,

1986).
P
Xiabs = Xig " > (31)
® © Pi,G,sat
Cyias = Yig.ans AL (3.2)

The saturation pressures of CH, and CO; in Equation (3.1) as a function of
temperature can be calculated using Equations (3.3) and (3.4), respectively (Reid et al.,
1986). These curves are fitted based on the variation of the saturation pressure of each of
the component gases with temperature (Klein, 2016). The dissolved species are

considered to be in equilibrium with the liquid.

102341 1,0
T
e

Pen, 650t = ’ (3.3
[7*2(‘;12'41+15.522]
PCOZ,G,sat =e (3.4)
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The species conservation equation derived in Chapter 2 is modified to account for
the absorbed fraction of gases in the HTF liquid. The rate of change of absorbed gas
concentration in the HTF, derived in Equation (3.2), and the rate of change of gas
concentration that is not absorbed and remains suspended in the HTF, constitute the
overall species balance for the microchannel node. After this modification, the governing

species balance equation used for microchannel flow is shown in Equation (3.5).

Product
Purge CH, Tank
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Compressor

HTF Gas Sink

Impure Gas
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Figure 3.1. Component architecture considered for modeling the TSA-based
purification process. Also shown are the recirculation loops for purge gas
and HTF.
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Simulation of the entire cycle can become unstable due to instantaneous transfer
of a large mass of species from the gaseous phase to the dissolved phase, if a pure liquid
is assumed to enter the microchannel. A first-order time delay is unable to prevent
simulation failure unless it completely damps the absorption source term. To address this
challenge, the mixture is sampled only at the microchannel outlet. Species desorbing out
of the adsorbent and mixing with the liquid stream reach the outlet by convection,
regardless of absorption in water. Additionally, as shown in Chapter 2, the quality of the
two-phase mixture in the microchannel does not exceed 0.04 during the desorption stage.
Hence, heat and mass transfer resistances are conservatively predicted using liquid
properties for the microchannel flows. Once the two-phase mixture reaches the outlet
node, Equation (3.5) is solved locally, while the axially discretized heat and mass transfer
equations without the absorption term can be solved at all the other nodes. After the
mixture is collected in the desorption sink, the maximum gas absorption capacity of water
as a function of the transient variation of the local mole fraction of gases and temperature

is shown in Figure 3.2(a).

For a desorption stage HTF-gas collection of 4 s, the mass of water is 73 kg kg-
ads™, while the amounts of CO, and CH,4 that water can absorb are 8.6 kg kg-ads™ and
1.2 kg kg-ads™ respectively. As shown in Figure 3.2(b) for both species, the mass
separated in the microchannel and accumulated in the desorption tank in each cycle is
less than the maximum capacity that water can absorb per cycle. Hence, gases cannot be
recovered from the desorption sink without heating the collected water in a single cycle
further (the desorption sink is already at Tgeso, 200°C), unless the same HTF mass is

recirculated for several cycles until the cumulative mass of absorbed gases reaches the
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maximum absorption capacity. Once water is fully saturated with both species, the
desorbing gases cannot be absorbed into the liquid and can be easily separated from the
desorption sink using a gas separator without additional energy input. This rationale is
based on the assumption that the amount of carbonic acid produced as a result of reaction
of CO, with water is small and does not react with the walls of the system components
and the microchannel adsorbent layer. Another important underlying assumption in
modeling desorption with saturated water is non-interaction of the absorbed gas in water
and the adsorbent. This assumption can be justified by considering the direction of gas
flow, which is from adsorbent to the microchannel and remains so at the beginning of the
desorption stage. Additionally, for adsorbents like silicalite, the adsorption isotherms at
high partial pressures are more sensitive to temperature than partial pressure (Palomino et
al., 2009). Hence, in the later stages of desorption, even if fully saturated water reaches
the adsorbent through void spaces and creates a scenario in which absorbed gases
contribute to the partial pressure for adsorption, its effect on adsorption capacity is

minimal.

With water recirculation, as shown in Figure 3.2(b), gas recovery is estimated to
initiate from the desorption sink only after 4000 s or after 20 cycles. This leads to an
important simplification in process modeling: if fully saturated hot water is used for
desorption, the operation of a real cycle is analogous to a case without absorption of

gases and near-complete recovery of gases lost to the HTF stream is possible.
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Figure 3.2. (a) HTF sink absorption capacity for component gases during
desorption stage normalized with adsorbent mass (b) Saturation of
HTF with selected stage times.

3.3 Process performance prediction
During cyclic operation of the purification process, feed gas enters the

microchannel at the start of the adsorption stage, and collection of the purified product
can commence. The process capacity and the product purity change as the feed time and
the product collection time vary. A wide range of product purity and recovery is achieved
by changing the feed and collection times. Figure 3.3 shows schematics of the two

extremes of product collection scenarios while keeping the feed time constant.

74



Feed replaced by hot Product collection stops. Residual gases in
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Figure 3.3. Schematic showing limits of product recovery from the purification
process.

Figure 3.3(a) shows the adsorption stage scenario resulting in the least possible
product collection from the process. If the feed gas supply continues for a small duration
after the start of the adsorption stage, and both the inlet and outlet gas valves are turned
off simultaneously afterwards, no feed gas can enter the product resulting in negligible
net product collection. In contrast, Figure 3.3(b) shows the case when product collection
is the highest. This is possible as a result of continued product collection until the liquid-
gas interface reaches the microchannel outlet, even after the feed supply is cut off.
Depending on the selection of feed times and product collection times in between the two
extremes shown in Figure 3.3(a) and Figure 3.3(b), a performance matrix can be
generated. The purity calculation in the product tank is shown in Equations (2.25)

through (2.27), while CH4 recovery is calculated as shown in Equation (3.9).
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Figure 3.4 shows the variation of product purity with process capacity evaluated
for different feed and collection times. As feed time is increased, more CO; enters the
microchannel, reducing product purity as seen in Figure 3.4. Additionally, as the
collection time is increased, process capacity increases at the cost of purity. Nevertheless,
the purity values do not fall below 87% for the operating conditions considered here.
More importantly, process capacity with the use of adsorbent-coated microchannels is
found to be up to 100-fold greater than that for the bed-based PSA processes at similar
product purities. The reasons for such very high predicted process capacities are: (a)
extremely small requirement of adsorbent mass per microchannel, (b) higher intra-
crystalline diffusivity values as a result of smaller adsorbent particles (~1 pm) and (c)
high heat and mass transfer coefficients as a result of a convection-based design, unlike
the diffusion-based designs of bed-based PSA systems. For the void fraction and
adsorbent loading considered here, the adsorbent mass per microchannel is only
1.325x10" kg, whereas for example, the adsorbent mass required for construction of the

bed studied by Olajossy et al. (2003) is 3.9 kg.
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Additionally, for similar product purities, the purification process capacity in the
present work is at least 50% greater than those from the TSA-based process studied by
Pahinkar et al. (2016), who investigated gas separation using separate alternating parallel
microchannels for the flow of working fluids and HTFs. The system footprint decreases
by an even greater margin (> 82%) when the product is normalized with system volume,

due to the elimination of additional channels for the HTF.
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Figure 3.4. Product purity vs. process capacity compared with PSA and TSA
processes (Kapoor and Yang, 1989; Olajossy et al., 2003; Pahinkar et al.,
2016).

Figure 3.5 shows the variation of product purity with CH,4 recovery. The CH,4
recovery factor is directly proportional to process capacity, as seen from a comparison of
Figure 3.4 and Figure 3.5. As more product gas is collected, the fraction of CH, in the
product increases. The recovery factor predicted for the concept investigated here does
not exceed 83%, resulting in the loss of at least 17% CH, to the desorption HTF sink.
This value cannot be enhanced directly, because the gases desorbing out of the adsorbent

and mixing with the HTF during desorption contain CH,4, in addition to CO,. With the
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saturated liquid HTF recirculation approach illustrated in the previous section, it is
possible to recover CH4 from the desorption sink without a parasitic heat load; however,
an independent treatment of the collected gas collected is needed as it would have
different gas mole fractions than the product mole fractions. This is also why CH,4
recovery values in the present work are lower than those of Pahinkar et al. (2016),
because the gases recovered from the desorption sink are not considered for calculation
of recovery in the present work. Nevertheless, the product purity remains comparable to
those of Pahinkar et al. (2016). The CH, recovery values reported here are also
competitive with those from the bed-based PSA system investigated by Kapoor and Yang
(1989). The similarity in recovery factors and the greater process capacity indicates the

potential for large-scale feasibility of the system considered here.
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Figure 3.5. Product purity vs. CH, recovery compared with the PSA and TSA
processes in the literature (Kapoor and Yang, 1989; Olajossy et al.,
2003; Pahinkar et al., 2016)
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3.4 Energy requirements and operating cost
As illustrated in Figure 3.1, the purge gas compressor and HTF recirculation

pump require electrical input for their operation, while the HTF heater requires heat
input. The microchannel monolith requires sensible heat for heating the monolith from
25°C to 200°C and heat of desorption for the removal of impurities from the adsorbent.
For a process operating in repeating cycles, Equation (3.10) is used to calculate the
sensible heat required for heating the adsorbent layer and the fused silica monolith wall.
For a 203.41 s long cycle and 1 kg of silicalite used to construct a monolith, Neycand Nen
are calculated to be 17.7 cycles hr' and 75,500 kg-ads™, respectively. It should be noted
that the sensible heat is calculated based on the thermal mass of the monolith and not the
thermal mass of the HTF, due to the HTF recirculation approach discussed in the
previous section. The only energy the recirculating HTF is assumed to lose every cycle is
the sensible heat required to heat the monolith and the heat of desorption. Hence, it is not
necessary to heat the entire mass of the HTF entering in the microchannel every cycle

from Tp t0 Tgeso.

Esens = Nower Noy (24 ~Cpr - Ay + Prs - Cr - Arg )- L-AT (3.10)

The heat of desorption for the same monolith size is calculated using Equation
(3.11). For a temperature swing of 175°C and system pressure of 5500 kPa, the operating
adsorption capacity of silicalite for CO, is determined to be 4900 mol m?, while it is

3600 mol m™ for CH..

éDeso = NCYC' New A, - L'ZW'AHads,i "AC,; (3.11)
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The electrical input required for recirculation of the HTF is calculated using
Equation (3.12). After separating the mixture components in gaseous form in the
desorption sink, the HTF, which also carries dissolved component gases, is recirculated

to the monolith inlet neglecting losses from the pipelines.

E e recir = Nye: N, - MHTF,cyc Ve AP (3.12)
Finally, the compressor input power required to recirculate the purge gas from the
product gas tank to the monolith inlet for the entire duration of the purge stage is

calculated as shown in Equation (3.13) (assuming isentropic compression.)

épurge = l;lcyc' Nch AH (313)

Com
For the standard operating case with the stage times shown in Table 3.1, the
predicted energy requirements for each of the components are shown in Figure 3.6. It can

be seen that the heat of desorption is only 10.3 % of the sensible heat requirement, while

the sensible heat itself is about 42% of the total energy required.
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Desorption Recirculation Recompression

Figure 3.6. Component-wise energy requirement for the baseline case.
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From Figure 3.6, it can also be seen that the highest power input is required for
compression of the purge gas from 5400 kPa to 5500 kPa: the purge gas compressor

consumes up to 53% of the total energy required for process operation.

Figure 3.7 shows the variation of the total energy requirement in terms of energy
ratio shown in Equation (3.14). The energy ratio is defined as the ratio of total energy
required for the operation of the purification process to combustion potential of the
product. The product collection in the denominator is varied by changing the feed and
collection times, while the total energy required in the numerator remains unaffected with
any change in these times, as the energy required is a function of the monolith mass,

temperature swing and the purge stage time.

_ E peso + E sens+ E Hrr recir + E purge

Ratiog ., = _ - (3.14)
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Figure 3.7. Variation of energy ratio plotted with process capacity for variable feed
times.
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It is also important to note that a higher process capacity results in a lower energy
ratio, enhancing the economic viability. The lowest energy ratio calculated for the
baseline case is 14%. An increase in the adsorption stage duration beyond 0.22 s may
result in lower values of energy ratios, but at the cost of significant drop in product
purity. This value of energy ratio is equivalent to 1.6 kWh kg-product™ absolute
operating power input and is higher than the reversible electrical energy requirement
predicted for chemical absorption (0.34 kWh kg™) and that for cryogenic distillation (1.0
kWh kg™) (Géttlicher and Pruschek, 1997). However, the actual operating energy
requirement for the MEA absorption system is reported (Bounaceur et al., 2006) to be up
to 1.67 kWh kg-product™, making the process analyzed in the present study comparable
to absorption systems in terms of energy consumption. Avenues for energy reduction are

discussed in the next section.

3.5 Reduction in operating energy requirement
As shown in Figure 3.6, energy utilization is dominated by the sensible heat

required to raise the temperature of the monolith and power input to the purge gas

compressor, requiring 42% and 53% of the total energy input, respectively.

The sensible heat required can be reduced by decreasing the desorption
temperature, thereby reducing the temperature swing available for the process.
Simulations are conducted with three desorption temperatures (200°C, 100°C, 50°C),
while keeping the rest of the parameters the same as the baseline case described in
Chapter 2. Figure 3.8(a) shows variation of cyclic CO, adsorbed concentrations as a
function of temperature. As expected, the operating adsorption capacity drops

significantly with temperature swing, affecting the product purity accordingly. For a
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temperature swing of 175°C, the adsorbent swing capacity is up to 95% of the maximum
adsorbent capacity (from point S to C). However, with a reduction of temperature swing
to 75°C and 25°C, the adsorbent swing capacity decreases to the distance from points S
to B and S to A (39% and 18% of the swing in the baseline case with 175°C),
respectively. Therefore, with a desorption temperature of 50°C, up to 85% of the sensible
energy can be saved; however, the adsorption capacity drops to 18% of the capacity with
a desorption temperature of 200°C. This results in negligible product purity increment
over the feed gas as shown in Figure 3.8(b), which shows the energy ratio-product purity
curves for the maximum product collection times for a given feed time, as illustrated in
Figure 3.3(b). Marginal improvement in product purity is possible by using a shorter
adsorption stage, but the total process capacity is reduced by a substantial margin,
negating the predicted compactness and high process capacity of the purification cycle
illustrated in Figure 3.4. Thus, it is concluded that reducing the available temperature
swing is not a viable option for reducing the total energy required, as it considerably

deteriorates process performance without commensurate benefits.
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Figure 3.8. (a) Effect of reduction in desorption temperature on operating
adsorption swing capacity, seen as the difference between adsorption
stage peak value near 1 s and lowest value after cooling stage at 7 s. (b)
Effect of drop in temperature on product purity.

The other major energy consumption of the cycle is by the purge gas compressor,
and is more critical because it is in the form of electrical energy input. The baseline case
imposes a 100 kPa pressure drop across the microchannel. This pressure drop can be
reduced to decrease the compressor power by reducing not only the specific volume
change, but also the mass flow rate through the compressor. The reduced pressure drop,
however, decreases the mass flow rate though the microchannel for all the stages, and not
just for the purge stage. Hence, all the stage times must be recalculated, as the times in

Table 3.1 change depending on flowrates of the component mixture and the HTF through
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the microchannel. For this parametric study, 25 kPa and 10 kPa are chosen as the lower
pressure drop values. Table 3.2 shows the revised values of all the stage times for the
three pressure drop cases considered. As the pressure drop decreases, it takes longer for
CO; to saturate the adsorbent during adsorption. Additionally, it takes longer to remove
the CO, from the adsorbent layer with the resulting slower liquid flows. Cooling stage
time is also affected accordingly; however, the extended purge stage time remains
unaffected. This is because the removal of liquid water from the adsorbent layer is
governed by diffusion of evaporated water through the porous layer and not by
convection through the microchannel. It can be seen from Table 3.2 that the total cycle
time increases by only 15% even though the pressure drop is reduced by 90% as a result
of a constant purge stage time, which constitutes up to 96% of the total cycle time for the

baseline case.

Table 3.2. Effect of reduction in AP on purification cycle time.

Stage times [s] AP =100 kPa AP =25 kPa AP =10 kPa
Adsorption 0.19 0.35 0.50
Displacement of gas 0.52 0.90 1.30
Desorption 4.00 15.00 20.00
Cooling 3.00 8.00 10.00
Displacement of liquid 0.70 2.65 6.60
Purge 195.00 195.00 195.00
Complete cycle 203.41 221.90 233.40

For a constant baseline temperature swing of 175°C, the sensible heat and heat of
desorption remain unchanged, because equal adsorbent layer saturation and operating

capacity is ensured when the adsorption and desorption stage times are calculated. The
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calculated values of power inputs to the liquid HTF recirculation pump and the purge gas
compressor are shown in Table 3.3. The power required for liquid HTF pump is only
0.30% of the total energy input for a 100 kPa pressure drop, and further decreases to
0.07% for a pressure drop of 10 kPa. More importantly, a significant change in
compressor power is observed for the reduced pressure drop cases. A reduction of up to
97% in compressor power is observed with a 10 kPa pressure drop. The total energy
requirement, therefore, decreases to 48% of the total energy required in the baseline case

with a 100 kPa pressure drop.

Table 3.3. Effect of reduction in AP on energy required for process components

HTF pum Purge gas
AP povl?/er P % Saving recompression % Saving
[kJ kg-ads™ hr] e kgf’;giﬂ -
100 kPa 172 - 30600 -
25 kPa 86 50 3704 88
10 kPa 19 89 991 97

3.6 Heat recovery from the cooling stage
Partial heat recovery from the cooling stage is possible by collecting hot HTF in

the desorption sink, which exits the microchannel at 200°C even after the desorption
stage is terminated. As the cold HTF enters the microchannel, it displaces the hot HTF by
simultaneously being heated because of heat exchange from the microchannel. If the
microchannel outlet valve to the desorption sink is closed with a delay after the cold HTF
enters the microchannel, the hot HTF can be collected in the desorption sink, resulting in
a significant heat recovery. Figure 3.9 explains this based on the HTF outlet temperature.
The duration for which the hot HTF can be collected after the end of the desorption stage

is estimated to be 0.69 s for the baseline case (100 kPa). For the reduced pressure drop
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cases, these times and the hot HTF mass flow rates and corresponding heat recovery
calculations are shown in Table 3.4. Considering the component-wise energy
requirements shown in Figure 3.6, the energy recovered during the cooling stage is
significant (14.6% of the original value for the baseline case with 100 kPa without heat
recovery from the cooling stage) and decreases the energy ratio to 12% from 14%. The
lower pressure drop cases show more gains, because the total energy required has already
decreased by nearly 52% of the energy requirement for the baseline case. The energy
ratio calculations are repeated for the revised stage times and pressure drops, and the
results are plotted in Figure 3.10, which shows reduced energy consumption over the

baseline case, shown in Figure 3.7.

It can be seen that the energy ratio falls to 5.7% and 6.1% for the 25 kPa and 10
kPa pressure drop cases, respectively as compared to 14% for the 100 kPa pressure drop
case, with a sensible heat fraction of 96.2%. This means that the high-grade electricity
requirement is only 3.8% of the total operating cost, while the source for the rest of the

energy need not be electricity.
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Figure 3.9. Water temperature at the microchannel outlet for the TSA cycle for the
baseline case (100 kPa). Green region shows the 0.69 s for which the
water exits the microchannel at 200°C, while cooling has already
commenced near the microchannel inlet.

Table 3.4. Heat recovery during cooling stage.

Useful time for  Water mass Integrated heat  Energy savings

AP heat recovery flow rate recovered with heat
[s] [kg s™] [MJ kg-ads™] recovery [%6]
100 kPa 0.69 20.1x10™ 8364 14.6
25 kPa 1.10 13.2x10™ 8682 28.7
10 kPa 2.21 7.07x107 9316 33.9
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Figure 3.10. Modified energy ratio calculations with reduced pressure drop cases. More

than 50% reduction in the energy ratio is possible with reduction of AP by
75%.

3.7 Discussion

The revised process capacities, product purities and CH,4 recoveries are shown in
Figure 3.11(a) and (b) which show improved process performance compared to those
seen in Figure 3.4 and Figure 3.5, respectively. These data account for both the reduced
pressure drop approach and the heat recovered from the cooling stage. Figure 3.11(c)
shows the revised total absolute energy requirement for process operation. While the
process capacities, product purities and CH,4 recoveries can be compared with those
reported in the CH,4 separation studies by Kapoor and Yang (1989) and Olajossy et al.
(2003) as in Figure 3.4 and Figure 3.5, energy requirement values normalized with
purified CH, are not reported in these studies. However, energy requirement for CO,
separation from N, is reported by Clausse et al. (2011) and Mérel et al. (2006) for an
indirect TSA process using adsorbent beds with fins. Kulkarni and Sholl (2012) reported

the energy requirement for CO, separation from air using a TSA process employing a
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structured monolith contactor. Krishnamurthy et al. (2014) reported a wide range of
energy utilization as a function of process capacity for a bed-based vacuum-pressure
swing adsorption (VPSA). CO, separation costs for MEA absorption-based systems are
reported by Luis (2016), Pirngruber et al. (2013) and Bounaceur et al. (2006). To enable
a comparison of the energy requirement of the present concept with these studies, the
energy requirement estimated for the present concept for removal for CH, is recalculated
as energy requirement for separating CO;, from the feed mixture. The mass of CO,
removed during the adsorption stage is used to normalize the actual energy requirement
per cycle, and the energy requirement values are plotted against the mass of CO, removed

per unit adsorbent mass per hour in Figure 3.11(c).

From Figure 3.11(a), it is clear that process performance remains superior to that
of the bed-based PSA processes, and also of the TSA-process that uses separate
alternating microchannels for the flow of working fluids and HTFs (Kapoor and Yang,
1989; Olajossy et al., 2003; Pahinkar et al., 2016). A marginal reduction in product
output with a reduction in pressure drop across the microchannel is seen; however, this
change is insignificant compared to the gains predicted over the systems discussed in the
literature. As seen in Figure 3.4, process capacity remains up to two orders of magnitude
greater than that of the bed-based systems and up to 4 times greater than the capacity of
the TSA-process with separate alternating microchannels. From the product purity—CH,
recovery graph shown in Figure 3.11(b), CH, recovery is observed to improve from a
maximum of 82.8% to 87.9% and 88.05% without compromising product purity as the
pressure drop across the microchannel decreases from 100 kPa to 25 kPa and 10 kPa,

respectively. This improvement is attributed to the sharper adsorption wave at lower fluid
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velocities. The revised product purities and recoveries are competitive with the relevant
studies in the literature, although the gas recovery from the desorption sink is not

considered.

The CO,-specific energy requirement for the present concept is found to be better
than that of the bed-based TSA processes as shown in Figure 3.11(c). For better
economic viability, the lower right corner of Figure 3.11(c) is desired, which indicates
higher gas removal capacities with low energy requirements. The baseline case with 100
kPa is expected to yield higher process capacity, but at the expense of higher energy
penalty. However, the performance predicted for the low pressure drop cases (25 kPa and
10 kPa) is in a competitive operating cost region. Thus, the reduction in pressure drop
across the microchannel significantly increases the energy effectiveness of the present
concept. The energy requirement for the present concept is not only lower than that of
bed-based TSA systems, but also smaller than commonly used MEA absorption systems.
At reduced pressure drop values, the process performance is better than that of the TSA

process reported by Pahinkar et al. (2016).

The present concept yields a better performance when compared with the bed-
based PSA process studied by Krishnamurthy et al. (2014) for which the energy
requirement is marginally lower; however, the process capacity is smaller by at least an
order of magnitude than that estimated for the present concept. The present concept
yields at least an order of magnitude greater CO, removal capacity than bed-based PSA

and TSA processes at similar or competitive operating costs.
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Figure 3.11. (a) Process capacity vs. product purity (b) CH,4 recovery vs. product purity
(c) CO, separation capacity vs. CO, specific energy requirement with the
updated operating process conditions (Kapoor and Yang, 1989; Olajossy et
al., 2003; Bounaceur et al., 2006; Clausse et al., 2011; Pirngruber et al.,
2013; Krishnamurthy et al., 2014; Luis, 2016; Pahinkar et al., 2016).
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Because MEA absorption systems operate continuously and are scalable, the
specific gas processing capacity is dependent on the MEA recirculation rate and the total
volume of MEA used in these systems, the data for which are unavailable in the relevant
studies. Luis (2016) reported a range of energy requirement from 0.88 to 1.52 kWh kg-
CO,™. Pirngruber et al. (2013) reported the energy requirement to be 1.03 kWh kg-CO,™
for advanced MEA systems, while Bounaceur et al. (2006) documented it to be 1.67 kwWh
kg-CO,™. This discussion shows that a direct comparison of specific CO, removal
capacity in the present concept and that of absorption systems is difficult. However, with
the availability of CO, specific energy requirement for these systems, it can be seen that
the performance of the present concept approaches the performance of the most
economical absorption system. Furthermore, the use of solid adsorbents instead of liquid
absorbent makes the system durable, thereby reducing maintenance costs of absorbent
replacement. As the system is modular, with its gas processing capacity dependent on
number of microchannels, the concept is expected to be more versatile for a wider range
of applications. As mentioned previously, the process consumes up to 97% of its energy
as sensible heat, enhancing its utility in remote applications, where electricity

infrastructure is limited but low-grade heat supply is available.

The nominal energy requirement values, when normalized with mass of CH,-rich
product are even smaller than those of the absorption systems utilized for CO, removal.
The specific energy utilization for a 25 kPa pressure drop and 6% energy ratio is 0.68
kWh kg-product™, which is lower than the reversible electrical input for the cryogenic
distillation process for CO, removal (1.0 kWh kg-CO,™) (Géttlicher and Pruschek, 1997)

and the advanced MEA absorption systems (1.03 kWh kg-CO,™). Therefore, the energy
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utilization for the purification process under consideration here is competitive with
existing large-scale gas separation systems. In summary, the present concept offers very
high process capacity, high CH4 recovery, high product purities, and competitive energy

utilization.

3.8 Multistage purification process
To further explore the possibility of enhancing the product purity beyond those

reported in Figure 3.10, multistage purification scenarios are considered. Figure 3.12
shows a schematic of a staged purification setup based on present purification concept.
The monoliths are arranged in series such that the two sink tanks from the first stage are
modeled as the source tanks for the two second-stage monoliths. For this calculation, the
intermediate mixing of streams is not considered and the flow of gas is assumed to follow
a branching as shown in Figure 3.12. The first stage feed time is kept at the baseline
value of 0.19 s, and product collection is assumed to continue until the liquid-gas
interface in each monolith reaches the outlet, resulting in the highest possible recovery
factors. The process model designed for one microchannel monolith is simulated for three

microchannel monoliths with modified boundary conditions as shown in Figure 3.12.

The two intermediate sink tanks, the product gas tank and the desorption gas tank,
are designed to release the same amount of gas for the next adsorption stage as that
collected from the first stage, so that the thermodynamic equilibrium between the stages
is maintained. As an example, of 0.8242 kg kg-ads™ of total feed gas supplied to the first
stage monolith in a 0.19 s feed, gas collected in the intermediate product tank is 0.397 kg
kg-ads™, while rest of the gas is collected in the HTF sink tank. For a pressure drop of

100 kPa in the second stage, it takes 0.11 s to send the exact same amount of gas (0.397
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kg) into the second monolith; hence, the second stage adsorption time is fixed to 0.11 s.
Using this approach, adsorption times for the two monoliths in the second stage are fixed,
thereby reducing the total number of degrees of freedom. The intermediate HTF tank
contains the gaseous fraction of the component mixture separated from the HTF.
Although, this staged purification scenario requires three times the mass of adsorbent and
energy than the single stage case; it is possible to achieve product purities as high as
99.8% at a recovery factor of 31.6% at the end of the second stage. By reducing the
amount of CO, entering the system in the first stage, which is possible by selecting a
shorter first stage adsorption time of 0.16 s, the second stage product purity can be

increased to 99.9%.

Pena =99.8%
Mcya = 0.1338 [kg] (36.1%)

Peoz =0.2%
Mo, = 0.0009 [kg] (0.2%)
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M = 0.2937 [kg] (79.2%)

Adsorbent Microchannels iy

Pewe = 81.1%
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Peua = 70.0%
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Figure 3.12. Implementation of the microchannel TSA-based purification process
for multistage operation. Numerical values show calculated purity and
product collected normalized with mass of adsorbent.

95



It must be noted that with a multistage purification process, the degrees of
freedom in the system increase directly with the number of stages and hence, the
multistage process performance prediction is highly dependent on the selection of first
stage process times, intermediate and final tank pressures, and mixing of gases in the

intermediate tanks to maintain a high recovery factor.

3.9 Summary and Conclusions
A novel temperature swing adsorption-based natural gas purification cycle using a

monolith consisting of adsorbent-coated microchannels is investigated in Chapters 2 and
3. In Chapter 2, the development of a full process simulation model, and selection of
geometric parameters and adsorbent and heat transfer fluid were reported. This Chapter
develops a comprehensive performance map of the process that involves determination of

ranges of product purity, CH,4 recovery and process capacity, and energy requirements.

The process capacity is found to be up to two orders of magnitude greater than
those reported for the adsorbent bed-based PSA systems by Kapoor and Yang (1989) and
Olajossy et al. (2003) with a competitive set of product purity and CH, recovery factors.
With a 203.41 s cycle time, and an initial mole fraction of 70% CH,, a range of product
purities from 87% to 99% CH, is possible, simultaneously recovering up to 83% CH,
from the feed stream. Thus, the process capacity and purification performance of the

cycle under consideration are found to be better than those of bed-based PSA processes.

The energy requirement for the process is found to be 14% of the product
combustion potential and by reducing the pressure drop across the microchannel and

recovering heat from the cooling stage, this energy ratio can be further decreased to 6%.
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The specific energy utilization predicted for the present work is 0.68 kWh kg-product™
and is found to be lower than the actual energy requirement for MEA absorption systems
and the reversible electrical input for cryogenic distillation installations (Géttlicher and
Pruschek, 1997). The CO,-specific energy requirement is also found competitive with the
existing adsorption- and MEA absorption-based systems. The TSA-based process in the
present study is assessed to be suitable for large-scale industrial applications and can be
powered primarily with low-grade heat. The use of microchannels utilizing a small
amount of adsorbent per microchannel in addition to convection based fluid dynamics
within the microchannel increase the compactness and scalability of the system
drastically over existing PSA-based systems. For a single stage purification process, a
favorable process performance region is predicted, which yields very high process

capacity, moderate CH,4 recovery, high product purities, and moderate energy utilization.

Product purity enhancement by staged purification is also possible with the
present concept without affecting cycle design and scalability. Product purities up to
99.9% are possible through appropriate timing of the process stages and by maintaining
the necessary thermodynamic equilibrium between the stages. Such an implementation,
however, would require a comparative feasibility assessment of utilizing a second stage
TSA-based monolith over other processes like cryogenic separation, which also produce

high product purity at an increased operating cost.
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4 EXPERIMENTS AND MODEL VALIDATION

This chapter starts with a brief review of the prior feasibility analyses of using
microchannels for gas separation applications, followed by a discussion of an
experimental investigation of gas separation in microchannels. The experimental
approach, test procedure and observed trends are discussed. Laboratory scale models are
developed to replicate the experimental procedure, followed by heat and mass transfer
model validation using the observed data. Finally, findings from the experiments are used

to improve designs of adsorption systems.

4.1 Introduction

Adsorption-based gas separation processes utilized for natural gas purification
and carbon dioxide capture from flue gas have been shown to benefit from the use of
adsorbent-coated microchannels, which yields a greater process capacity, and competitive
product purities and gas recoveries when compared with other conventionally used
geometries, as discussed in Chapters 2 and 3. Due to high heat and mass transfer
coefficients in microchannels, the execution of the various stages of the adsorption-based
gas separation cycle is faster than that of adsorbent beds, and a sharp wave front is

maintained for the adsorption and regeneration stages of the cycle.

Pressure swing adsorption (PSA) in microchannels is found to be effective
because of unimpeded transmission of pressure waves along its length. In a PSA process,
the depressurization in microchannels is found very effective when the stage performance

is compared with the fixed bed depressurization processes in the literature. Pahinkar et al.
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(2015) conducted a computational investigation of depressurization in microchannels and
reported up to four times greater CO, removal capacities, when compared with
equilibrium-based CH4-CO, separation studies by Kapoor and Yang (1989) using zeolite
5A and N,-CO; separation studies by Shen et al. (2011) using activated carbon. They
also predicted up to 25 times greater process capacity with adsorbent-coated
microchannels as compared with the PSA process investigated by Krishnamurthy et al.

(2014).

PSA processes utilizing fixed adsorbent beds are commonly used for gas
separation applications, as bed-based temperature swing adsorption (TSA) processes are
deemed difficult to implement due to the low thermal conductivity of the adsorbent
material as well as due to the presence of void spaces in the bed (Riemer et al., 1994).
Therefore, heat duties and process times are expected to be large and heat distribution is
found to be ineffective (Moate and LeVan, 2010), negating the large-scale viability of
such a system. However, TSA processes in microchannels are enhanced due to high heat
and mass transfer coefficients and the small thermal mass of the adsorbent. Lively et al.
(2009) demonstrated the fabrication of sub-millimeter mixed matrix membrane hollow
fibers (MMM), which combine the advantages of polymeric membranes and adsorbent
particles (Bernardo et al., 2009), thereby opening up potential avenues for revisiting the
use of TSA processes for gas separation. These MMMs can be fabricated within
frameworks already available for making conventional polymeric membranes,
emphasizing the low capital costs associated with their use. Pahinkar et al. (2016)
investigated a TSA process for natural gas purification using an adsorbent-polymer

matrix based on the hollow fibers reported by Lively et al. (2009) with the flow of
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working fluids and HTFs through separate, alternating parallel channels. They found that
process capacity was improved over bed-based PSA processes by up to an order of
magnitude at similar values of purity and recoveries. Subsequently, by sending the
process gases and HTF through the same microchannels, they reduced the system
footprint considerably while achieving up to five times greater product capacity

compared to the design with separate channels, as seen in Chapter 3.

These promising predictions from gas separation process models that use
adsorbent-coated microchannels warrant experimental investigations of the heat and mass
transfer processes during gas separation and validation of the models with the data.
Recently, Lively et al. conducted studies to analyze hollow fiber response during gas
separation and rapid temperature swing adsorption processes. Lively et al. (2009)
described a spinning technique to fabricate hollow fibers with high adsorbent fraction to
improve separation performance and reported its use to separate CO, from N, in a flue
gas stream. They documented the adsorption capacity and degree of spreading of the
breakthrough curve as a function of gas flow rates and module void fractions. They also
investigated the effect of cooling water on adsorption stage performance in terms of
increase in CO, adsorption capacity and reduction of CO, breakthrough velocity.
Additionally, an effect of cooling water velocity on the amount of the heat of adsorption
that can be captured was analyzed (Lively et al., 2009; Lively et al., 2010; Lively et al.,

2011; Lively et al., 2012).

Kalyanaraman et al. (2015) compared results from experiments on the adsorption
stage using hollow fibers with corresponding model results using different flow rates,

hollow fiber lengths, and packing fractions. They used sequential flows of flue gas with
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helium (He) as tracer, and purged the system with pure N,. Their results for the CO,
breakthrough curve for a variety of test conditions are in agreement with the
corresponding model results. However, temperature responses noted by Lively et al.
(2012) and Kalyanaraman et al. (2015) were recorded using a single thermocouple
located near the axial midpoint of the test section. While its response provides qualitative
information in terms of comparative temperature rise for a variety of mass flow rates and
packing fractions, the numerical values of the temperature rise for these hollow fibers and
a comparison with corresponding model results have been inconsistent (Kalyanaraman et
al., 2015). The fixed adsorbent bed breakthrough experiments using metal organic
frameworks (MOFs) by Casas et al. (2013), however, show consistent agreement
between data and adsorption stage models for five axial locations for the temperature
measurement and the outlet concentration measurement. Because Casas et al. (2013)
performed breakthrough experiments on fixed adsorbent beds, one-to-one comparison of
the data with adsorbent-coated microchannels and hollow fibers used by Lively et al.

(2009) is not possible.

The important difference between the hollow fiber configuration investigated in
the literature and the adsorbent-coated microchannel monolith considered here is the
orientation of working fluid flow. Flue gas typically flows over the hollow fibers in cross
flow arrangement, while the water flows axially through the central bore. The CO; in the
flue gas stream gets adsorbed into the hollow fiber, when cold water flows through the
central bore. As the cold water flow is replaced by the hot water flow during desorption,
CO- is desorbed and is accumulated at the bottom of the module, because it is heavier

than other flue gas components. It can be removed from the module thereafter.
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The use of adsorbent-coated microchannels simplifies the header and system
design due to the use of only one set of microchannels for fabricating a monolith, in a
scalable manner, based on design duty. In cross flow arrangements, the number of
parallel channels and baffling arrangements used (if any) affects the gas-side pressure
drop and heat transfer, while in a microchannel monolith, the performance parameters

scale directly with the number of channels in a simple manner.

This Chapter investigates the heat and mass transfer response in the adsorbent
layer of a microchannel during batch adsorption (breakthrough) tests under a range of
imposed pressure drops (or mass flow rates) and microchannel lengths, which are used to

validate the corresponding coupled fluid flow, heat transfer, and mass transfer models.

4.2 Experimental set-up and procedure
The experimental facility constructed for these experiments on the adsorbent-

coated microchannels is shown in Figure 4.1. The microchannel is laid out between two
fiberglass insulation sheets in a serpentine fashion. This arrangement helps to vary the
microchannel length without major modifications in the test set-up. For the first phase of
the experiments, PLOT capillary gas chromatograph (GC) columns from Sigma-Aldrich
with a 530 um internal diameter and an average adsorbent layer thickness of 30 um are
used. Zeolite 5A is selected as the adsorbent because of its high affinity and adsorption
capacity for CO, at near-ambient pressure, leading to a definite capacity gain for CO,
over other gases in the mixture. The microchannel is made of 60 pum thick fused silica,
which provides support to the coated adsorbent layer on the inner circumference of the

microchannel.
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Bare-wire thermocouples (Omega, TT-T-40, and Type T) are used for
temperature measurement over the fused silica coating of the microchannel to track the
adsorption thermal wave and heights of the temperature peaks during adsorption.
Thermocouples are calibrated using a temperature bath at 5°C, 15°C, 35°C and 50°C.
Although the overall size of the thermocouple does not exceed 400 um, it is impractical
to pierce the PLOT column and insert thermocouples in the adsorbent layer, as it would
disrupt the adsorption thermal wave and potentially dislodge parts of the adsorbent layer.
Hence, these thermocouple wires are attached to the fused silica coating at ten equally
spaced axial locations, which also enables easy setup and disassembly to facilitate a
variety of channels. These bare-wire thermocouples are coiled and tied onto the outer
surface of the microchannel to maximize the contact area and enhance the contact
pressure. Application of a thermal sealing agent for this purpose is not found to yield
good results, because the thermal mass of the sealant itself is found to absorb a significant
amount of energy in the adsorption thermal wave, yielding an incorrect pattern for the
fused silica wall temperature. For a copper- copper constantan thermocouple making
contact with the wall without any thermal seal, the contact thermal resistance without any
application of contact pressure is 0.04 K-m W™ (Dassault Systems, 2011). This value is
3% of the heat transfer resistance from the adsorbent layer to the microchannel and is
expected to decrease further as the thermocouple wire is coiled around the wall and its
end is forced to make contact with the wall. Therefore, the contact resistance is neglected.
The thermocouple hot end is manually fabricated to be as small as possible, to reduce the
thermal resistance of the thermocouple itself. For measurement of the absolute pressure at

the microchannel inlet, a Rosemount 2088A pressure transducer (Range: 0 to 5500 kPa,
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accuracy: +4.1 kPa) is installed, while an extremely low-flow Coriolis (LF3M series,
range: 0 to 0.4 kg hr?, accuracy: +1% of the mass flow rate) flow meter from Micro

Motion® is used to track the mass flow rate of gases entering the microchannel.

Computer

Mass
Lg Spectrometer

Oven

100% N, 80% He- 100% He Vacuum
10% N, — Pump (a)
10% CO,

Figure 4.1. (a) Schematic of the test facility used for breakthrough experiments (b)
Test facility photograph
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A research grade gas cylinder from Airgas® simulates the impure feed mixture
(80% He-10% N»-10% CO,); while a research grade pure He cylinder is used as the
purge gas, which desorbs CO; out of the adsorbent and regenerates the microchannel.
The N in the feed stream is selected as a tracer gas, which exits the microchannel after
insignificant interaction with the adsorbent. The difference in time between when CO,
exits the microchannel and when N, exits is deemed to be the useful adsorption time and
is monitored for all experiments. For switching between the feed gas stream and the
purge gas stream, a solenoid-controlled, pneumatically actuated T-valve (MAC Valves
Inc., external pilot, Pressure range: 170 — 1020 kPa) is used. This T-valve has a measured
actuation time of 38 ms and ensures rapid switching of the gas streams, in addition to
communicating the time instant at which switching occurs. The analog outputs from each
of these instruments are monitored using a National Instruments SCXI-1000 data
acquisition system via a 32-channel SCXI-1102 card module and an SCXI-1303 terminal
block. Solenoid valve operation is controlled by the same data acquisition system using
an SCXI-1161 power relay switch module. The SCXI-1000 system is connected via USB
to a computer running a LabVIEW VI, which is responsible for synchronization of the
data. A fraction of the gas reaching the microchannel outlet is fed to a Hiden HPR-20
transient mass spectrometer with a temporal resolution of 0.05 s to monitor the gas
composition. The signal from the mass spectrometer is synchronized via an Ethernet

cable with the same LabVIEW VI.

The experimental procedure consists of sequential flow of impure feed gas and
purge gas. Impure gas flow is continued for 40 s, although it takes lesser time for CO; in

the feed stream to saturate the entire adsorbent layer for all the experiments. Following
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this, the solenoid valve is switched to activate the purge gas stream. The purge gas flow is
continued for approximately 60 s. The purge stage time is deliberately varied by 5 s to
observe its effects on the adsorption time and temperature rise during adsorption. The
solenoid valve is switched to the impure feed gas stream again after the end of the purge

duration.

A forced convection oven with a maximum attainable temperature of 225°C
(Rickly Hydrological Company) and a vacuum pump (JB Platinum® series, DV-200N)
are used to remove trace water from the adsorbent-coated microchannels for 10 hours
before each experiment. All the components and sensors are connected using stainless
steel Swagelok '4” fittings along with ball valves to shut-off and needle valves to restrict
the gas flows at appropriate locations as shown in Figure 4.1(a). Additionally, laboratory
Drierite™ units are installed in the paths of feed gas and purge gas streams to remove
trace water vapor present in the gas mixture, before the streams enter the microchannel.
The rationale behind the use of desiccants in the experiments, despite the use of research
grade cylinders, is explained in a later section. The PLOT column section of the chosen
length is cut without causing any damage to it from the procured column of 30 m length
for each experiment. This column is then carefully attached to the fittings, which are
installed in the oven as shown in Figure 4.1. For the preparation of the test section, an end
of the PLOT column is closed, while another end is connected to the vacuum pump. The
PLOT column is heated in the oven at 225°C for about 10 hours, and the vacuum pump
decreases the pressure in the column to 10 Pa absolute. Due to a very low pressure and
high temperature, any contaminants and water vapor that may have entered the test

section previously are removed. Once this first regeneration is complete, the PLOT
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column is carefully removed from the oven with its ends sealed and is placed between the
insulation sheets. During this process, best efforts are made not to disturb the adsorbent
layer at the ends of the test section, while the adsorbent layer between the two ends is
protected by the fused silica coating. The thermocouples are attached at marked
equidistant locations and then the experiment starts by connecting the PLOT column with
the plumbing lines allowing the pure gas to flow through the test section. The same test
section is not used for a repeated set of experiments, except to study the effects of

repeated baking and adsorption.

The adsorption experiments on the GC PLOT columns are conducted for a range
of imposed pressure drops (AP) from 5 kPa to 55 kPa and microchannel lengths (L) from
1 mto 4 m. The pressure, temperature, mass flow rate and mole fraction readings

obtained in breakthrough experiments are analyzed and used for model validation.

4.3 Experimental results and discussion
Figure 4.2 shows sample heat and mass transfer results from the breakthrough

experiments for a 2 m long PLOT column and an 18 kPa AP without the use of Drierite™
drying units. The results are shown for the entire duration of the feed stage in the
experiment. A time of 0 s on the x-axis shows switching of the solenoid valve. At the
start of the feed stage, the microchannel is filled with pure He, as seen in Figure 4.2(b).
As the solenoid valve is switched, the feed gas enters the microchannel through the
auxiliary volume and mass flow meter at the inlet. The delay of about 4 s in the feed
mixture reaching the microchannel outlet (point C in Figure 4.2(b)) is attributed to the
flow of feed gas through the auxiliary volume at the inlet and then flow of separated He-

N, through the microchannel. CO; on the other hand, travels with the He-N, mixture
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(point C) to the microchannel inlet, after which it diffuses into the adsorbent and gets
adsorbed. Thermocouple readings for the 10 equidistant axial locations in Figure 4.2(a)
show a gradual progression of the CO, adsorption thermal wave along the microchannel
axis. As CO; is adsorbed in zeolite 5A, the temperature of the fused silica coating rises
quickly locally, and then gradually drops due to heat loss to the ambient through the
insulation sheets. The temperature rise (AT), however, is not uniform at all locations
because of local variations in adsorbent mass fraction and adsorbent layer thickness. As
an example, the AT between points A and B, for the thermocouple located at 2.0 m
downstream of the microchannel inlet, is 2.1°C. However, the average AT for all
thermocouples is 1.8°C, and enables prediction of the overall heat transfer process during
adsorption, instead of relying on a single thermocouple to estimate the heat of adsorption.
Once CO, saturates the entire adsorbent layer, it exits the microchannel and is detected
by the mass spectrometer. After this time, marked by point D in Figure 4.2(b), further
influx of feed gas into the microchannel does not change the concentration. The
horizontal distance between points C and D, 12.3 s, indicates the useful adsorption time

for the experimental conditions and PLOT column being tested.

The results in Figure 4.2 are discussed for illustration of the experimental
procedure; however additional PLOT columns are used for a comprehensive set of
adsorption experiments, by varying the AP and L. The adsorption experiment is repeated
to obtain ten readings for each combination of AP and L by sequential switching of the

solenoid valve as explained previously.
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Figure 4.2. (a) Heat transfer (b) mass transfer results from the adsorption
experiments on PLOT column (AP =18 kPa, L =2 m)

Figure 4.2(b) also shows that trace amount of water vapor is present at the
microchannel outlet, which complicates the repeatability analysis. Although present in
trace quantities, it suppresses CO, adsorption and shows a resistance to desorption in
presence of a pure He purge. It is known that zeolite 5A has a greater affinity and
adsorption capacity for water than for CO, (Gholami and Talaie, 2009); therefore, in a
competitive adsorption situation of water and CO,, water precludes any CO, adsorption

and is the dominant adsorbate. The trace water is not able to generate an adsorption
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temperature peak like those generated by the adsorption of 10% CO; by volume,

nevertheless a gradual saturation of adsorption sites can be seen in Figure 4.3.

In Figure 4.3, the top two charts (labeled as Test 1) show the mass and heat
transfer performance illustrated in Figure 4.2. As the experiment is repeated by switching
the solenoid valve (40 s for the feed stage, and 60 s for the purge stage), the CO,
adsorption temperature peaks start to gradually disappear from the heat transfer data
(right), simultaneously decreasing the adsorption time (left). The adsorption sites become
unresponsive to the change in concentration of CO, in the microchannel, reflected by the
minimal change in temperature. Once CO, adsorption is suppressed in the upstream sites,
the net adsorption capacity of the adsorbent layer decreases and therefore the feed CO,
appears in the outlet stream earlier than in the preceding experiment. For the
experimental conditions illustrated in Figure 4.3, it is found that after 32 repetitions, all
the adsorption sites are blocked by water and no CO, can be adsorbed by the PLOT
column. This observation leads to the conclusion that trace water present in the gas
cylinder must be entirely removed to obtain a repeatable set of heat and mass transfer
data that can be correlated with the model results. To achieve this, Drierite™ units are

installed upstream of the microchannel.
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Figure 4.3. Mass transfer (left) and heat transfer (right) results for a repeating set of
adsorption experiments showing water saturating the adsorption sites
gradually.
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The adsorption experiments are then repeated for a range of imposed AP from 5
kPa to 55 kPa and L from 1 m to 4 m, and the adsorption times and the average and the
maximum AT for each of the readings are noted. The summary of the adsorption
experiments with the PLOT columns is shown in Figure 4.4. Figure 4.4(a) shows the
variation of adsorption time with AP for L ranging from 1 to 4 m. Each of the clusters has

10 points, as the experiments are repeated ten times for each combination of AP and L.

As shown in Figure 4.4(a), as the AP across the microchannel increases for a
given L, the time required to saturate the PLOT column adsorbent decreases.
Additionally, for the same AP, an increase in L delays the saturation of the adsorbent,
which again is in accordance with the expected pattern. Figure 4.4(b) shows the average
AT as a function of AP. As the AP across the PLOT column increases for a value of L,
the average AT during adsorption increases slightly. This increase is due to the marginal
increase in the capacity of the adsorbent with an increase in partial pressure. This
observation is also demonstrated in the AT vs. adsorption time graph shown in Figure
4.4(c). From the clusters of data points representing one test condition, it can be seen that
as the adsorption time increases, the average AT increases, indicating increased adsorbent
capacity. However, no pattern confirming the interdependence of L and AT can be

discerned.
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The uncertainties associated with the measurement of pressure, temperature, mass
flow rate and mole fractions affect the heat and mass transfer results discussed in Figure
4.4. Type-A uncertainty, which considers random variation of the measured variable
around the sample mean is represented by the standard deviation of the mean and is
calculated using Equation (4.1) (Coleman and Steele, 1989).

2
U,= ;i(xi—i)z J/ (4.1)
N(N-1)5

Type-B uncertainty is the systematic error or the manufacturer specified

uncertainty for the specific component. Equation (4.2) is used to calculate systematic

error in the measurement by sensors. Total uncertainties for all the components are

calculated using Equation (4.3) and are listed in Table 4.1 (Coleman and Steele, 1989).

Z[Y (aX, +b]
UB = N_2 (4.2)

U?=U,2+U,?2 (4.3)

Table 4.1. Calculated uncertainties for sensors

Sensor Type A TypeB Total

Pressure [kPa] 0.0080  4.1000 4.100
Mass flow rate [kg hr] 0.0070  0.0040 0.008
Temperature [C] 0.0003  0.0307 0.031
Mass spectrometer [%0] 0.0680  1.0800 1.082

Calculated Type-B uncertainties and absolute total uncertainties for the monitored
variables are also listed in Table 4.1. Engineering Equation Solver (EES) software (Klein,
2016) is employed to calculate uncertainty propagation in the adsorption time. The

uncertainty in adsorption time [s], i.e., the lag time between fluid breakthrough and
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adsorbent breakthrough, is a function of uncertainty in gas velocity [m s™], th [m] and L
[m]. The uncertainty variation in adsorption time is not reported uniquely, because the
uncertainty in adsorption time has different values for different tests, based on the feed
velocity and length. For a AP of 10 kPa across a 4 m long channel, the absolute
uncertainty in adsorption time is calculated as 13.8 s, while the measured adsorption time
is 33.6 s (41% relative uncertainty). For the same length, a AP of 50 kPa results in an
absolute uncertainty of 0.6 s for the measured adsorption time of 6.6 s (9% relative
uncertainty). For the range of tests conducted in this study, the minimum, maximum and
average uncertainties in adsorption times are 0.03 s, 13.8 s, and 1.37 s (relative
uncertainties of 6.83%, 41% and 22.52%), respectively. These uncertainties are
discussed in greater detail in subsequent sections, in conjunction with comparisons

between the measurements and model predictions.

4.4 Model development
Fluid flow, heat and mass transfer models are developed for the laboratory

adsorption tests described above. Figure 4.5 shows a schematic of the model architecture
used for development of the adsorption stage model in gPROMS ModelBuilder™

(Process Systems Enterprise, 1997-2015).
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Figure 4.5. Lab scale model architecture

4.4.1 Adsorbent-coated microchannel equations
While the adsorbent-coated microchannel simulated in the adsorption stage model

uses the exact dimensions of the PLOT columns used for adsorption experiments (530
pum diameter, 30 um adsorbent layer thickness, and variable L), a few considerations are
necessary for conceptualizing the adsorption process in PLOT columns. The composite
matrix approach used by Pahinkar et al. (2015) can be used for modeling adsorption in
PLOT columns; however, the binder used for holding the adsorbent onto the inner surface
of the fused silica cover needs to be differentiated from the glassy polymer, PEI selected
by Pahinkar et al. (2015). The adsorbent-binder matrix used in the present work is zeolite
5A- silica. The overall material properties of the adsorbent layer are estimated using
appropriate weighted averages discussed by Pahinkar et al. (2015). The additional
adsorbent layer properties, the adsorbent layer void fraction (¢) and adsorbent loading
(ratio of adsorbent mass to binder mass, MF) are important to predict the breakthrough
time and AT. However, these properties are proprietary to the manufacturer and must be
estimated using a combined test-modeling approach, illustrated in later sections. The

values of other parameters and material properties used for the simulation are given in
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Table 4.2. For modeling ternary diffusion of gases in the adsorbent layer, an approach
illustrated by Pahinkar et al. (2016) is adapted. This approach consists of calculation of
an effective ordinary (molecular) diffusion coefficient using Chapman-Enskog theory as

shown in Equation (4.4).

D,

1858x107- T o 1 ) g .
ij eff ,ordinary Pd 2Q i M\NI T .

The effective diffusion coefficient is then used to calculate the diffusion
coefficient of a species in the ternary mixture using Equation (4.5) (Hines and Maddox,

1985).

Di,mix,eff ,ordinary = i_ (4 5)
J
25—

j#i “ij eff ,ordinary
At the pressure at which the tests were conducted, Knudsen diffusion is also
expected to be important. The Knudsen diffusion coefficient is calculated using Equation

(4.6) (Cussler, 1997).

D _ d pore 8F\)uTw
eff ,Knudsen 3‘[ 7Z'MW

mix

(4.6)

The effective total diffusion coefficient is thus calculated using Equation (4.7)
from the ordinary diffusion coefficient and the Knudsen diffusion coefficient (Gholami

and Talaie, 2009).

1 1 1
= + (4.7)
D D

eff ,Knudsen

D

i, eff total i,mix,eff ,Ordinary
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Table 4.2. Numerical values of parameters used for simulation

Parameter Value

T, 22°C
Nnodes 500

PES 2200 kg m™
ks 1.3Wm'K!
Cp, FS 740 ) kg_l I<_1
eps 2x10”° m
Pads 1480 kgm™
Kads 1.2Wm'K'
Cp.ads 800 J kg' K
Phinder 2648 kg m”
Kpinder 1.3Wm'K!
Cp.binder 730 Tkg' K
lerystal 10°m

Cr 20 s

Cy 107 kg s™ kPa™
Vin 5.87x107 m’
Vout 2.13x107 m®
T 2

Dn 530 pum
th 30 um
tth 60 um
thins 13 mm

&r 0.1

Figure 4.6 shows a comparative assessment of ordinary and Knudsen diffusion
coefficients for the pressure ranges considered in the present work. The Knudsen number
(Kn), which compares the mean free path of the gases in the adsorbent layer and the pore
size, is calculated using Equation (4.8), while Equation (4.9) is used to calculate the mean

free path of the gases.

Y
Kn=—"— 4.8
g (4.8)

pore

Kg-T
\/Eﬂ-dmoleculez P
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For the laboratory scale experiments conducted at atmospheric conditions, the
mean free path of the gases in the ternary mixture is estimated to be 80 nm. The
macroporous void size in the adsorbent layer then becomes comparable with the mean
free path, which means that the gas molecules are equally likely to collide with the
adsorbent layer as with themselves. As shown in Figure 4.6(a), Kn and dyee have a
hyperbolic relationship, and Knudsen diffusion is usually ignored if Kn < 0.05. For the
present scenario, Knudsen diffusion can be neglected if dpore Were greater than 1550 nm
for 100 kPa. For small adsorbent particles of size 1000 nm, it is unlikely that the size of
the pore connecting the adsorbent particles exceeds 1500 nm for a realistic porous binder-
adsorbent crystal packing arrangement. Therefore, incorporation of both mechanisms —
Knudsen diffusion and molecular diffusion as shown in Equation (4.7) is essential for
accurate mass transfer resistance calculation in the present study. Also, as seen in Figure

4.7(b), the magnitudes of both the diffusion coefficients are comparable.

As the pressure increases, the ordinary diffusion coefficient decreases as
compared to the Knudsen diffusion coefficient, thereby forming the path of greater
resistance to gas flow and the governing factor in gas transport. A simultaneous reduction
in Kn with an increase in pressure decreases the importance of the Knudsen mechanism
accordingly. Such a behavior is only possible at high gas pressures, such as those utilized
in the process modeling described in Chapter 2. For the present experimental work,
however, the use of Equation (4.7) is justified in the present work and an average value of

dpore = 1000 nm is chosen for simulation.
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Figure 4.6. (a) Knudsen number variation with adsorbent layer pore size (b)
Comparison of Ordinary and Knudsen diffusion coefficients and their
variation with pore sizes

Finally, the total diffusion coefficient is substituted in the mass transfer resistance
analogy as shown in Equation (4.10), as described by Pahinkar et al. (2015). The film or
convective mass transfer coefficient, hy in Equation (4.10) is estimated using the
Churchill (Churchill, 1977a; Churchill, 1977b) correlations. This mass transfer resistance

is substituted in the governing conservation equations, which are discussed in later

sections.
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In [ R\/\F/Q,mid j
R 1 h (4.10)

Vessi T Peri | 27D,

i,eff ,total

The dual-site Langmuir (DSL) equation is used for calculating the competitive
adsorption isotherms for N, and CO; in the zeolite 5A adsorbent crystals as shown in
Equation (4.11) along with temperature dependence shown in Equations (4.12) through
(4.15) . Helium is assumed to be non-interacting with zeolite 5A. Auxiliary parameters
and coefficients used in the DSL equations are listed in Table 4.3 (Gholami and Talaie,

2009).

Cornr = P | M, HBZ% M, u%ﬁ% (4.12)
B, =h, exp(_R?_i'i J (4.12)

D, =d,, exp(_R(?r“W'i j (4.13)

My, = %+ A, (4.14)

Mg, Z%Jr Ay (4.15)

To model the microporous diffusion and account for intra-crystalline diffusivity,
the LDF constant shown in Equation (4.16) is used. Intra-crystalline diffusivity of the
gases in the adsorbent is a function of activation energy and adsorbent layer temperature
and can be determined using Equation (4.17). The constant, K pf, Is then used in

Equation (4.18) to determine the instantaneous rate of adsorption. The heat of adsorption
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of component gases on zeolite 5A crystals is calculated using Equation (4.19) (Gholami

and Talaie, 2009).

15-D

Lop = —— (4.16)
crystal
Doy = e[ ) (4.17)
5? =Kiori “(Cagqi —Cai) (4.18)
AH ~Qq; Mg, B -(1+D,-P) ~Qp, -My, - D, -(1+ B, - P’ (4.19)

ads,i =

Mg, B, -(1+D,-P) +M,,-D,-(1+B,-R)’

Table 4.3. Auxiliary parameters for competitive DSL equation used for estimation of
zeolite 5A adsorbent capacity and intra-crystalline diffusion coefficient

(Gholami and Talaie, 2009)

Factor CO, N,
A,mol K kg?  516.743 605.423
Ay, mol kg’ -0.794 -0.582
A, mol K kg?  -932.131 605.423
A4, mol kg’ 6.083 -0.582

by, kPa™ 3.32x 107 3.73x 107
Os, J mol’’ -41077.1  -7528.09
dy, kPa™! 6.43 x 107 3.18x 107
Op,J mol’ -29812.29  -7941.248
Doerpsiay m> st 5.9x 10" 52x 107"
E, J mol’! 26334 6275

Estimation of the heat transfer resistance in the experiments is critical to establish

a correlation with the data. In the experimental set-up, the adsorbent-coated microchannel
is laid between two fiberglass insulation sheets, which are coated with aluminum foil to
reduce the radiation heat loss as shown in Figure 4.1(b). The heat transfer resistance
network is shown in Figure 4.7. As CO; is adsorbed into zeolite 5A in the adsorbent layer
(shown in green in Figure 4.7), heat of adsorption is released. This heat is partially picked

up by the adjoining gas stream in the microchannel (yellow region in Figure 4.7(b)), and
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partially absorbed by the fused silica cover (brown region in Figure 4.7(b)). This heat, in
turn, is lost to the ambient by conduction through the insulation and by convection and

radiation simultaneously.

The heat transfer resistances required for the conservation equations are
calculated as shown in Equations (4.20) through (4.25). Calculation of heat transfer
resistances from the microchannel node to the adsorbent layer node and that from
adsorbent layer node to the fused silica node is straightforward and adapted from the
work by Pahinkar et al. (2015). Heat transfer from the fused silica cover to the ambient

is calculated using Equation (4.22).

R
1 In[ \gmnd j

R feat.goow = —+ - (4.20)

’ h, - Peri 27k,

|n Rh +th In RFS,mid
R _ Rw,mid + Rh +th (4 21)
Heat,w&>FS Zﬂ'kw 272_sz .
1 1)
RHeat,FS<—>oo = RHeat,ins +(R + R J (422)
Heat,conv Heat, rad

Heat is assumed to flow through the insulation sheet followed by losses to the
ambient by convection and radiation. The individual heat transfer resistances in Equation

(4.22) are calculated using Equations (4.23) through (4.25).

1
R = 4.23
Heat,conv hfree Perlins ( )
1
Heat,rad — . (424)
’ hrad Per‘Iins
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In(RFS'm“’]

R Heat ns = ZFj;—sz (4.25)

Equations (4.26) and (4.27) show the calculation of convection (Churchill and

Chu, 1975) and radiation heat transfer coefficients (Incropera et al., 2011) for the
experimental environment. For the convection heat transfer coefficient, the empirical
correlation for a horizontal cylinder is used. Additional details about the calculation of
natural convection and radiative heat transfer coefficients, insulation surface temperature,
and rate of heat loss for a range of temperature differences between the fused silica cover
and the ambient are provided in Appendix E. Although the test section is laid between
two large flat surfaces, use of the Nusselt number correlation for flat plate over-predicts
the heat transfer coefficient by 20% because the adsorbent-coated microchannels do not
make contact with the fiber glass plates at all locations, as shown in Figure 4.1(a).
Regardless, the convective and radiative heat transfer coefficients remain very small in

the test environment (2.8 and 0.6 W m™ K™, respectively).

g
o, = Ko g0, 03TxRa® (4.26)
Dins [3) (E}
{14_(0.559) 16 }
Pr
h,., =4¢,0T,° (4.27)
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Figure 4.7. (a) Heat transfer resistance networks from microchannel gas node to the
ambient temperature node (b) Dimensions of the thermal mass nodes.

The mass transfer resistance calculated in Equation (4.10) and the heat transfer
resistances calculated using Equations (4.20) through (4.22) are substituted in the total
mass, species, momentum and energy conservation equations for the adsorbent-coated
microchannel nodes, adsorbent layer nodes, and fused silica cover nodes and are coupled
with each other, as shown in Table 4.4. This coupling helps in predicting the fused silica
coating temperature, which can be compared with the measured temperatures. The axial
dispersion coefficient, Da;, in the species balance equation for the microchannel is
calculated as shown in Equation (4.28) (Cussler, 1997). The boundary conditions and
initial conditions for the governing equations are also listed in Table 4.4. The
conservation equations for the adsorbent-coated microchannel assembly are coupled with

the inlet and outlet headers as shown in Figure 4.5.

Pe, = gDh
! 2 (4.28)
Pe
D, =D, |1+—
A AB,i [ 192 j



4.4.2 Header equations
Inlet and outlet header models simulate the mixing of gases in the experiments.

Although the switching of the solenoid valve in the experiments changes the
concentration at the valve outlet almost instantaneously, the auxiliary volume at the inlet
causes the pure and feed streams to mix and decrease the sharpness of the concentration
front. Due to axial dispersion of the gas, a plug flow type gas displacement is not
observed. In a similar fashion, the concentration wave during adsorption may weaken due
to the presence of auxiliary volume at the outlet as the front reaches the microchannel

outlet.

Therefore, the adsorption stage model incorporates inlet and outlet header models,
which for a given header volume calculate the density, pressure, mass fractions, and
enthalpy of the mixture after gas mixing. These variables are then coupled to the
corresponding boundary variables of the adsorbent-coated microchannel. The estimated
header volumes in the test set-up are listed in Table 4.2. Equations (4.29) through (4.31)
show the total mass, species and energy balance equations for the headers. Equation

(4.32) relates instantaneous density and the header volume.

dM . .
—= > m- > m (4.29)
dt Inlet, ports Outlet, ports
dM . .
—L= 3 My- > My, (4.30)
dt Inlet, ports Outlet, ports
dU . .
—= Y mh,- > mh, (4.31)
dt Inlet, ports Outlet, ports
M=pV (4.32)
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Table 4.4. Governing equations and their boundary and initial conditions

Description Equations
8p 8 Z -C..
at 62 A\g RMaSSI
Microchannel - Total Mass Balance
su) _ae)l o ¢
82 |z:0 82 |Z:L " Tpf
p%_’_ u 6yg,i ZCQI_CWi ﬁ acg,i + Cg,i _Cw,i
ot oz A Ryi 0z 0z ) ARy
Microchannel - Species balance
BCs 6(pyi)| = (pyi)| =0 ICy =y
4 i,g i, product
aZ |z:0 az z=L

Microchannel - Momentum balance

Microchannel - Energy Balance

Adsorbent layer — Species balance

Adsorbent layer — Energy balance

Fused silica cover — Energy
balance

5u 5U C i_CWi 8P 82u pU2
L s R
A Ry 0z "o 2D,

= —

P|Z:0 = Pvl,out’
BCs ; IC . . . 2
|3|Z:L =P, = Precs ~(Prees ~ Pracum ) -

a(ug)+a(u-hg)_g(k ang_ T,-T,
A

ot A R

Heat,g>w

., ICT, =T,

z=0

6Cy; | @ 0C,,; a[ acwij Cy: —Cus
-t ’ eff i e Y

at ¢ at az 62 AN ’ I:aMass,i
oC, . oC, .
BCS Deff i Wt = off i Wl O’ IC
tooz |, toz |,
yi,w = yi,product
oT, aT,
BCs k,— =k,—4 =0, ICT, =T,
oz |, oz |,_,
ot o7, T, T T -T
esCor ES =k £s FS @ Fs
p S at ° azz AFS Heat,w<«>FS AFS . RHeat,FS<—>oc
aT, oT,
BCs ks — =k —4 =0, ICT =T,
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4.4.3 Valve equations
Simple linear opening type valves are used for the simulation of the adsorption

stage experiments, so that the valves themselves do not impose a significant additional
pressure drop on the flow, and the breakthrough patterns are analyzed primarily based on
the pressure drop constraints, which are measured by the pressure sensors in the test
facility. Equation (4.33) shows the flow model for the valves (Pahinkar et al., 2015),
whereas the values for the valve time constant Ct and flow coefficient, C, are listed in

Table 4.2.

my =Vp,actual ’ Cv -AP

dv (4.33)

p,actual
——=C.(V Vv
dt d

p,assigned p,actual)

4.4.4 Source and sink models
Source and sink models, which simply list the feed and outlet pressures, gas inlet

and outlet temperatures, and feed composition are also incorporated and connected with
the valve models. The outlet pressure is atmospheric pressure, while the inlet pressure is
chosen based on the experimental value in the test matrix. The feed and purge gas
compositions are the same as the feed (80% He, 10% N, 10% CO; by volume) and purge
cylinder (pure He) chosen for the experiments.

4.4.5 Simulation procedure
The models for the components, shown in Figure 4.5, are coupled with each other

by equating the corresponding flow variables (pressure, mass fraction, mass flow rate and
enthalpy). The operation of a single solenoid valve in the test set-up is simulated by
simultaneous operation of valves 1 and 2 at the inlet. The model is implemented and

solved in gPROMS ModelBuilder™, while the gas thermo-physical properties are
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imported from the Multiflash property package (Process Systems Enterprise, 1997-2015).
A second order central differencing scheme with an implicit time step calculation is used
for simulation of the governing equations. The grid Peclet number, shown in Equation
(4.34), which must be less than two for computational stability, is maintained below 0.65.
Appendix D shows sample calculations for a time instant when the adsorption stage is in

progress and the thermal wave is approximately at the center of the microchannel.

uL

Pe, ., =——
grid NDA'i

(4.34)

4.5 Model validation
The adsorption stage model is simulated for the known values of AP, L from the

experiments and other parameters listed in Table 4.2. The parameters critical to the
determination of the adsorbent layer capacity but not known explicitly are the adsorbent
layer void fraction, ¢, and the adsorbent mass loading, MF. To determine these
parameters, repeated adsorption experiments are conducted on different 2 m long PLOT
columns with an imposed AP of 18 kPa. The manufacturing variability of the PLOT
columns results in a range of adsorption times and ranges of the local and average AT.
Hence, to correlate the temperature rise pattern and the adsorption time simultaneously,
the adsorption stage model is simulated using a range of chosen values of ¢ and MF.
Figure 4.8(a) shows a representative validation of the model for the data shown in Figure
4.2 using ¢ = 0.60 and MF = 0.60, while Figure 4.8(b) shows a validation for another test
section with ¢ = 0.80 and MF = 0.54. However, it is impractical to conduct such

validations for each of the 175 readings in Figure 4.4.
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Figure 4.8. Heat (top) and mass transfer (bottom) model validation with (a) ¢ = 0.60
and MF =0.60 (b) ¢ = 0.8 and MF = 0.54 for L =2 m, AP = 18 kPa. Thin
lines in the heat transfer validation are for model results, while thicker
lines indicate test results.

Therefore, the test results for adsorption times and AT for 2 m long PLOT
columns with a AP of 18 kPa are averaged; so that a single value of adsorption time and
AT are reported. The adsorption stage model is then simulated for a variety of
combinations of ¢ and MF to yield best fits for the averaged data for the 2 m PLOT
column of € = 0.80 and MF = 0.54, respectively. These values of € and MF are used for
further model validation, wherein adsorption time and AT values for the other

combinations of the L and AP shown in Figure 4.4 are compared with the model results.

Figure 4.9 shows a comprehensive model validation for the averaged values of the
data shown in Figure 4.4 along with the corresponding uncertainties. The agreement of

the model results and data for the adsorption time is good for smaller values of L. As L
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increases, the model over-predicts the adsorption time; nevertheless, the results are within
the uncertainty range of the experimental values. The AT validation, however, does not
yield a close agreement, due to not only fixed values of ¢ and MF for all the data points,
but also local variations in AT magnitudes in a single reading. Figure 4.2 and Figure 4.8
show that temperatures increase quickly with nearly similar slopes; however, the
magnitudes of temperature peaks are different. This local variation is attributed to uneven
distribution of adsorbent particles axially and circumferentially, as well as local
variations of the adsorbent layer void fraction. The model can only assume an adsorbent
layer of constant thickness with constant packing properties; therefore, AT predictions
with the model are nearly similar for all axial locations for a combination of AP and L as

shown in Figure 4.8 and the predicted AT is usually greater than the observed AT.

Nevertheless, it can be inferred that the qualitative trends of heat and mass
transfer results from the models match the corresponding measured trends, with a

reasonable accuracy agreement in adsorption time.
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Figure 4.9. Test matrix model validation for PLOT columns for (a) Adsorption time
(b) AT

Figure 4.10 shows a comparison of the model predictions and the data for
adsorption time, AT, and ATwax, Where ATwuax IS the height of the highest peak among the
obtained heat transfer data for the 10 thermocouples. Equation (4.35) shows the

calculation of error in model predictions for the monitored variables, represented by Q.

132



Error = ot = Qs %100 (4.35)

test

As shown in Figure 4.10(a), 90% of the predicted adsorption times fall within
+20% of the observed data points, with an average absolute deviation (AAD) of 14%.
The agreement for AT is not as good, with an AAD of 41% as seen from Figure 4.10(b),
due to the reasons discussed previously. However, as shown in Figure 4.10(c), predicted
AT and observed ATwmax are in good agreement, with an AAD of 13%. Thus, for a
constant th, ¢ and MF of 30 um, 0.80, and 0.54, respectively, the observed AT values
would agree well with the predicted AT. It appears that the primary reason for the
somewhat poor agreement between the predicted and observed ATS is manufacturing
variability and reduced loading of adsorbent, which lead to shorter temperature peaks
than those predicted. Furthermore, the average deviation (AD) and AAD for AT are the
same 41%, confirming the systematic bias of the model results towards predicting higher
AT than the average AT that is observed. This bias is clearly because of the
manufacturing variability in the test sections, where the lack of adsorbent particles and
insufficient loading contribute a reduced local AT, thereby affecting the average AT for

all thermocouple locations.

The effect of uneven adsorbent distribution and manufacturing variability in the
PLOT columns used for the experiments is also corroborated by Figure 4.11(a), which
shows a photograph of the PLOT column adsorbent layer at three different axial
locations. At some locations, adsorbent particles are completely absent. The azimuthal
variation in adsorbent loading is also seen in these images. The repeatability and

uniformity of data are affected because of the uncertainty in the thermal path between the
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thermocouple and the adsorbent particles, given this uneven loading. Explicit control
over the adsorbent mass and further knowledge of adsorbent layer packing properties
could not be achieved for PLOT columns, due to the proprietary nature of the fabrication
of these columns. When a thermocouple makes contact with a reduced adsorbent loading

region, short temperature peaks are observed as seen in Figure 4.2 and Figure 4.8.

For a repeatable data set with uniform readings, precise information on void
fraction, adsorbent mass loading and adsorbent layer thickness is needed, and its
uniformity must be ensured. Therefore, another set of experiments are conducted with
model validation, using adsorbent-coated microchannels with well-defined properties and

a more uniform adsorbent layer.
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Figure 4.10. Error analysis for PLOT columns for (a) Adsorption time (b) AT (C)
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Figure 4.11. Microscopic images of inner surfaces of the PLOT columns at different
axial locations. The brown background is the fused silica cover and
while clusters are adsorbent particles.

4.6 Model validation with adsorbent-coated microchannels
The customized adsorbent-coated microchannels are fabricated using zeolite 5A

as an adsorbent and silica as binder, with known information on MF, th and the total mass
of adsorbent — binder matrix (Courtesy of ExxonMobil Research and Engineering). This
adsorbent layer is coated on the fused silica coating of the same diameter (Dy, = 530 um)
used previously for the PLOT column experiments. The only unknown parameter, ¢, is
determined by using Equation (4.36). Table 4.5 shows th and total mass of adsorbent-
binder used for fabrication of each of the adsorbent-coated microchannels and also shows
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calculated ¢ and w, which are critical in the species conservation equation (Table 4.4).
The adsorbent mass loading, MF for all these microchannels is constant at 15.67 (94%
adsorbent mass compared to 6% binder mass). This value of MF is 29 times greater than
the curve fitted value of 0.54 for the PLOT columns discussed above and is expected to
generate a pronounced heat of adsorption as well as greater adsorbent capacity in the

experiments.

D= Poinder * MFads '(1_8)
(pads + pbinder ’ MFads)

sz%(D“Z_(D“_ZXth)Z)'L (4.36)
MtOtf’“ :VW " Pads '(0+VW * Phinder '(1_0)—5)

Table 4.5. Calculation of packing properties of adsorbent layer

Test Adsorbent-binder mass per unit Calculated  Calculated
: th -6 L
section [m] IengthX110 [m] & ®
# [kg m~] [-] [-]
22.12 0.22 0.686 0.303
2 28.48 0.25 0.603 0.384
3 30 0.25
4 11.46 0.60 0.765 0.227
5 0.66
6 20 9.61 0.90 0.802 0.190

From Table 4.5, it can be seen that ¢ for these adsorbent-coated microchannels
ranges from 0.6 to 0.8, while it was estimated to be 0.8 for the PLOT columns tested for
breakthrough. Additionally, the range of « for the adsorbent-coated microchannels is
from 0.190 to 0.384, while it was estimated to be 0.09 for the tested PLOT columns.

These quantitative data show a definite improvement in adsorbent layer packing

137



properties, which is also corroborated by the microscopic images in Figure 4.12. The
longitudinal cross section of the adsorbent-coated microchannels at three different axial
locations shows the presence of a distinct and contiguous adsorbent layer as compared to
the empty spots in the PLOT column longitudinal cross sections shown in Figure 4.11. It
must be noted that the photographs shown in Figure 4.11 and Figure 4.12 are taken after
the experiments are conducted and these samples are not used for experiments after the

photographs are taken. The photographs are shown only for illustration purposes.

Location 1

% P

g ﬁétion3
5w

i

Direction of Flow
Figure 4.12. Microscopic images of the adsorbent-coated microchannel inner
surfaces at different axial locations showing a contiguous adsorbent
layer.
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The adsorption experiments are then repeated for these adsorbent-coated
microchannels to obtain adsorption times and ATs for lengths listed in Table 4.5 and for a
range of AP. Figure 4.13 shows sample heat and mass transfer results for adsorbent-
coated microchannel (#6) for a AP of 49 kPa. Nine thermocouples placed at equidistant
intervals of 0.1 m show the progression of the adsorption thermal wave. The adsorption
time in this case is 2.3 s with an average AT of 2.5°C and ATwmax 0f 5.0°C. Some non-
uniformity in temperature peak heights is also seen; nevertheless, the average AT is

greater than that observed for the PLOT columns due to greater CO, adsorption capacity.
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Figure 4.13. (a) Heat transfer (b) mass transfer test results for sample no. 6 (L = 0.9
m) for a AP of 49 kPa
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Experiments are conducted for the six samples listed in Table 4.5 for a range of
AP from 5 kPa to 130 kPa, and the observed adsorption times and ATs for a total of 62
breakthrough experiments are reported in Figure 4.14. The trends showing a decrease in
adsorption time with an increase in AP (Figure 4.14(a)) and marginal increase in ATS
with an increase in AP (Figure 4.14(b)) are similar to the trends observed in case of
PLOT columns. Additionally, for similar APs, the highest ATs are observed for the
highest adsorbent volume fraction, « and lowest void fraction, ¢ as seen in Figure 4.14(b)
and (c). With ¢ and MF known with higher certainty for the adsorbent-coated
microchannels, the model results and observed data can be compared without the use of
estimated packing fraction properties. The effect of adsorbent particle size (diameter),
which was assumed constant at 2 um for the model validation for PLOT columns, on heat
and mass transfer results can also be analyzed. Figure 4.15 shows Scanning Electron
Microscope (SEM) images of the adsorbent particles used for fabrication of the
microchannels. It can be seen that the adsorbent particle size ranges from 2 um to 7 pum
in diameter. Variation of adsorbent particle size can affect heat and mass transfer results
significantly. Comprehensive information on the adsorbent particle size distribution is
unavailable; therefore, it is difficult to select the specific size of the adsorbent particles,
based on the variation seen in the two SEM images in Figure 4.15. In the absence of
more detailed information, a mean value of the adsorbent particle size was estimated
from Figure 4.15, although a single value of the adsorbent particle size estimated based
on insufficient data may not be a good representation for the entire test matrix. Therefore,
simulations are conducted for a range of adsorbent particle sizes to assess the mass and

heat transfer results and compare them with the observed experimental results.
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Figure 4.15. SEM image of zeolite 5A adsorbent particles used for fabrication of
custom-made adsorbent-coated microchannels

Figure 4.16 shows model validation for the test results shown in Figure 4.13 for
an assumed particle sizes of 7 um (Figure 4.16(a) and (b)) and 2 um (Figure 4.16(c) and
(d)). The temperature rise trends are significantly affected with a change in adsorbent
particle size. With a greater adsorbent particle size, the rate of adsorption into the
adsorbent decreases in accordance with Equation (4.16). The rate of adsorption directly
affects the rate of temperature rise as seen from the energy conservation equation for the
adsorbent layer shown in Table 4. Therefore, for an adsorbent size of 7 um, the rate of
temperature increase is low (Figure 4.16(a).) Fluid flow within the microchannel is not
affected with changes in adsorbent particles size; therefore, while the adsorption in the

adsorbent layer continues at a lower rate, the feed gas wave front reaches the
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microchannel outlet without saturating the adsorbent layer entirely (Figure 4.16 (b)).

Such behavior detracts from the benefits of using adsorbent-coated microchannels for gas

separation.
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Figure 4.16. (a) Heat and (b) mass transfer model validation for sample no. 6 (L = 0.9
m) using adsorbent particle size of 7 um. (c) heat and (d) mass transfer
model validation using adsorbent particle size of 2 um. The solid lines
represent the experimental results, whereas the dashed lines represent the
modeling results.

However, with the use of finer adsorbent particles (2 um) in heat and mass
transfer modeling equations, the slopes of the predicted temperature curves are in
agreement with the observed temperature slopes as shown in Figure 4.16(c). This slope in
the temperature curves is governed by the heat of adsorption, which is a function of rate
of adsorption, which in turn heavily depends on the size of adsorbent particles. As seen in
Equation (4.16), rate of adsorption is inversely proportional to square of the adsorbent

particle diameter. Therefore, as adsorbent particle size in the models is decreased to 2 um
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from 7 um in the models, the slopes of the predicted temperature curves increase to
match the slopes of the observed temperature curves. This qualitative agreement is seen
in Figure 4.16 (c). This rate of change in temperature with time is modeled for every axial
location as well as for the temperature readings supplied by each thermocouple. As seen
in Figure 4.16(a) and (c), each temperature curve (predicted and observed) exhibits an
inflection point (a sample point is shown in Figure 4.16(c)). Before this inflection point,
the rate of adsorption at the corresponding location shows a continuous increase. The rate
of adsorption achieves a maximum for each temperature curve at the corresponding
inflection point, followed by a gradual drop. The slopes of all temperature curves at their
corresponding inflection points are measured. The average maximum slope of
experimental temperature curves is 8.38°C s, while the value predicted by the
adsorption models using adsorbent particle size of 7 pm is 1°C s™. The agreement is
much better for a particle size of 2 um used in the models, which has an average
temperature slope of 8.8°C s™. The heat and mass transfer models use a fixed value of the
adsorbent particle size. Therefore, the maximum slopes of the temperature curves
predicted by the models are identical for all axial locations. The maximum slopes of the
predicted temperature curves for an adsorbent particle diameter of 7 um stay uniform at
1°C s, whereas for an adsorbent particle diameter of 2 pm, they remain uniform at 8.8°C
s™. However, the distribution of adsorbent particles in the experiments is not uniform, as
seen from the experimental readings in Figure 4.13(a) and Figure 4.16(a) and (c). The
calculated maximum slopes from the experiments vary from 0.22 °C s™ for the first

thermocouple location at 0.1 m from the inlet to 17.8°C s* at 0.3 m from the
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microchannel inlet. This variation clearly indicates the variation in adsorbent particle

size. The average of maximum slopes for all nine experimental readings is 8.38°C s,

Simulation of the models with different adsorbent particle sizes provides insight
into relative time scales for the adsorption in the adsorbent layer and convection in the
microchannel. For an adsorbent particle size of 7 um, the adsorbent particles at all
locations are still undergoing adsorption and the corresponding temperature rise, while
CO, starts appearing in the outlet stream. However, this observation is not in agreement
with the experimental findings, which can be confirmed by comparing the time instances
when CO, appears in the outlet stream (Figure 4.16(d)) and the starting instant of CO,
saturating the last adsorbent layer location, which is seen as the last temperature peak
(solid brown line in Figure 4.16(c)). The last adsorbent layer location at 0.9 m may be
loaded with a set of larger adsorbent particles because of a smaller local temperature
slope compared to the sharp temperature curves for the upstream locations. End effects
such as acceleration of the flow and mixing in the headers may not be the cause for this
phenomenon, because not all the local readings exhibit a temperature peak with reduced
slope (Figure 4.2 for example). Additionally, the laboratory scale model is simulated for
predetermined patterns of adsorbent particle size variation. The SEM image in Figure
4.15 shows that the nominal maximum and minimum sizes (approximated as diameters)
of the adsorbent particles are 7 um and 2 pm, respectively. A thorough mean value
analysis cannot be performed, because of lack of extensive data on the variation of size of
adsorbent particles used in the present study. With the availability of nominal maximum
and nominal minimum sizes, three axial profiles of particle size distribution, from

channel inlet to outlet: linearly varying diameter from 2 pum to 7 um, linearly varying
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diameter from 7 pum to 2 um, particle diameter distributions approximated by a quadratic
equation, with a diameter of 7 um at the inlet, 2 um at the midpoint of the channel length,
and 7 um at the channel outlet, are employed for simulation of the laboratory scale
models and for the assessment of their effect on the slopes of temperature peaks and

detection of patterns. The variations of temperatures are shown in Figure 4.17.

As shown in Figure 4.17(a) and (b), the axial particle size distribution has a
significant effect on the temperature peaks and adsorption stage progress. For the case
with linearly increasing adsorbent particle size, the upstream adsorbent particles exhibit a
sharp adsorption wavefront and thereby a quick response to the incoming mass of CO..
These particles are responsible for adsorption of most of the CO, and for improving the
adsorption time. As the CO, wavefront reaches the downstream nodes, where the
adsorbent size is larger than that in the upstream region, the rate of adsorption decreases.
Therefore, while the adsorption continues at a reduced rate in the downstream region,
CO, appears in the outlet stream. This pattern results in an adsorption time of 2 s, which
is less than the 2.3 s predicted by the models for a constant adsorbent particle diameter of
2 um and also observed in the experiments for the same boundary conditions. This
deviation can be attributed to the reduced rate of adsorption overall with the linearly
increasing adsorbent particle diameter. The average slope of temperature profiles with
time at their inflection points is 4.9°C s, which is much smaller than the 8.38°C s

observed in the experiments.

The adsorption stage performance worsens for the case of the adsorbent particle
diameter decreasing linearly and also deviates from the observed experimental

observations significantly, as shown in Figure 4.17(b). Due to the presence of large
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particles in the upstream region, the rate of adsorption at local sites is small due to high
intraparticle resistance, allowing the CO; that is not adsorbed in the upstream region to
flow toward the downstream region. Although the smaller adsorbent particle size in the
downstream region enhances the rate of adsorption, the overall adsorbent uptake is not
improved. Therefore, CO, appears in the outlet stream within 1 s, which is much faster
than the observed adsorption time of 2.3 s, although the average slope of the temperature
curves remains 4.9°C s as in the case of the linearly increasing particle diameter
discussed above. Thus, in this case, despite the particle diameters decreasing to 2 pum
toward the outlet, the adsorption rates achieved are only about as good as those seen with

particles of diameter 7 um uniformly spread along the length of the channel.

For the third case described above, with an initially decreasing particle size from
7 um diameter at the inlet to 2 um diameter at the midpoint of the channel, followed by
an increase to 7 um at the outlet, the temperature variations are shown in Figure 4.17(c).
In the upstream region, the larger adsorbent particles hinder adsorption locally, thereby
allowing most of the CO, mass, which should have been adsorbed, to flow downstream.
As the particle size decreases toward the axial midpoint of the microchannel, the rate of
adsorption improves, the CO, wavefront decelerates, and the adsorption time increases
due to improved adsorbent capacity. Beyond the axial midpoint, the rate of adsorption
decreases again, due to increasing particle diameters, resulting in an overall adsorption
time of 2.2 s. Therefore, the adsorption stage performance approaches shown in Figure
4.16(c) and (d), which is based on a constant adsorbent size of 2 um. These predicted
local variations provide insights into the effects of the actual particle size distribution in

the channels.
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As shown in Figure 4.15, the particle size is not constant in the fabricated
microchannels. In the absence of knowledge of the actual particle size distribution, the
above analyses are conducted to estimate bounding values of adsorption rates and times.
A constant adsorbent particle size of 2 um is chosen for the analyses in the present study
because the predicted adsorption time (2.3 s) matches well with the experimentally
observed value. Additionally, along with local variations in the slopes, the average slope

of the predicted temperature curves matches well with those observed experimentally.

Based on these results, an adsorbent particle size of 2 um is selected for further
simulation of the breakthrough experiments for the rest of the microchannel samples
listed in Table 4.5. Figure 4.18(a) shows the model validation for adsorption time, for
which the data shown in Figure 4.14(a) are averaged for a combination of AP and L.
Because of more precise information on & and MF, the experimentally observed
adsorption times match well with the adsorption times predicted by the models. Figure
4.18(b) shows plots the AT, with the model once again predicting the experimental values
well. It is worth noting that the predicted ATs fall between the observed AT and ATwax,
implying that some manufacturing variability also persists in the adsorbent-coated
microchannels. For sample 1 with L = 0.22 m, the predicted AT matches closely with the
observed ATwax, while they match more closely with observed AT for sample 6 with L =

0.9 m.
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Figure 4.18. Test matrix model validation for adsorbent-coated microchannels for
(a) adsorption time (b) AT. The dashed lines in AT validation
represent ATyax and the dash-dotted lines represent ATy for the
corresponding adsorbent-coated microchannel.

Figure 4.19 shows a comparison between model predictions and data for the
adsorbent-coated microchannels for the three monitored variables: adsorption time, AT
and ATwmax. As shown in Figure 4.19(a), all predicted adsorption times fall within £20%
of the observed adsorption times with an AAD of 4%, signifying very good agreement

between the overall gas separation performance prediction and the observed performance.

150



Predicted Adsorption Time [s]

(=)

iy

L=0.22
L=0.25
L=025

w

L]

[m
[m],
[m
L =0.60 [m],
[
[

L=0.66 [m],
L=0.90 [m],

—_
T
3

), £=068 2w

]l €=076 e

o

1 2
Observed Adsorption Time [5]3

® L=022[m],
W L=0.25[m]
| 4 L=025[m]
A L=060[m],

¥ L=066[m]
> L=0.90[m],

£=068
£=060 B .

£=076 : e : A
£=076 P
€=0.76 : .
e=080| @ -

+40% _120%

Predicted AT[C]

10 : : —
® L=022[m], £=068 : j .
® L=025[m], €=060 : L’ ‘+20%
8t # L=025[m], £=076 O T AU PSR o SRS PO
= - = : ‘ P L .a”
@) A L=060[m], £=076 .
‘: ¥ L=066[m], £=076 : ’_+4Oi'/9. ° o —20%
< 6t P L=090[m], €=080| . .7 7 .. S SOOI
" e e s
5 Rt . —40%
8 ’l”l: “" ___“
C 4 ST e T
5 ROty St g\
@ PRI LY i
— . -
& gape
6 8 10

4
Observed ATMax (@]

Figure 4.19. Comparison between predicted and measured values for adsorbent-
coated microchannels for (a) Adsorption time (b) AT (¢) ATmax

However, the AADs for AT and ATwax are 25% and 20%, respectively, as seen in
Figure 4.19(b) and (c). For samples 1 and 2, the predicted AT values agree more closely
with the observed ATmax (AAD of 8%). Therefore, for samples 1 and 2, it can be inferred
that the adsorbent loading is not uniform, as the estimated packing properties shown in
Table 4.5 correspond to the maximum temperature peak height. The rest of the observed
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thermocouple readings are lower than the maximum value, indicating that the
thermocouples in the case of samples 1 and 2 make contact with the low adsorbent
loading region, due to which the predicted adsorption times for samples 1 and 2 are in
good agreement with those observed. If the adsorbent packing properties in the models
match exactly with those in the experiments at any axial location, the predicted AT would
match the observed ATwmax €xactly However, if there is a non-uniform adsorbent loading
in the microchannel, then the observed temperature rise readings would be different for
different axial locations, as seen in Figure 4.13. This local variation in the observed ATS
in the experiments would result in a greater deviation of the predicted AT by the models
from the average experimental AT. Samples 1 and 2 show this type of behavior, in which
the observed ATwax Values in the experiments match closely with the predicted AT by the
models. However, because of variations in observed local readings, the agreement
between predicted AT and observed AT is not as good as that between predicted AT and

observed ATwmax. The AAD for predicted AT for these two samples is 31%.

For samples 3 to 6, predicted ATs have slightly better agreement with the
corresponding experimental results for average AT (AAD of 24%), as compared to
samples 1 and 2. This behavior indicates that packing is somewhat more uniform in these
samples, as compared with samples 1 and 2. The AAD for average experimental AT wax
for samples 3 to 6, is however 31%. For all six samples, the AADs for AT and ATmax are
25% and 20%. These AAD values indicate that the error bands for AT decrease by a

factor of = 2, as compared with the results for the PLOT columns.
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4.7 Conclusions
Gas separation in adsorbent-coated microchannels is studied experimentally and

analytically. For preliminary validation, adsorption experiments are conducted on PLOT
columns over a range of imposed AP and L. Trace water vapor adsorption is
demonstrated to be interfering with dry CO; adsorption, affecting the repeatability of the
adsorption tests. Installation of gas dryers in flow paths results in reliable and uniform

adsorption time and AT data.

Additionally, fluid flow, heat and mass transfer models for the adsorption stage
are developed. PLOT column packing properties are inferred from the measured values
of adsorption times and temperature rises for the entire range of test matrix. With the
properties established, the model predicts adsorption times with an AAD of 14%, AT with
an AAD of 41%, and ATwax With an AAD of 13%. The qualitative agreement between the
model results and the data for adsorption times is good, while the differences between
predicted and observed ATSs are attributed to local variation in adsorbent packing, absence
of adsorbent particles at some locations, and uneven adsorbent layer thickness. However,
the observed ATwax data agree closely with the predicted ATs. This is because, if the
adsorbent packing properties in the models match exactly with those in the experiments

at any axial location, the predicted AT would match with the observed ATvax exactly.

Adsorption in customized adsorbent-coated microchannels with known adsorbent
layer packing properties and adsorbent mass is also investigated to achieve improved
validation. These channels result in greater ATS compared to those with the PLOT
columns as a result of higher adsorbent volume fraction, which yields greater adsorption

capacity. The model predictions for these channels agree very well with the data with an
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AAD of 4% for adsorption time. Local fabrication variability appears to persist in some
measure in these channels also, results in a 25% AAD for AT and 20% for ATyax. The
lower error margins for ATs are due to the more accurately known adsorbent layer

properties in this case.

The heat and mass transfer analyses in the present work, combined with a
composite binder-adsorbent matrix approach for modeling the adsorbent layer, describe
the heat and mass transfer processes within the adsorbent layer and the microchannel
during gas separation processes well. Such a combined modeling and test platform is
applicable to a wide variety of gas separation scenarios, enabling their evaluation through
the use of the appropriate isotherms and thermo-physical properties for the fluids of

interest.

The PLOT columns used in the present work rely on silica as a binding agent,
unlike rubbery or glassy polymers in case of MMMs. For all tests, after channels are
saturated with water, they are regenerated (baked) in an oven for more than 10 hours at
225°C, and are simultaneously subjected to pressures lower than 10 Pa (absolute) to
remove adsorbed water. These extreme baking conditions are necessitated by the very
high affinity of water with zeolites. Trace water in the adsorbent reduces the adsorption

capacity and adsorption time.

Figure 4.20 shows progressive decreases in adsorption times for the same channel
and for the same flow conditions after it is baked in the oven and reused for testing. The
decrease in adsorption time after baking is most likely due to the loss of adsorbent

particles. It should be noted that readings shown as ‘baked’ in Figure 4.20 correspond to

154



the adsorption time observed after the channel is baked twice. The first baking is
performed before the first tests to remove water that may have entered the channel before
first use. The second baking corresponds to the test conducted after baking following the
first test to assess its repeatability, with the results shown in Figure 4.20. Repetitive
baking might affect the bonding of the adsorbent layer, which is coated on the inner wall
of the fused silica support layer and may in turn worsen the separation performance. As
shown in Figure 4.20, three channels are baked for the second time and a significant drop
in adsorption time is observed for each of the cases. The flow conditions are kept the
same for these experiments to analyze the effect of baking alone. For instance, for a2 m
long channel with a AP of 22 kPa, the adsorption time in the first breakthrough test is 12
s (Solid black line). For the same channel exposed to the same test conditions, the
adsorption time in the first breakthrough test decreases to 9.5 s after the second baking. It
must be noted that the gradual drop in adsorption time for each test condition is due to

water adsorption, which is discussed in connection with Figure 4.3.

The decrease in adsorption time is expected to be due to repeated exposure of the
test sections to harsh pressure and temperature conditions required for baking, and not
chemical softening of the layer. Because PLOT columns and the custom adsorbent-coated
channels are fabricated by the solution drying approach, a perfectly annular adsorbent
layer with uniform thickness is unlikely. Due to the nonuniform thickness, it is possible
that the particles dislodged due to shear at the wall. While reactions of the component
gases with the adsorbent are taken into account in the adsorption equilibrium equations,
those with the silica binder do not take place at temperatures of 400°C and lower, and

pressures of 18 GPa and lower (Santoroa et al., 2011; Wan et al., 2013). The presence of
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water in the gas stream affects the adsorption process as shown in Figure 4.20; however,

it does not dislodge the adsorbent from the adsorbent layer.
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Figure 4.20. Drop in adsorption time with test time for repeated baking and because
of water adsorption

Another concern identified in the present work is adsorbent layer manufacturing
variability. When a coating and solution drying approach is used for making the
adsorbent-coated channels, the layer is discontinuous and non-uniform, giving rise to
variable temperature rise during adsorption. Figure 4.11 and Figure 4.12 demonstrate this
variability. In large-scale installations, these variations would determine delivered
product purities and overall process performance. The predicted adsorption times agree
well (4% AAD) with observed adsorption times, and uniformity of the adsorbent layer is
critical for accurate predictions of temperature rise. In the presence of a fast-moving
liquid with high shear stress, adherence of such a layer to the covering support layer is

also an important consideration that must be addressed.
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Figure 4.20 showed the effect of gradual water adsorption on adsorption time.
Compatibility of the adsorbent and the HTF fluid is an important factor in designing
large-scale gas separation processes. Zeolites, such as the one used in the present work,
are excellent CO, adsorbents; however, they show even greater affinities for water.
Hence, ensuring completely dry incoming gas streams is a significant challenge. If the
working fluids are different than those in the present work, a feasibility/compatibility
study of adsorbent/working fluids/coupling fluids analogous to that detailed in Chapter 2

should be performed for the installation under consideration.
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5 CONCLUSIONS AND RECOMMENDATIONS

A novel TSA cycle using adsorbent-coated microchannels for natural gas
purification was proposed and analyzed. Comprehensive HT/MT/FD models were
developed for the adsorption, desorption, cooling, and purge stages of the cycle to
investigate species exchange and mass transfer phenomena in the adsorbent layer in a
cyclic, steady-state process. Full process simulations were conducted and process
performance maps in terms of ranges of gas processing capacity, product purity, CH4
recovery, and operating energy requirements were presented. The process performance
was then compared with that of conventional purification systems. Gas adsorption in
adsorbent-coated microchannels was experimentally investigated and the adsorbent
uptake capacity, adsorption time, and the temperature rise at the adsorption wave front
were documented. Laboratory scale models were developed to replicate the experimental
procedure. The adsorption time and temperature rise data from the experiments and
models were compared to validate the modeling techniques and confirm the feasibility of

the process investigated in the present work.

Based on these simulations, the times required for satisfactory completion of each
of the stages in the cycle were estimated. The optimal adsorbent-coated microchannel
geometry was selected after a parametric study on microchannel hydraulic diameter and
adsorbent layer thickness. It was concluded that a hydraulic diameter of 530 um, with an
adsorbent layer thickness of 30 um resulted in short cycle times of 203 s for the baseline
case considered. With the adsorption, desorption and cooling stages executed within ~8 s,
the purge stage for a silicalite-water pair was extended for 195 s, to completely dry the
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adsorbent layer and make it ready for the next purification cycle. The performance of the
silicalite-water pair was compared against that of the other adsorbent-HTF pair, zeolite
5A - PAO. Although zeolite 5A is a strong CO; adsorbent, the use of PAO as an HTF
resulted in severe performance deterioration as a result of the high viscosity of the
lubricant oil. Furthermore, once PAO enters the adsorbent layer, it cannot be removed in
a practicable manner as a result of its low volatility. Therefore, silicalite, which has
moderate affinity for CO,, was deemed suitable as an adsorbent with water as the HTF,

which offers excellent heat and mass transfer characteristics.

By simulating the full process model for a range of feed and product collection
times and plotting the performance indicators against those of the existing processes, the
present concept was predicted to yield up to 55 times greater process capacity as
compared to bed-based PSA processes (Kapoor and Yang, 1989; Olajossy et al., 2003)
and up to four times greater capacity than a microchannel-based design with separate,
parallel adsorbent-coated and HTF channels (Pahinkar et al., 2016). A first stage product
purity range of 87% - 99% predicted for the present concept is competitive with the bed-
based processes. The CH, recovery from the present concept used in a single stage is up
to 84% as a result of loss of the rest of the gas to the liquid water. By designing a two-
stage purification system, the product purity could be enhanced to 99.9%. The multistage
design could purify the product stream by subjecting it to successive purification stages;
additionally, it also recovers gases from the desorption stream and separates impurities

from it to create a CO; rich stream to be used for sequestration.

The operating energy requirement for the present concept was found to be 14% of

the combustion potential of the product for the baseline case. The equivalent absolute
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energy requirement amounted to 1.6 kWh kg-CH,?, which is competitive with the
reversible electrical input for the cryogenic separation process. Two avenues to reduce
the energy requirement — reduction of desorption temperature and reduction of pressure
drop across the microchannel — were considered. Desorption temperature reduction
resulted in reduction of the adsorption capacity, thereby reducing the purity of the
product and deterioration of overall performance of the process. However, reduction in
the pressure drop across the microchannel reduced the total energy requirement by 53%,
without any significant change in the cycle time. Additionally, about 97% of the total
energy could be supplied as low-grade heat, making the present concept environmentally
friendly and energy efficient. The improved energy requirement value, 0.725 kWh kg-
CH4™, is competitive with those for MEA absorption-based systems most commonly
used for natural gas purification (Gottlicher and Pruschek, 1997). Furthermore, the
maintenance costs associated with the present concept are expected to be smaller as solid
adsorbent would require replacement less frequently. The use of microchannels with a
small amount of adsorbent per microchannel in addition to convective transport within
the microchannel increases the compactness and scalability of the system for a given
adsorbent mass drastically over the conventional PSA-based systems. The process
therefore yields very high process capacity, moderate CH,4 recovery, high product purities

and moderate energy utilization.

Gas separation was studied by designing and constructing a test facility with a
mass spectrometer and conducting batch adsorption tests on adsorbent-coated
microchannels. The first phase of the experiments was conducted on PLOT columns, for

which precise information on adsorbent mass and packing fraction was absent.
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Laboratory scale models were simulated with void fraction, ¢ and adsorbent loading, MF
values as parameters to match the adsorption time and temperature rise for a set of
pressure drops and lengths. The selected values of ¢ and MF were then used to simulate
the laboratory scale models for all other combinations of pressure drop and length. This
exercise resulted in an AAD of 14% for adsorption time, 41% for AT, and 13% for ATmax,
indicating that maximum values of AT in tests correspond to the ideal adsorbent layer
assumed in the models. From the qualitative temperature rise data and microscopic
images of the PLOT columns, manufacturing variability and the absence of a continuous

adsorbent layer were identified as the causes for the high value of AAD for AT.

To minimize the AAD and improve model validation and model reliability,
custom adsorbent-coated microchannels, for which information on adsorbent loading and
adsorbent mass was available, were procured. Void fractions were precisely calculated
for each of the samples tested. Batch adsorption tests were conducted on the custom
channels and adsorption times and temperature rise values were noted. The simulations of
laboratory scale models were conducted with the known values of ¢ and MF for the same
experimental conditions. The comparison resulted in excellent agreement of the mass
transfer data with the model results, with an AAD of 4%, and better agreement for AT,
with AAD = 26%. There appears to be some manufacturing variability in these channels
also; nevertheless, the agreement between the model results and the data is much better.
The agreement between mass transfer data and model predictions suggest that for a given
adsorbent mass, the adsorption time for the adsorbent-coated microchannel can be

predicted. The AT values, despite being averaged for ten thermocouples, are dependent
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on local adsorbent layer packing properties. Therefore, the average AT value can be

different for a different choice of thermocouple locations.

The present work investigated the optimum geometry, materials, and operating
conditions for a TSA-based process by developing a full process model. While each of
the stages, adsorption, desorption, cooling and purge, are analyzed computationally to
predict the process performance, only the adsorption stage was considered in detail by
conducting 2-D axisymmetric modeling, alternative process modeling, and experiments
to understand factors affecting the adsorption of CO, in microchannels. It is
recommended that gas-liquid-adsorbent interactions should also be studied
experimentally for the desorption stage. In particular, the convective-diffusive flow early
in the desorption stage and diffusive flow late in desorption stage can be studied by
means of visual inspection and mass spectrometry. The selection of adsorbent and HTF
materials for the experiments are critical due to measurability concerns. Silicalite, which
can use water as the HTF, has moderate CO, selectivity and very low adsorption capacity
at near-ambient pressures. This adsorbent is shown to offer excellent adsorption swing
capacities at high pressures as seen in Chapters 2 and 3. Zeolite 5A and its variants have
excellent CO, adsorption capacity at ambient pressure as discussed in Chapter 4;
however, the design of the desorption stage experiments would be difficult if water were
used as the HTF. The heavy lubricant oil, PAO, which does not interfere with CO,
adsorption, has already been shown to be impractical for microchannel flows.
Furthermore, the flammability of PAO poses additional constraints on the design of
desorption stage experiments. Designing high pressure flow-visualization desorption

experiments with silicalite-water pair is one of the feasible options. A 2-D axisymmetric
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heat and mass transfer modeling exercise can be conducted to study a standalone
desorption stage. The results from this model can be used to design the desorption stage
experiments and the findings from the experiments can, in turn, be used to refine the
stage-level model and full process model predictions. If the desorption stage experiments
yield measurable results, pilot plant development to assess large-scale feasibility of the
present concept can be initiated. The greatest benefit the present design is expected to
offer to purification systems technology is its scalability. While performance of the
process can be analyzed by merely modeling the fluid flow, heat and mass transfer in a
single microchannel for selected boundary conditions, its output can be scaled depending
on the output needed and footprint constraints. Therefore, it is expected to find
application in small-scale to large-scale purification facilities. Furthermore, this
framework is applicable to a variety of separation scenarios, subject to economic viability
and lifecycle costs. For the optimal design configuration, this plant is estimated to
operate primarily on heat input, with an electrical energy requirement of only 3.8% of the
total energy input. Therefore, such a system could be implemented in remote locations,

where electrical infrastructure is limited.

Once stage level models for all the processes involved in the purification cycle are
validated experimentally, pilot plant development would require the following modeling
steps: Identify purity, processing capacity demand and available energy requirement,
conduct parametric studies to assess the feasibility of working and coupling fluids,
optimize the microchannel geometry and determine boundary conditions and stage times

that result in optimal process performance, simulate the process performance. Once
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process performance is determined through simulations, the pilot plant could be built

based on the specified geometry, boundary conditions and energy requirements.

Based on the total working and coupling fluid flow rates, headers and valves can
be designed and installed. A vertically upward flow direction through the microchannels
is recommended, which not only reduces system footprint, but also minimizes flow
maldistribution. Flow distribution in headers of the microchannel monolith in these
plants is an important topic of further investigation, as flow maldistribution can be a
considerable challenge for the scaling up of the pilot plant. Additionally, the effect of
mixing of hot and cold HTFs in the inlet headers should be analyzed so that efficient

headers to minimize loss of hot HTF energy during desorption can be designed.

Another concern identified in the present work is the adsorbent layer
manufacturing variability. It was observed that when a coating and solution drying
approach was used for making the channels, the layer was discontinuous and non-
uniform, giving rise to variable temperature rise during adsorption. Additionally, only
gases were passed through the microchannels in the present work. Very high adsorbent
mass fraction in the adsorbent layer, as was the case for the customized coated
microchannels used in the present work, results in a high gas separation capacity;
however, durability of such microchannels for use in continuous gas separation
operations on a large scale is not fully established. In presence of fast-moving liquid, the
resulting shear may pose challenges to the adherence of such a layer to the covering
support. Adsorbent could be held in a fixed annular medium, such as a polymer matrix
employed by Lively et al. (2009), to ensure that adsorbent volume fractions and

adsorbent layer thickness are uniform throughout along the microchannel length.
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Additionally, the adsorbent particles are less likely to be dislodged from the
microchannel surface if they are firmly held in a polymer matrix. The hollow fiber
spinning method reported by Lively et al. (2009) can be used for making hollow fibers
with the adsorbent layer forming the outer coating of the microchannel, which was
reported by them as having durable performance. With the possibility of fabricating a
uniform adsorbent layer and attaching it to the inner surface of a supporting layer, the
ideal adsorbent-coated microchannels can be used for pilot-scale tests and for
substantiating the industrial viability with an enhanced gas separation capacity. If the
adsorbent-coated microchannels are efficiently fabricated and do not require frequent
replacement, adsorption-based gas separation processes can become competitive with the

widely used absorption systems.
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A.  2-D AXISYMMETRIC HEAT AND MASS TRANSFER MODELING

A.1 Modeling methodology
For modeling heat and mass transfer within the adsorbent layer, a radially lumped

approach is followed and described in Chapter 2. However, a 2-D axisymmetric model is
developed to analyze heat and mass transfer accurately during the adsorption stage, and
its results are compared with the radially lumped model. This investigation is not carried
forward due to very long simulation times and difficulties associated with coupling the 2-
D heat and mass transfer models with alternating gas and liquid columns in the
microchannels. A comparison of adsorption stage performance from the 2-D model and
those from the lumped model provides the rationale for the use of the lumped heat and

mass transfer approach in the process model development.

The 2-D axisymmetric model utilizes the simulation parameters shown in Table
2.1. The thermo-physical properties of the adsorbent layer and the fluid mixtures are also
the same as those used in the lumped model. The only difference in the execution of these
two models is the variation of species concentration and energy in radial directions. The
species and energy equations used in the 2-D axisymmetric model are shown in
Equations (A.1) and (A.2). It must be noted that the boundary conditions from the
microchannel side are not incorporated in the species and energy balance, because in this
case, the boundary conditions are employed only at the microchannel and adsorbent layer

interface.
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The boundary conditions at the side walls of the adsorbent layer are as used in the
lumped model and are shown in Equations (A.3) and (A.4). In the radial direction, both
the conservation equations need different boundary conditions. For species conservation,
the fused silica layer attached with the adsorbent layer is impermeable to species; hence,
a no-flux boundary condition as shown in Equation (A.5) is employed at the outer wall.
The adsorbent layer interacts with the microchannel species; hence, the mass convection

boundary condition as shown in Equation (A.6) is used.

The heat of adsorption released from the adsorbent layer is transferred to the
adjacent gases in the microchannel as well as the fused silica layer; hence, the heat
transfer boundary conditions involve heat conduction to the fused silica layer as shown in

Equation (A.7), and heat convection to the microchannel as shown in Equation (A.8).
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For the simulation of the 2-D axisymmetric model, the adsorbent layer and the
microchannel are assumed to be filled with CH4-CO, mixture (99:1) at the start of the
adsorption stage, while the temperature for all the calculation points is assumed to be
25°C. As in the case with the radially lumped model, CH4:CO, (70:30) mixture enters the
microchannel and saturates the adsorbent layer. The microchannel species, energy and
momentum balance equations are the same as those used for the development of the
radially lumped model. The adsorbent layer response predicted by the lumped model is
compared with that predicted by the 2-D model to justify the use of lumped model. The
assumed values of hydraulic diameter Dy and adsorbent layer thickness th for the

microchannel are 200 um and 100 pum, with a length of 1 m.

Figure A.1 shows the variation of the adsorbed CO; concentration along thickness
of the adsorbent layer and that along the axis of the microchannel at different time
instances. As CO; enters the microchannel, it enters the adsorbent layer after overcoming
the convection resistance and then gradually diffuses outward in the adsorbent layer. Due
the effective diffusion coefficient being of the order of 10® m? s at 5500 kPa (=~ 10°® m?
s at 100 kPa), a slightly inclined CO, concentration front is seen in Figure A.1. The
effect of such a pattern is marginal underutilization of the adsorbent layer (in the upper
right corner, at the contour at 1.2 s), as the feed wave front reaches the microchannel

outlet. After this instant in the process, the product purity starts to drop regardless of
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whether the remaining volume of the adsorbent layer is saturated by incoming feed

mixture or not.
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Figure A.1 Adsorbed CO, concentration contour plots during adsorption
stage.
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Figure A.2 represents the corresponding temperature contours during the
adsorption stage. The heat of adsorption is released, raising the temperature of the
adsorbent locally, where the rate of adsorption is the highest, i.e., at the concentration
wave front. While the adsorbent layer temperature increases with the progressing
concentration front, it drops in the upstream region as a result of influx of cold feed gas.
The cold feed mixture carries the heat away in the upstream locations, while adsorption
continues in the downstream locations. This simulation does not consider asymmetric
operation of inlet and outlet valves discussed in Chapters 2 and 3 that involves hot water
entering the microchannel well before the adsorbent layer is saturated with feed mixture.
However, for the sake of comparison of the radially lumped model and 2-D axisymmetric

model, only gas-phase simulation is considered and the adsorbent layer response is noted.

With the radially lumped model, it is assumed that the adsorbed concentration Ca
represents a radially integrated value. The diffusion of gases outward in the adsorbent
layer is governed by the overall mass transfer resistance, and is assumed to represent the
diffusion lag for all the radial calculation points. Therefore, the concentration wave front
would have appeared as straight vertical lines in Figure A.1. Figure A.3 shows the effect
of using these two approaches on the product purity variation. It is assumed that the
product collection starts at the instant the feed gas enters the microchannel and the

reference starting point for purity calculation is the same.
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Figure A.2 Adsorbent layer temperature contour plots during adsorption stage.
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Figure A.3. Product purity variation with two heat and mass transfer modeling
approaches.

From Figure A.3, it is clear that with the 2-D axisymmetric modeling approach,
the product purity starts to drop gradually after 0.5 s, when the front end of the
concentration front reaches the microchannel outlet. However, the lumped model
overpredicts the adsorption capacity by a small margin as a result of the implicit
assumption of saturation of all radial locations at the same time. Therefore, the product
purity value for the case of the lumped model remains higher than that predicted by the
axisymmetric model for 1.5 s. It starts to drop more rapidly than that with a 2-D model,
as adsorbent particles located in the last microchannel nodes adsorb CO, at the same time
in the lumped model. In contrast, in the 2-D axisymmetric model, the drop in CH4 purity
is decelerated as a part of the adsorbent layer still keeps accepting CO, as the remaining

fraction exits the microchannel as shown in Figure A.1.

For the process performance prediction and model validation exercises, the
radially lumped model is adopted due to the ease of modeling, very small computation

time, and the reliability of coupling with the conservation equations for the microchannel
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domain irrespective of the fluid phase present in the microchannel. The temporal error
seen as a slight change of purity slopes as shown in Figure A.3, which is caused by radial
lumping is negligible, as the process reaches cyclic steady state and the product tank
contains substantial product. It must be noted that for the present comparison, it is
assumed that product tank contains no product mass, which in turn augments the effects

on instantaneous purities.

It must also be noted that the radially lumped model is validated against the
adsorption tests in Chapter 4. The radially lumped model is expected to predict the
adsorbent layer saturation time within 4% of the observed adsorption time. Therefore,
although a radial variation of species and energy is not modeled, the radially lumped
model is concluded to reproduce the overall heat and mass transfer phenomena accurately

enough, enabling quick and reliable prediction of purification process performance.
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B. DECOUPLED MOMENTUM APPROACH AND PROPERTY VARIATION
The use of a single set of coupled momentum, energy and species equations for
the entire microchannel during displacement stages results in an inaccurate gas-liquid
interface. This is because the liquid numerical property data are transferred across the
interface to the gas region, and because of this numerical diffusion, as the time step
progresses, the interface location becomes undetectable. This condition is depicted in
Figure B.1, where there is no clear location across which the liquid density transitions
quickly to the gas density, resulting in an unrealistic displacement scenario. This also
poses difficulties in the timing of the stages, as the time instant when the interface

reaches a specific axial location in the microchannel cannot be determined with certainty.
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Figure B.1. Instantaneous density variation during displacement of gas assuming a
homogeneous mixture.

Furthermore, from the experimental observations by Moore (2012) as shown in
Figure B.2, gases in the microchannel are cleanly displaced by liquid. The decoupled
momentum approach allows precise calculation of thermo-physical properties of working

and coupling fluids, and tracking of the gas-liquid interface.
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Figure B.2. Time lapse image of displacement of gas showing clean displacement
showing a distinct gas-liquid interface (Moore, 2012).

Figure B.3 shows the density variation in the microchannel during the
displacement of gas with the decoupled approach. Not only can the gas-liquid interface
be distinctly tracked, but also the temperature dependence is properly resolved, which

results in precise calculation of displacement times.
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Figure B.3. Instantaneous density variation during displacement of gas with
decoupled approach.
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C. SAMPLE CALCULATIONS FOR PROCESS MODEL DATA POINT

Before, the sample calculation for the differential variables is reported, important
geometry and important packing properties of the adsorbent layer are established. Figure
C.1 shows a cross section of the microchannel with important geometrical parameters

that are used as inputs for the calculation of the heat and mass transfer resistances.

R3=0.290 mm

R,=0.277 mm
R; =0.265 mm
Ro=0.250 mm

Rh=0.235mm

Figure C.1. Adsorbent-coated microchannel cross section showing geometrical
parameters
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Table C.1 Calculation of geometrical parameters (not iterative variables)

Input Equations Output
Dr= 530 x10° [m] R =D
th = 30 x10°® [m] "2
thes = 25 x10° [m] D th _ i
Inlet pressure, P = 55x10° [Pa] 0~ 7’1‘5 Rr _ 235><10_6 [m]
. _ Ro = 250%10™ [m]
Average molecular size, d = 3.8495 x _ 6
10 Dh R1 =265%10 [m]
107" [m] R =—" _ -6
L _ 2 Ry, =277%x10” [m]
Collision integral, 2 = 1.12 R. = 290x10° [m]
Inlet temperature, T = 298 [K] R =R LY 8T
CH,4 Molecular weight, MWchs = 16.043 | 2 2
CO; Molecular weight MWco, = 44.01 th
R3 == R2 +?

A :%(Dh—2><th)2

AN{(DhZ—(Dh—zxth)Z)

Peri = z(D, —2xth)
Peri, =27R,

A =7(R’ -R)

Channel Cross sectional area,
Ag=1.735x 107 [m?]
Adsorbent layer cross
sectional area,
Aw=4.712 x10°
[m?]Channel perimeter,
Peri = 1477x10° [m]
Fused silica cover inner
perimeter,

Perigs = 1665 x10° [m]
Ars = 4.359 x 10°® [m?]
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Table C.1 Calculation of geometrical parameters (not iterative variables)-continued

Void fraction, ¢ = 0.55

Tortuosity factor, 7 =2

Zeolite density, pags= 1600 [kg m™]

Fused silica density, pes = 2200 [kg m’
%ISilicalite density, passiticatite =
1760 [kg m?]

Binder density, ppinger = 1270 [kg m™]

Binder specific heat, Cp pinder = 1461 [J

kg™ K]

Adsorbent specific heat, Cpaqgs = 800 [J
kgt K1

Fused silica specific heat, Cyrs = 740 [J
kgt K1

Binder thermal conductivity, Kpinder =
0.22 [Wm* K

Adsorbent thermal conductivity, Kags =
1.2 [Wm? KY

Fused silica thermal conductivity, kes =
1.3[Wm?KH

Insulation sheet thermal conductivity,

kins = 0.04 [W m™ K]

1858x107 T o 1 )"
e Pd*Q = MW,

Dyt = Dag =
T
o= Princer - MF s '(1_5)
(Pags * Pringer - MFo)
P = Pags " OF Phiger *(L- 0~ ¢)
B I:CP,ads * @ Pags + Co pinger '(1_ w- 5) * Pinder ]

Cow=
Prm
kw = kads "0+ kbinder (1_ - ‘9)
(Hines and Maddox, 1985; Cussler, 1997;
Pahinkar et al., 2015)

Binary diffusion coefficient,

Dag = 3.05 x 107 [m? 5]

Effective diffusion

coefficient, Des = 8.39 x 107

[m? 7]

Adsorbent volume fraction,

w =0.1991

Adsorbent layer density, py, =
637.2 [kg m™]

Adsorbent layer specific
heat, C, = 1131 [J
kg™ K™

Adsorbent layer thermal
conductivity, ky =
0.2941 [W m™ K]

R R
) (3
RW,mid n R1

27k, 27K

R

eq,FS —

Heat transfer resistance
between adsorbent layer and
fused silica, Reqrs = 0.0369
[W!mK]
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C.1 Instantaneous heat and mass transfer resistance calculation
For this section, an instant during displacement of gas by liquid is chosen, for a

comprehensive demonstration of the modeling methodology. Calculations could also be shown at
other instants, when a single phase occupies the entire length of the microchannel. The selected
instant is 0.392 s, after the process is initialized and an adsorption stage of 0.19 s long is already
completed. The calculation point under consideration is 0.5 m from both the ends of the
microchannel. The displacing hot water has occupied the upstream node. At the current instant,
gas-phase residual gases have occupied the node. At the following instant at 0.397 s, the
displacing hot liquid occupies the same node. Figure C.2 shows the initial and final instants
considered for the present sample calculation. The node at 0.5 m is shown to be occupied by

component gases before the displacement of gas takes place and liquid occupies the same node.

T T T T T T T T1T°1
Adsorbent Layer Mesh

Initial State
X =0
XG =1

Z=0.5m

[
Adsorbent Layer Mesh

Final State

Figure C.2. Initial and final states of the displacement of gas used for the sample
calculation.
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As explained in Chapter 2, the equations are modified to account for the interface
location. The time step is also decided based on how fast the interface reaches the next
calculation point. Because the gas-liquid interface is monitored throughout the displacement, the
calculation is performed as the interface crosses each node point. Hence, depending on the
velocity of the interface, when the interface passes each node, the time step is automatically
calculated and the results are reported. In this way, the time step is implicitly kept small (0.005 s,
in this case, which is calculated by dividing the grid size of 0.01 m by the instantaneous interface
velocity of 1.83 m's™, when the interface is at 0.5 m from the inlet) to keep track of the interface
precisely during displacement. As more liquid occupies the channel, the displacement process

slows down; therefore, the implicit time step becomes marginally larger.
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Table C.2 Calculation of heat and mass transfer coefficients

Input

Equations

Output

This table shows calculation of
initial and final states as shown

heat and mass transfer coefficients and corresponding resist
in the schematic (Figure C.2).

ances in the microchannel for the

Hydraulic radius, Ry, =
235x10° [m]

Binary diffusion coefficient,
Dag = 3.05 x 107 [m* 5]
Mixture diffusion coefficient
in water, Dag water = 2.23 x 10°
9 [m2 5-1]

Laminar Sherwood number,
Sho =4.01

Gas Schmidt number, Sc =
0.72 (before liquid displaces
gas)

Liquid Schmidt number, Sc, =
500 (after liquid displaces
gas)

Inlterface velocity, u =1.83 [m
7]

pc = 50.44 [kg m?]
pL=951.68 [kg m™]
He=1.5x 10 [kg m?s?]
HL=7.37 x 10* [kg m3s™]
Liquid and gas velocity are
the same for displacement
phase.

Mass transfer coefficient for gas phase

275

(2200-Re)

10
2><th 10 e 35 1
™ =(Shy) + +
[ Do J S oy s, - 007ORey/TScg
(1+Sc“/5)/

Mass transfer coefficient for liquid phase

275

(2200-Re)

[2>< R jm ~ (s )10 .| 365 N 1 Heat
=(Sh, .
DAB,water (Sho) Sho 4 0.079 Red fsicl‘
(1+8c*)

transfer coefficient for all scenarios

(2200-Re)

10
2x R h; 0 |e 3B 1
250 (N, )+ +
S R e
T (aepre)”

(Churchill, 1977a; Churchill, 1977b)

Single phase Reynolds number and friction factor

_ 2puR;
%

167(-15)
7 j|0.9
12 16 |:* +
f-g. [Rij + (?’Lﬂ] +| —2.457.1n| LRE
¢ € 0275 P8
2R

h

Re

(&)

Reynolds numbers:

Re = 2898 (before liquid
displaces gas)

Re = 1105 (after liquid
displaces gas)

Convection mass transfer
coefficient for gas in channel,
hme = 0.006 [ms™] (before
liquid displaces gas)
Convection mass transfer
coefficient for liquid in channel,
hme = 0.002 [m s™] (after liquid
displaces gas)

Convection heat transfer
coefficient for gas in channel,
hre = 800 [W m? K™] (before
liquid displaces gas)
Convection heat transfer
coefficient for liquid in channel,
hro = 5767 [W m? K™] (after
liquid displaces gas)

f=0.047 (before liquid
displaces gas)

f=0.057 (after liquid displaces
gas)

182




Table C.2 Calculation of heat and mass transfer coefficients — continued

Effective diffusion
coefficient,

Dett = 8.39 x 10°® [m? 5]
Channel perimeter,

Peri = 1477x10° [m]
Gas mass transfer coefficient,
hme = 0.006 [ms™] (before
liquid displaces gas)
Liquid mass transfer
coefficient,

hme = 0.002 [ms™] (after
liquid displaces gas)
Channel hydraulic radius,
R = 235%10° [m]

Ro = 250%10° [m]

For gas occupied node
Yg,cH4 = 0.45

Yg,co2 = 0.55

For liquid occupied node
(yg,CH4 =0.02

Yg,co2 = 0.024,

iteratively solved species
equation, described later)

Mass transfer resistance during gas flows

1 In (on
R = + h
eq,Mass,G hm . Peri 27[ Deff/
1- yg,i

Total mass transfer resistance in liquid filled region
during bubbly flow (Pressure driven)

In Ry
_ Rh
eq,Mass,L_D—
eff
2 /_yg’i

Total mass transfer resistance in liquid filled region
during diffusive flow (diffusion driven)

1 'n@o]
R = + "
eq,Mass,L hm,L . Peri 27[ Deﬁ/
1- yg,i

Total mass transfer resistance in liquid filled region
during cooling (diffusion driven, after water enters the
adsorbent layer)

. In (on
R = * h
eq,Mass,L hm,L . Peri o Deﬁ/
1_ yg,i

R

Mass transfer resistance
during gas flows

Req,Mass,G,CH4 = 69696 [I’Tf2 S]
Req,Mass 6,co2 = 84558 [m-2 s]
(Not used after liquid occupies
the node at 0.5 m)

Pressure driven:
RegMassL.cHa = 64773 [mz s]
Reg,MassL.co2 = 52496 [m™=s]

Diffusion driven:
Req,Mass,L,CH4 = 3276)(107 [m-2 S]
Req,Mass,L,COZ = 3275)(107 [m-2 S]

Liquid filled diffusion driven:
Req,Mass,L,CH4 = 3-514)(107 [m'2 S]
Req,Mass,L,COZ = 3-467X107 [m'2 S]

Total heat transfer resistance

In &
1 R,
+

h, -Peri 27Kk

w

R =

eq,Heat

Req,Heat,G =0.88 [W_l m K]
(Before liquid displaces gas)
Req,Heat,G =0.15 [W_l m K]
(After liquid displaces gas)
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C.2. Governing equations
The species and energy conservation equations are solved using the DASOLV

mathematical solver in gPROMS ModelBuilder (Process Systems Enterprise, 1997-2015). The
solver uses an implicit variable time backward differentiation formulation for discretizing the
equations. Sample formulation of species and energy conservation is shown, with calculations
for the process instance of 0.392 s and for calculation node at 0.5 m from each end of the
microchannel after initialization. In the equations, i is the iterator for species, whereas j is the
iterator for axial locations for node points. This is the exact instant shown schematically in
Figure C.2.

For all the equations in the governing equations sections, the switches implemented for
altering equations assume the following values.

1. Sags =0, feed supply is cut off.

Sipoe = 1, gas displacement by liquid in progress, product collection can continue.
Sqeso = 0, desorption stage not activated yet.

Scool = 0, desorption stage not activated yet.

o v »

SepL = 0, desorption stage not activated yet.
6. Spurge = 0, desorption stage not activated yet.

For the considered sample data point, as gases are being displaced by liquid at an axial
location of 0.5 m from both the ends of the microchannel, the switches maintain their value
indicated above. However, the gas and liquid phase identifiers are switched as follows.

1. Xg=1, X, =1, attime t=t. Node occupied by gas.
2. Xg =0, X_=0, at time t= t+At. Node occupied by liquid.
This technique allows the model to select the appropriate set of equations for each of the

stages in the process, without the need for a complex computational approach.
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Table C.3 Sample calculations for the governing conservation equations

Cyon, j = 22.69 [kg m~]

Cyco, j = 27.74 [kg m?]

At =0.005 [s]

u; =1.83[ms"]
Cyen,.ja =18.30 [kg m?]
Cy'co, ;1 =22.51 [kg m~]
Az =0.01 [m]

Dya; =0.012 [m* 5]
Dy, =2.23x107° [m? s™]

Cyon,.jz =16.21 [kg m?]
Cy'co,.j0 =20.31 [kg m”]

e, = 76001[m? 5]

Y e, =90133[m? 5]

A, =2.72x10° [m? 5]

A e, =273x10° [m? 5]
Coar. =23.68 [kgm®]

Cuco,.; = 29.18 [kg m?]
A, =1735x107 [m?]

Microchannel species conservation equation

ac,, b
ot oz

B 2
(Sads+SLDG 'XG +SGDL 'XG +Spurge)DA,G + a Cg’i

_(SLDG ’ xL + Sdeso + Scool + SGDL ' XL) DA.L azz

1
(Sads + SLDG ' XG + SGDL : XG + Spurge) +

eq,Mass,G,i

oC
+u

(SLDG ’ XL +Sdeso +Scoo| +SGDL : XL)

eq,Mass,L,i

Discretized form

Ct+At _ Ct Ct+At _ Ct+At

9., g'i'j+U;+At 9., ghi-1
At Az

_(Sads + SLDG ' XG + sGDL ’ XG +3S

t+At t+At
)Dieii+| C

purge g,i,j-2

1 A

_ ot

9. j-1

t+At
+ Cg“

+S

cool

(SLDG ’ XL +3

t+At
+ SGDL : XL ) DA,L,i,j

deso

1
(Sads + SLDG ' XG +3

'Xe+3purge)RtT+ (

GDL

eq,Mass G,i,j

1
Rt+At

eq,Mass,L,i,j

(Spe X, +S,,+S

cool

+SGDL 'XL)

deso

va

t+At t+At
C _CWH)

9., j

A

Cyoh,.j =20.49 [kg m*]
Cyan, ; =25.12 [kg m?]

(After iterations and
implementing the
switch procedure)

+
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Table C.3 Sample calculations for the governing conservation equations — continued

Microchannel energy conservation equation
() o)
p; ™ =651 kg m”] at oz
C,t:jAt = 3867 [kg m'3] (Sads + SLDG : XG + SGDL ’ XG + Spurge)kG + . azTg 4
Tgt'j =306.7 [K] _(SLDG X+ S S T Sen XL)kL oz’
— i 1

At=0.005 [S] (Sads + SLDG : XG + SGDL ’ XG + Spurge) +
u;+At -1.83 [m S—l] Req‘Heal,G ) (Tg _Tw) -0
Tgtv*—]A_tl = 3084 [K] (SLDG : XL + Sdesc + Sccol + SGDL ’ XL) l IA\J
Az=0.01[m] L Reaseas Tg,; =307.5 [K]
o =oosswmt k| Preerenzm R (Afte iterations and

At 4, A AL Yo " el AL GLRAL AL Jgd gt Im[:') ementing the
k(' =0.621[Wm™ K] Pi e At TP el Az switch procedure)

tAt - + . .
Tg'j72 B 3094 [K] 1 (Sads + SLDG : XG + SGDL ’ XG + SpurgE ) k(t;JAt * T9t+lA*t2 — ZTQtJA!EL +T9t jAI —+
R:"A";“G‘J =089 [\N_ m K] (SLDG : XL + Sdesa + Scool + SGDL ’ XL ) kIt_JrjAt AZZ
R¥M  ~0.15 [W'mK] - 1

tT::al‘LVJ (Sads + SLDG ’ XG + SGDL ’ XG + Spurge)TJ’_ AL AL
Ty =306.4 [K] wess | (Toi =Tag") .

= - 2 1

'% 1735X10 [m ] (SLDG : XL + Sdesc\ + Scool + SGDL ’ XL) Rt+At Ag
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Table C.3 Sample calculations for the governing conservation equations — continued

This table shows the calculation of all differential variables using a backward differencing scheme with implicit time
stepping method for the adsorbent layer node.

¢=0.55

Clon, ; = 2368 [kg m?]
C! co,, =29.18 [kg m"]

At = 0.005 [s]

o =0.1991

Chcn, ; = 1659 [mol m*]
Chco,.; = 5205 [mol m”]
D'} =8.39x10°° [m® 5]
Dyl ; =6.13x107"° [m* 5]
Cuch, 2 = 23.17 [kg m?]

Cuco, j2 = 28.76 [kg m”]

Ciroh. 2 =23.41 kg m”]
Ciros, i =28.96 [kg m*]

Az =0.01[m]

RYS e, = 76001 [m? s]
RU ooy, =90133[m? ]
RUY . =272x10° [m? ]
R  =273x10° [m? 5]
Cyien,; = 20.49 [kg m?]

Cyco, = 25.12 [kg m”]
A, =4.712 x 10°® [m’]

Adsorbent layer species conservation equations
ani aCAi
E——+o———
ot ot

_(Sads + SLDG : XG + SGDL : XG + Spurge) Deff ,Gi + aZCWi
(S X, +S,. +S_ +S. X )D o

deso cool

eff ,L,i

1
(Sads +SLDG : XG + SGDL : XG + Spurge) +

eq,Mass,G,i s
1 A,

eq,Mass,L,i

(Sipe - X, +S,,+S

deso cool

+SGDL ’ XL)

Discretized form
CHat_ct cHat _ct
Jleu-ci) | (ch-ci)
At At
(Sads + SLDG ’ XG + SGDL ’ XG + Spurge) DéfJ;A(tBJ + CHAt

Wi, j-2

_oCtAt ot

w,i, j-1 w,i, j _

(SLDG : XL +S

t+At 2
+$ 0I+SGDL‘XL)DEff,L,j Az

deso co

1
(Sads + SLDG : XG + SGDL ' XG + Spurge)

t+At + t+At t+At
Req,Mass,G,i,j (Cg,iyj _Cw,i,j)

1 A,
t+At
Req,Mass,L,i,j

(Sipe - X, +S,, +S

deso cool

+SGDL'XL)

Cuon,. =23.61[kg m*]
Cuco, j =29.13 [kg m”]

Cuch,; =1654 [mol m™
Cico,.; = 5200 [mol m™

(After iterations and
implementing the
switch procedure)

]
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Table C.3 Sample calculations for the governing conservation equations — continued

p,, =637 [kg m®]

Coy =1131[J kg™ K*]
T,.; =306 [K]

At =0.005 [s]

k,=0.2941 [W m™ K]
Ta, =307.5 [K]

T =306.9 [K]

Az =0.01[m]

A, =4.71x10°° [m?]

T, " =308 [K]

R, =089 [W'mK]
®=0.1991

AH, ¢y, = 20400 [J mol™]
AH 4, ¢, = 25000 [J mol™]
Clcn,; = 1659 [mol m*]
Clco, ; = 5205 [mol m*]
R,q.rs =0.0369 [W’lm K]
Prs = 2200 [kg m?]

Cops =740 [T kg™ K]
T, =306 [K]

ke =1.3 [Wm™ K]
Tl , =307.2 [K]

Ti, =306.6 [K]

A =4.359%10° [m?]

Energy conservation for adsorbent layer

T T, T,
pWCp,W % — kw a T2W + g w +
ot oz A\/v ' Req,heat

- ads,i 6[ A\N . Reqyps
Discretized form
Tvﬁfj“ ~Ta, j

> w-h Cni Ty Tes

t+At t+At t+At
_k Tojoa =20+ T

PuCon N A7’ ’
t+At t+At t+At t t+AL t+At
Tgvj _Tin +ZCU~AH (CAJ,J _CA,i,j)_Tw,j _TFS,j
R ads,i R
AN "MNeg,Heat, j i At A\N "MNegq,Fs

Energy conservation for fused silica monolith wall
Gl 0T . T,-T
pFSCp,FS == Kes ;S + R -
oz AFS "MNeq,Fs

ot

Discretized form
T t+At _TI

FS, | FS,j
stC = =
P At

t+At t+At t+At t+At t+At
TFS,j—Z - 2TFS,j—1 +TFS,j n Tw,j _TFS,j

Az? AFS 'Req,Fs

FS

TV;*J.A‘ =306.5 [K]
Toe ﬁt =306.3 [K]
(After iterations and

implementing the
switch procedure)
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Table C.3 Sample calculations for the governing conservation equations — continued

AP =10° [Pa]
L=1[m]
p;™ =951 [kg m”]
uj =1.838 [ms™]

uttt =1.838 [ms™]

J+1

ut" =1.838 [ms’]

RHA(
eq,Mass,G,COp,j
t+At

eq,Mass,L,CHy.,j

t+At

Az =0.5[m]
Cyat,; =20.49 [kg m*]
Cyat,; =25.12 [kgm®]
Coron,; =23.61[kgm”]
Coob, ; =29.13 [kgm™]

A, =1.73x107 [m?]

w L =T6001 [ 5]
=90133 [m? 5]
=2.72x10° [m? 5]

ey = 2:73x10° [ 5]

=7.3x10" [kg m™ 5]

f-‘*“ =0.057

R, =235x10°° [m]

ft =0.057

pU =951 kg m’]

2 =0.5[m]

Overall momentum equation

au o ou
oP ot oz
_E :(Sads +Spurge Sdeso +Scool) Cg,i _Cw,i 52U . puz
—u—
i Ks . Req,Mass,i 622 2Dh
pLU? du pu’ du
f +p— |2 + f + L-z
( L 2Dn PL dtj IF [ L 2D, P dt ( IF)
+(SLDG) du +(SGDL) U2 du
pe Ps
f L-z fo 2+ p.— |(2
( ° 2D, * P dt]( ) ( ° 2D, Ps dtj( )

Discretized and overall form used in the process model

AP
- L = (Sads + Spurge sdeso + Scool )
LAt gt t+At t+At
uttat—ut
t+At At trat i+ j-1
Py ! —
At 2Az
2
t+At t+At t+At t+At t+At t+AL [ tHAt
z Coii ~Cuii e rea Ui —2U5 7 U 4 g £ (ui )
trAt j j 2 j
i Ag Req‘Mass,i,j Az 2Dh
- ) .
tAt (| teAt t+At t
t+at ©Lj ( i ) var Ui U
f) TP I+
ZDh At
+(SLDG) teat () t+at)2
+ + t+At t
f et P, j (UJ ) L it up Y (L—Z )
i Pa,j IF
2D, At
[ I+At( t+At )2 Uttt gt i
Lj j i Y
ft+_At J J + tL+jAt j j (L— ZIF )+
2Dh At
+(SGDL) teat (| t+at)2
+ + t+At t
f LAt Pa,j (uj ) t+At uj _uj 7
i + P IF
2D, At

t+At

=1.838 [ms™]

(Because displacement
equations without
convection terms are
solved, axial
dependence on velocity
is absent)
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Table C.3 Sample calculations for the governing conservation equations — continued

=107 [m]

= 7.2x10™" [m® s™]
eystal.co, = 5-9x10™" [m? s7]
= 1659 [mol m?]
Chco,,; = 5205 [mol m?]

At =0.005 [s]

by, =4.15x10™ [kPa™]
byco, = 4.50x10™ [kPa™]
Qg ch, = 20400 [J mol™]

Qg cn, = 25000 [J mol™]

R =8.314 [J mol? K*]

T =306.5 [K]

Mgy, =3.918 [mol kg™

Mp co, =4.161 [mol kg™]

Page =1760 [kg m?]

= 23.68 [kg m*?]
=29.18 [kg m*?]

r.crystal

Dcrystal ,CH,

D

t
CA,CHA,j

t
CW,CHA,j

t
CW,CO2 Vi

LDF constant
15 ’ Dcrystal,i
LDF,i — 2
crystal

LDF Equation
oC,.
= KLDF,i '(CA,Eq,i _CA,i)

Discretized form
Cy™ —C; _ KA _(C1+At

Al j Al j
LDF.i, ] AEq.i,j

At
Auxiliary parameters for adsorbent capacity determination

B, =by exp(_RQTBJ j

w

BﬁjAt =Dy, exp[ _QB_’i J

Isotherm equation for silicalite

t+At
_CA,i,j)

P

B,-P
C 1 1
1+) B-P

M B,i

AEq,i = pads

t+At t+At
t+At Bi,+ j PIJ+
C

AEai = Pass | Ma;
q,, ] ads i 1+zBit+Atj . Pit_+At
i

iyl

Gas partial pressure

P C,;RuT,
MW,

P_t_+At _ C\:\:iﬁ RT\:/TJ'M
b MW.

K.or.cn, =108 [s"]

K o co, =885 [s1]

Cyay, ; =1654 [mol m*]
Chob, ; =5200 [mol m®]
CL&t . =1647 [mol m*]
=5198 [mol m?]

t+At
CA,Eq,CO2 Vi

BLM =1.2x10° [kPa™]
BL., =8.0x10°° [kPa™]

P&, = 3749 [kPa]
PiM ~1686 [kPa]

CO,,j
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C.3 - Fluid property calculations and process performance parameters

For this section, calculations are shown for the instant when liquid has displaced gases in the microchannel at

0.397 s after the start of the process at 0.5 m. Figure C.2 also applies here, where appropriate techniques to calculate

fluid properties are shown for the final state of the considered instant.

Table C.4. Sample calculations for fluid property and process performance parameters

Input

Equations

Output

ch,i =45.61 [kg m*]

p, =995.2 [kg m®]

Two phase quality in the microchannel

2.Cs.

Quality = -

L
t+At
2.Cqi

Quality™ =

i t+At
L.j

Quality of desorbed gases
in the HTF liquid present
in the microchannel,
Quality = 0.0458

ch,i = 45,61 [kg m*]

p, =995.2 [kg m®]
Quality = 0.0458

Effective fluid density in the microchannel
Py = (Sads + SLDG ’ XG + SGDL ’ XG + Spurge)x ch,i

+(SLDG X, +S4 +S |+SGDL'XL)><

deso €00

(Z C,, xQuality + p_ x(1- Quality))

teAt _ t+At
Py = (Sads +Sp6 * Xe *+Sgo - Xe +Spurge)xzcg,i,j

+(SLDG'XL+S +ScooI+SGDL'xL)X

deso

(z C, xQuality™ + p " x (1— Quality|™ )j

Reduced HTF density due
to suspended gases in the

liquid, p, =951.7 [kg m®]
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Table C.4. Sample calculations for fluid property and process performance parameters — continued

C,cn, =20.50 [kg m~]
C,co, = 25.12 [kg m?]
ch,i = 45.61 [kg m?]

oL =995.2 [kg m®]

Effective gas mass fraction in the microchannel
C. .
c

Yig :(Sads +S.p6 * X6 + oL " Xg +Spurge)x ~
" gvi
Cyi
D L
L) ch,i+pL

vt _ (g S X S X S C;tﬁ;
yg,i,j—( *+90p6 " Re t 6oL " Re T purge)><

ads t+At
ch‘i‘j
i

CT+AI
+(S1o6 " XL+ Seso + Seoor + Sepr - X1 ) X e mpet——r
LDG L deso cool GDL L C1+A( t+At
2.Coii+ oL
i

+(SLDG : XL +S +Scoo| +SGDL -X

deso

Mass fractions of
component gases in liquid
HTF,

Yycn, =0.019
Yy.co, =0.024

Cos =1853 [T kg™ K]
Co, =3867 [Jkg* K]

Effective fluid specific heat in the microchannel
Cp,g = (Sads + SLDG ’ XG + SGDL ’ XG +Spurge)
+(SLDG ’ XL + Sdeso + Scool + SGDL ’ XL)XCp,L
Cha's =(Sass +Sioe * X+ Sepr * X6 +Spure )X Cha

p.g.j — \Vads p.G.j
t+At
+(SLDG ' XL + Sdeso + Scool + SGDL ’ XL)ch,L,j

xCp’G

Fluid specific heat for the
microchannel node,
Cpy =3867 [J kg™ K™

k, =0.035 [W m™ K]
k, =0.621[W m™ K]

Effective fluid thermal conductivity in the microchannel
Ky =(Sags +Sipe - Xo + S - X +S

ads purge)
+(SLDG ’ XL + Sdeso +Scool + SGDL ' XL)>< kL
k;jm = (Sads +Sio6 - Xg +SgpL - X +S

+(Sipe - X +S

xKg

t+At
purge ) X kG,j
t+At
+ Seoor T ScpL XL)XkL,j

deso

Fluid thermal conductivity
for the microchannel node,
k, =0.621 [W m™* K]

Us =1.5x107° [kg m™* s™]
4, =7.3x107* [kg m™ s™]

Effective fluid viscosity in the microchannel
Hy = (Sads +S 6 " Xe +Sgp X + Spurge)xﬂe

+(Sip - X +S
Hy = (Sae +Suoe X+ Seor  Xe + Spuge )X 416

+(Sips - X +S

+Seoal "’SGDL’XL)XIUL

deso

deso

t+At
+Seoot T Sepr * XL)X/’lL,j

Fluid viscosity for the
microchannel node,

Hy =7.3x107 [kg m™ s7]
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Table C.4. Sample calculations for fluid property and process performance parameters — continued

Feed gas entering the

Feed gas supplied channel in 0.19 s,

M oo i

Feed ,inlet,i — NchSads (Cg,iAgu)

dt =0 Mll::eAt;,inlet,CH4 =0.3708 [kg kg"]
M lt::eA(;,inleLi - M;

Feed inleti _ Nchsads (C;IAQU; )

At Mll;;eAr:,inlet,COZ =0.4532 [kg kg-l]

z=0

Product gas collected

(S + Suotn + S ) (G, A1) Product gas collected
dMProd.nel — N 9 9 z=L MtJrAt _ 0 8708 [k k _1]
B (S S ) CLAD) ot o, = 0-8708 LG kG
M b =0.0061 [kg kg™]
M I;:v?d[,nel — M ;‘rod,nel _ N (Sads + Scollectiun + SPurge)(C;,iAgng ) 2L PrOd’net’Coz
- iy~ ch
At ~(Soo * Souse ) (CosAYL )|,
Mass and molar purities of product gas
M t+At
Purity — _ Prod,net‘CH:
“ M ;’roAv;:,net,CH4 + M I;roA(;,nel.COZ
(Purityk&/ J
. MW, Purity™2  =0.993
Purity,,,. = Burit Yig.cH,
Z( i yk%w} Purity}; %, =0.007
M EFA Purity; g o, = 0.997
Purityg,Ait :ﬁ s tAL
MCH,, + MCH4 F’Ur'ltyrm)le‘co2 =0.003

[Puritygy ]

t+At — MWI

ete [Puritygy J
Z MW

Purity
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Mt

Feed ,inlet,CH,

Mt

Feed ,inlet,CO,

Mt

Prod,net,CH,

=0.3708 [kg kg™]

=0.4532 [kg kg™]
=0.8657 [kg kg™]

M ¢ od net.co, = 0-0057 [kg kg™]

At =0.005 [s]

N,, = 75500

C,cn,0 =0.01 [kg m?]

C,co,0 = 0.01 [kg m”]

A= 1.73x107 [m?]

u,=u, =1.838 [ms™]

ocn, =392 [kg m”]

g.co,L = 2:8 [kg m*]

MW, =16.04 [kg kmol™]

MW, = 44.01 [kg kmol™]

C
C

Instantaneous methane recovery

M
CH,,Prod
Recovery,, = —"—-
M CH,,Feed
t+At
t+At Prod,net,CH
Recov eryeh, = —M — 4
Feed inlet,CH,

t+At

Recoveryg,, =2.34

(Recovery is greater than
one because of collection
of residual gas at the start
of the cycle. The value
will decrease below one,
after product purge)
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C.4 - Energy requirement calculation for overall process operation in cyclic steady state

This section describes the overall energy requirement calculation for the process, after the cyclic steady state of

the process is attained. These calculations correspond to Figure 3.6 in Chapter 3. These variables represent an overall

process performance and they do not correspond to a particular time instant, such as one in Figure C.2.

Table C.5. Sample calculations for energy requirement for the process operation.

Input

Equations

Output

Nee =17.7 [cycles hr]

N, = 75500 [channels kg™]
p,, =637.2 [kg m®]

Co =1131[J kg™ K™]

A,= 1.73x107 [m?]

Pes = 2200 [kg m*]

Co s = 740 [J kg™ K¥]

A, = 4.359x10° [m’]
L=1[m]

AT = 175 [C]

Sensible heat

Esens = Ncyc' Nch (pw'cp,w'A\N+pFS *Cprg A\FS)LAT

Esens = 23842 [kJ kg™ hr]
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Table C.5. Sample calculations for energy requirement for the process operation — continued

Ncyc =17.7 [cycles hr']

N,, = 75500 [channels kg™*]
A,= 1.73x107 [m?]
L=1[m]

w= 0.1991

AH 4 cu, = 20400 [J mol ]
AH 4 co, = 25000 [J mol™]
AC, ¢y, = 3600 [mol m?]
AC, o, = 4900 [mol m*]

Heat of desorption
EDeso = Ncyc' NChAI\I . L'Za)'AHads,i 'ACA,i

E beso = 2457 [k kg™ hr']

Noe =17.7 [cycles hr']

N,, = 75500 [channels kg™]

M e o =1.12x107° [kg cycle™]
Ve = 0.0011 [m® kg™]

AP = 100 [kPa]

HTF recirculation energy

Enrr recir = Neye- N, - MHTF,cyc Ve - AP

E vre recir =172 [KJ kg™ hr']

Ncyc =17.7 [cycles hr']
N, = 75500 [channels kg™]
AH_,, =0.0229 [kJ cycle™]

Purge gas recirculation energy
Epurge = Ncyc‘ Nch AH

Com

E purge = 30600 [kJ kg™ hr]
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Table C.5. Sample calculations for energy requirement for the process operation.

Esens = 25383 [kJ kg™ hr?]
E beso = 2457 [KJ kg™ hr']
E nre reeir =172 [kJ kg™ hr]

E purge = 30600 [kJ kg™ hr]
Purity.,, =0.867

M proa = 9.66 [kg kg™ hr]
LHV = 50000 [kJ kg™]

Energy ratio

Ratio

E beso+ Esens + EntE recir + E purge

Energy —

Purityg,, M prod - LHV

Ratiog, e,

=0.136
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D. SAMPLE CALCULATIONS FOR LABORATORY SCALE MODELS

This section describes sample calculations for the laboratory scale models. The
laboratory scale model calculations are shown for t = 2 s after the start of the adsorption
stage, for the axial midpoint of the custom adsorbent-coated microchannel, where the
adsorption wave front is approximately located. The length of the channel is 0.22 m,
while the applied pressure drop is 16 kPa. The description of the algebraic and
differential parameters in this section for the laboratory scale models is analogous to that
for the full process model. Figure D.1 shows the cross section of the microchannel
schematic considered for modeling, whereas Figure D.2 shows the longitudinal cross

section of the channel showing the possible location of the adsorption thermal wave.

/s =0.235 mm

Nwmid = 0.250 mm

_—Irs,mia = 0.295 mm
——Fins,inner = 0.325 mm

——Fins,outer = 13.325 mm

(a) (b)

Figure D.1 Cross section of the microchannel assembly with surrounding
insulation and temperature nodes.

Because of the adsorption experiments in these experiments involve only a
gaseous medium, drastic changes in properties and other variables as seen in case of the
displacement stage of the full process model are absent. Nevertheless, Figure D.2 shows
an exaggerated schematic of the progression of the adsorption thermal wave, which is

present at 0.11 m from the channel inlet for a 0.22 m long channel.
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T T T T T T T T
Adsorbent Layer Mesh

Initial State
2=0.11m

T T T T T T T
Adsorbent Layer Mesh

Final State
Z=0.11m

Figure D.2. A schematic showing initial and final states considered for sample
calculations with a 0.22 m long channel with a AP of 16 kPa. The
Orange region represents the impure gas; light yellow represents the
pure gas.
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Table D.1. Calculation of heat and mass transfer resistances.

Input Equations Output
T =298 [K] Diffusion coefficients
P=1.15 [bar] 1.858X10—27 .Tl.5 1 05 £
dHe,Nz —3.17x107% [m] Dij,eff,ordinary = Pd ZQ Z MW. ;
dHe,COZ =3.24X10_10 [m] D 1-—x DHe—Nz,eff ,ordinary = 2'O4X1075 [rn2 S_l]
dN2,002 = 3'87X10710 [m] mixeff ordinary Z Xj DHe—COZ,eff ,ordinary =1.77 x10_5 [m2 S_l]
QHe,N2 =0.742 j# Dij,eff ,ordinary DszCOZ,eff ordinary — 4.62 ><:|.0_6 [m2 S-l]
oo, =0.7972 Dy s 4850, JT D e mixceft orcinary =1-92x107° [m? s7]
SINZ’COZ =099 WHE DNz,mix,eff ,ordinary =1.46X10_5 [rn2 S-l]
MW,,, =4.002 [m] 1 _ 1 4 1 b 123510 , 4
MWNz =28.01 [m] Di,eff total Di,mix,eff ,Ordinary Deff,Knudsen CO, mix,eff ordinary = SX , [1m > ]
MWCO2 =44.01 [m] Deff,Knudsen =1.04x10" [m S ]
£=0.688 Dy mixet o =1.62x107° [m? 5]
r=2 DNz,mix,eff jtotal — 1'28X10_5 [m2 S_l]
iHe igzi DCOZ,mix,eff Jtotal :1'11X10_5 [m2 S-l]
N, — Y
Xco, =0.10
dpore :1076 [m]
K, =1.38x10% [J K*] Knudse; number and mean free path
T =298 [K] Kn=-2— 2=6.84x10" [m]
pore
P =10° [Pa] ; K,-T Kn =0.06
~10 =
dmolecule = 343X10 ' [m] ﬁﬁdmoleculez -P
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Table D.1. Calculation of heat and mass transfer resistances — continued

hy e =0.178 [ms™]

hon, =0.136 [ms™]

hpco, =0.114 [m s']

Peri =1.477x107° [m]

Ry mig = 250x10°° [m]

R, =235x10° [m]

D =1.62x10°° [m? 5]
D ~1.28x10°° [m? 5]
Deo, mix.eft total =1.11x107° [m* s™]

He,mix,eff ,total

N, ,mix,eff ,total

Mass transfer resistance between
microchannel and adsorbent layer

R .
1 In[ v;émld]
R + h

B 22D

Mass,i — -
hm,i -Peri i eff total

RMass,He =4411 [S m-z]
R yassn, =5748 [s m?]
RMass,CO2 = 6834 [S m-Z]

h, =751 [Wm? K]
Peri =1.477x107 [m]

Heat transfer resistance between
microchannel and adsorbent layer

R

Ry mig =250x107° [m] . In(lw:ém'd) R peat.gow = 0-928 [W' m K]

- -6 R = + n
Rh =235%10 [m] Heat,g<->w h-|- . Peri 27Z'kw
k, =0.376 [Wm™ K]
th =30x10"° [m] Heat transfer resistance between adsorbent
R, =250x10° [m] layer and fused silica cover

’ -6 Rh +th RFS mid
R, =235x10° [m] In In| =7~ A

— Rmeid + Rh +1th R ieat werrs = 0-049 W™ mK]

Res mig = 295x10°° [m]
k, =0.376 [Wm™ K]
Kes =1.3[Wm™ K]

R

Heat,we>FS —
< 27k

27K

w

Table D.1. Calculation of heat and mass transfer resistances — continued
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Res mia = 295%107° [m]
Rins.imer = 325x107° [m]

ke =1.3 [Wm™ K™

k,;, =0.02529 [W m™ K]
D, =0.0265 [m]

Ra, =1948

Pr=0.728

Peri,,, =0.08325 [m]
e,=01

o= 5.67x10° [Wm? K*]

Heat transfer resistance between fused silica
cover and ambient

In RFS ,mid
Rlns inner
R _ )

Heat,ins —
27K

A 0387 xRa,
= A | 0,60+ — o

" O [1{0.559 )@1(;]
Pr

Ny = 48,0T03
1
Njyee PET T,

free

1
Heat,rad h Perl

rad
Total heat transfer resistance from fused silica
cover to ambient

-1
1 1
RHeat,FS<—>oo = RHeat,ins + R + R
Heat,conv Heat,rad

R

Heat,conv —

R

veatine = 1475 W m K]
=2.841[W m? K]
=0.5832 [W m? K]
=4.22 W' mK]
=20.6 [W* mK]
=4.984 [W* mK]

R
h free

N
R Heat,conv
R
R

Heat,FS <>
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Table D.2. Sample calculations for governing equations in the laboratory scale models

Input Equations Output
p; =0.302 [kg m®] Microchannel total mass conservation equation
At=0.1[s] a_p+M:_z Cyi —Cui

Pl =0.3175 [kg m*]
ujy' =10.728 [ms™]
P =0.3181 [kg m*]
uj'y' =10.724 [ms™]

Az =0.0003 [m]

Cidt  =0.1605 [kg m*]

Cir' | =0.0955 [kg m*]
Cy'eo,; = 0.0703 [kg m”]
CHA  —0.1605 [kg m*]

w,He,

C\fjﬁ;j =0.0955 [kg m?]
Cyco, ; = 0.05894 [kg m~]
R yass e = 4411 [s m?]
Riassn, =5748 [s m?]

R yass.co, = 6834 [s m™]

A, =1735x107 [m?]

ot oz i Ag ’ RMass,i

t+At t+At  t+AL t+At  t+AL

t t+At t+At
Pi —Pi Pinlin —Pia U Coii ~Cuij
+ =—>

At 2Az ~ AR
Real gas equation of state
_ RT aa
V.—-b V*+2bV_—b?
0.457235R°T ? 0.077796R-T, T
a= ¢ b= T =—
R R T

a= (1+ x(1-T.°® ))2 K = 0.37464 +1.54226—0.26992°

+ -3
P =0.3178 [kg m”]
u;" =10.726 [ms™]
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Table D.2. Sample calculations for governing equations in the laboratory scale models — continued

P =0.3178 [kg m”]
At=0.1[s]

Y, e j = 0.5437

ytg,Nz,j =0.3056

ytg‘coz,J =0.1871

Ut =10.726 [m s”]
Yo't a = 0.5056

Yo . =0.3030

Yoes, 1. =0.2204
yud | =0.5041

yira . =0.3006

yoa 2 =02212

Az =0.0003 [m]

Ci ' =0.1605 [kg m*]

g,He, j

CUA - 20.0955 [kg m?]

9N, j

CUM  =0.0703 [kg m?]

9.C0Oz. j

CUa - 0.1605 [kg m?]

w,He, j
Cyj =0.0955 [kg m*]
C;Vfégw =0.05894 [kg m?]
R yass e = 4411 [s m?]

R yvess.n, =5748 [sm?]

R ypass co, = 6834 [s m?]

A, =1735x107 [m?]
ciat.  =0.1604 [kg m?]

g.He j-1 —
Lt =0.0955 [kg m?]
cid ., =00706 [kgm?]
cuat , =0.16056 [kg m?]
Cyat .1 =0.9556 [kg m~]
Cy'ee, 1 = 00703 [kg m*]

Microchannel species conservation equation

aygi aygi Cgi_Cwi 0 aCgi
2t pu—2—y =D, — :
P TP Ve A Rum: Mol a
tHAt (ot t+At t+At
teat Yoii ~ Yoii 4 ottt Yoijsn ~ Yoi it _teat
" At Pi 2A7 Yaiiz
t+At t+At t+At t+At t+At
DAt Cg,i,j—l _2Cg,i,j +Cg,i,j+1 n Cg,i,j _Cw,i,j
A 2 t+At
AZ Ag ’ RMass,i,j
Dispersion coefficient
Pe, = ub,
D e,
Pe/?
D, =Dy, | 1+—
A AB,i [ 192 j

] Cg i Cw i

n ) }
Ag : I:eMass,i

Céﬁ _C\fvfiﬁ —

t+At
Ag ‘R Mass,i, j

yirat =0.5049
yira  =0.3006
y;CA:JZJ =0.2212
Dy t.; =0.006 [m? 5]

D4 =0.009 [m? s™]

AN, j

Djco, ; =0.010 [m?® s7]

204




Table D.2. Sample calculations for governing equations in the laboratory scale models — continued

P =0.3178 [kg m*]
At =0.1[s]
uj =10.940 [ms™]
Ut =10.726 [m 5]
uj's' =10.728 [m s™]
u'"t =10.724 [ms™]
Az =0.0003 [m]

Clst ' =0.1605 [kg m"]
Cy.,; =0.0955 [kg m™]

clat | =0.0703 [kg m*]

C;fﬁtej =0.1605 [kg m*]
C‘}V*,ﬁt ; =0.0955 [kg m*]
CJVJ'CA([) ; =0.05894 [kg m*]
R yass e = 4411 [s m?]

Ryjassn, =5748 [s m?]

R pass co, = 6834 [s m?]

A, =1735x107 [m?]

P =100.768 [kg m°]

P! =109.748 [kg m*]
=1.7838x10° [kg m™ s7]

f =0.712

D, =4.7x10™* [m]

L=0.22 [m]

t+At

Microchannel momentum conservation equation
ou

.,
P

t+At
t+At U j

Pi At

Pjt_:-lAt
2Az

—U
—+pj

t

t+At
P j-1

C

C

ol gi  “w
Pu oz Z‘

Ag : R Mass, i

t+At t+At

utt

t+At l

u

2Az

t+At

j+1 -u

2ut+At

oP

—+
0z H

t+At
j-1
uJ

t+At
+u

+lLlJ

A22

B3

j+1

o%u

Ct+At

ij wi,j

t+At z g,

A

o
t+At
fJ

2

_fPu

2D,

C'[+AI
Rt+At

Mass,i, j

t+AL ( Lt )2
j

2D,

t+At
Pj

=109.758 [kPa]
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Table D.2. Sample calculations for governing equations in the laboratory scale models — continued

U’ =-108052.69 [J m*]
At=0.11s]

. LAt

Mja =5.909x107 [kgs™]
hs = 6981 [J kg™]

g,j+1
. tHAt

mja =5920x107" [kg S'l]
hy' i, =7051[Jkg™]

Az =0.0003 [m]

A, =1735x107" [m?]

k' =0.0809 [W m™ K™]

THA = 300.3925 [K]

9,j-1

THA Z 300.3645 [K]

g,j+l
T =300.3177 [K]
RUA =0.928 W' mK]

Heat,g>w

Microchannel energy conservation equation

(v (™)

0 GTg Tg -T,
Ag . + = Ag e kg —
ot oz oz 0 ) Rigrgou
. t.+At‘ vl . t.+At' o
Ut _yt M1 Ny 5o M-t Ny 5
,Ag . J J =+ =
At 2Az
t+At t+At t+At t+At t+At
A A Toa=2Tg5 +Tg 50 _Tg,j sy
R Rl g

Ut = -107527.72 [I m*]
T =300.3787 [K]
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Table D.2. Sample calculations for governing equations in the laboratory scale models — continued

¢=0.688 Adsorbent layer species conservation equation

Cl ., =0.1642 [kg m*] oC,,; L0 C,; 0 ( aC,, }L C,.—Cui

Ct,., =0.0923 [kg m*] G e ot 2zl g R

Clco, j =0.0394 [kg m*] (C“.AF c ) (C‘*.A‘. c ) A Ruass

At=0.1[s] Pl whil | o A j Aii)

o =0.3012 At At

Chey =0 [mol m] DAl Cuiia =200 + Gt (Cou —Cui)

Chy,; = 13.825 [mol m*] hmik,eff total, AZ’ A, R e -

Cl o, = 2018.695 [mol m?]

Dot o] =1-62x107° [m* 57

Dy it toaj =1.28x107 [m* 7] Cyie,; = 0.1604 [kg m*]
Do, mixeft otar,j = 111310 [m? s7] nyﬁ;j —0.0955 [kg m-s]
Ci , =0.1641 [kg m°] st 4
Ci | 200023 [kgm] C:v;CAtOZ’j =0.0589 [Eg m~]
Clah, 1, =0.0393 [kg m"] CL& =0 [mol m*]
Cuve,jor = 01643 [kg m”] Cin.j =12.35 [mol m”]
Cu 4 =0.0923 [kg '] CUst  =2347 [mol m?]
cua ., =0.03938 [kgm?]

Az =0.0003 [m]

R yass e = 4411 [s m?]

R yessn, =5748 [s m?]

Ry co, = 6834 [s m*?]

CiX = 0.1604 [kg m®]

Cl | =0.0955 [kg m*]

Cla | =0.07033 [kg m°]

A, =4.712 x 10° [m?]
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Table D.2. Sample calculations for governing equations in the laboratory scale models — continued

Py =474 [kgm?]

Coy =802 [T kg™ K]
T!, =299.72 [K]
At=0.1]s]

k, =0.3765 [W m™ K]
T =300.333 [K]

Tmtfﬁtl =300.301 [K]
Az =0.0003 [m]

A, =4.71x107° [m?]

T, ' =300.3787 [K]

Rt:f,, =0.928 [W'm K]

o =0.3012

AH g, 4 =0 [IMoI™]
AH,,, =17.14 [ mol™]

AH 4 co, =30790 [J mol ]
C}\,He,j =0 [mol m?]

C;\,Nz,j =13.825 [mol m?]
C,IL\,COZ.j = 2018.695 [mol m*]
Reqrs =0.049 [WmK]
Prs = 2200 [kg m*]

Cors =740 [T kg™ K]

Trs ; =299.635 [K]

ey =13 [W m* K]

Tl =300.278 [K]

Tpts%jlﬂ =300.244 [K]

A= 1.112x107 [m?]

Adsorbent layer energy conservation equation

oT. o°T

1-¢)p,C . —2L=(1-¢)k Yot
(1-5)0,8, = (1)K, 2T

Tg _Tw +zw_had5'i aCA,i n TFS _Tw
AN ’ RHeat,g<—>w i ot AN ’ RHeat,WHFS
o TSTL | TEA-ZL T
TR AL " AZ?

WO 5 o (GO T

ads,i

(1-¢)A, Regrear; T (1-¢) At (1-¢)A,-Regrs

Fused silica energy conservation equation

2
DesC aTFS —k o TFS + Tw _TFS Too _TFS
FSVp,Fs ~ Bgs 2
ot oz AFS 'RHeat,w<—>FS AFS ‘RHeat,FS<—>oo
t+At t
TFS, i _TFS, i
stCp S .
’ At
t+At t+At t+At t+At t+At t+At
K Tesia—2Tes + T i N Toi —Tes| T, - Ts;
FS 2
Az AFS 'Req,w<—>FS AFS 'RHeat,FsHoo

T =300.3177 [K]
T\ =300.2615 [K]
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Table D.2. Sample calculations for governing equations in the laboratory scale models — continued

KLD,:‘N2 = 10.10 [s]
KLDF,COZ = 92.87 [5_1]
C:[A,He,j

Chn,; = 13.825 [mol m?]
Cl

=0 [mol m?]

At =0.005 [s]

by, =3.73x10° [kPa™]
byco, = 3.32x107 [kPa™]
dy,,, =3.18x10° [kPa™]
doco, = 6:43x107 [kPa™]
Qg , =—7528.1[J mol]
Qs co, =—41077.1 [ mol™]
Qo, =—7941.2 [J mol™]
Qo co, =—29812 [J mol ]
R =8.314 [J mol™ K]
T, " =300.3177 [K]

My, =1.4339 [mol kg™]
Mg co, = 0.9266 [mol kg™]
M, ,,, =1.4339 [mol kg™]
My o, = 2.9791 [mol kg™]
Pags =1480 [kg m™]

PLA =100.11 [kPa]

P\ =8.5197 [kPa]

P, =3.3444 [kPa]

hco,; = 2018.695 [mol m*]

For zeolite 5A using DSL

P

B-R P
1+) B-P

D-.P
C 1 1
1+ D-P

MB‘i MD‘i

AEq,i = pads

t+AL t+AL
Di+ J"Pij+

M._.
D,i 1+ Z Di’[’+Atj . PitJ-rAt

t+At t+At
t+At Bi,+ j Puj+
C

AEGii =P, M | +
a.l,] ads B,i 1+ z Bit,+Atj . Pit_+At
i

Iyl iyl

Auxiliary parameters for adsorbent capacity determination

Q) a- Qs
B, = by, exp (%} BJ =by exp( RT. I

w, j

w

—0..) Ao —Qp,
D, =dy exp(%j Dii" =d, ex'{ RTE.At
w,J

LDF Equation

oC,;
- = KLDF,i '(CA,Eq,i _CA,i)
C:t+im' _Ct ij + + +
- ‘JAt = = KtLD?:t,i,j '(C;,é;,i,j _C;,iﬁ)

Heat of adsorption
_QB,i ‘MB,i ‘B, '(1+ Di i P.)2 _QD,i 'MD,i i Di '(1+ Bi PI)Z

AHe\dsi - I 2 2
' Mg, -B,-(1+D;-R)*+ My, -D,-(1+B;-P)
2
Qg Mg B (14D -RY)
t+At t+At t+At t+At 2
AH A —Qoi Mo D ‘(1+ B Pl )
ads,i —

2
t+At t+At t+At t+At
Mg 'Bi,j '(1+Di,j P'J )

2
t+At t+At t+At t+At
+My D -(1+Bi,j -P" )

Ci =12.35 [mol m™]

ANz, ]

Clrat  =2347 [mol m?]

ACO,,j

cia . =11.18 [mol m?]

AEQN,.j

cia = 2375 [mol m?]

AEQ,CO,,
By =7.6x10 [kPa’]
Bf;off , =4.63 [kPa™]
D™ =7.6x10 [kPa™]
D, =0.0985 [kPa’]
AH 2, =0 [Imol™]
AHEA  217.14 [ mol ]

ads,N,

AHYX . =30790 [J mol™]

209




E. HEAT TRANSFER COEFFICIENTS IN THE TEST ENVIRONMENT

This section describes the estimation of heat losses during the transient adsorption
process. During the experiments, as the fused silica temperature varies, the insulation
surface temperature also changes in accordance with the rate of heat loss between the
fused silica and the ambient. In the present work, in view of the low temperature
differences between the test section and the ambient and the expected correspondingly
low heat losses, a representative temperature difference of 1°C between the insulation
surface temperature and is assumed for the heat loss estimation based on the resulting
natural convection and radiative heat transfer coefficients. Rates of heat loss for the
temperature extremes observed in the present work are analyzed here to support this
assumption. For the batch adsorption tests on PLOT columns and adsorbent-coated
microchannels, the fused silica temperature is observed to vary between 22°C to 32°C. (A
fused silica temperature of 22°C implies that heat of adsorption at the concerned location
is insignificant or no adsorbent is present at that location). Table E.1 shows the estimated
relevant parameters for representative values of fused silica temperature of 23°C, 27°C

and 32°C.

Table E.1. Variation of heat loss parameters for fused silica temperature extremes
observed in the experiments

Case TFS Tamb Tins Qgen hfree hr RFS«—m Qloss,act Qloss,calc
€ [ €] [Wwm' [Wm*K] [Wm?K [Kmw' [wm' [wm’]

1 23 22 22.23 4.25 2.088 0.584 0.447 2.23 2.86

2 27 22 23.00 24.62 2.835 0.588 0.349 14.32 14.32

3 32 22 23.77 52.28 3.217 0.593 0.313 31.68 28.64

For the smallest value of fused silica temperature of 23°C, the insulation surface

temperature, hree, and h; are calculated as 22.23°C, 2.088 W m? K™ and 0.5836 W m™? K’
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! respectively. However, with an assumption of a fixed insulation surface temperature of
23°C, hsee, and h, are estimated to be 2.835 W m? K™ and 0.588 W m™ K™; thereby
overestimating the rate of heat loss by 28%, if the fused silica temperature indeed were
1°C. At the other end of the temperature spectrum for fused silica (32°C,) the calculated
values of hge, and h, using a fixed surface temperature of 23°C results in under-
prediction of the rate of heat loss by 9%. For both of these temperature extremes, the
accuracy of h, remains within 0.8% and variation in the natural convection coefficient is
found to be the dominant factor in calculating the rate of heat loss. In these cases,
however, the heat losses are 52.5% and 60.4% of the heat of adsorption, respectively.
Because the fused silica temperature (Trs) and not the rate of heat loss is used for the
validation of the models, the effect of the assumption of a fixed temperature for the
insulation surface (23°C) is assessed in greater detail by simulating the models for the

case that were shown in Figure 4.16.

Figure E.1 shows the predicted temperature curves for the cases simulated with
three overall heat transfer resistances shown in Figure E.1. The lowest heat transfer
resistance corresponds to the case with the total temperature difference of 10°C (ATamp Of
1.77°C), while it is the maximum for the case with the total temperature difference of 1°C
(ATamp Of 0.23°C) across the entire test matrix studied in the present work. The
temperature variation for the case with a AT,mp 0f 1°C that was assumed for all the
analyses is also shown, and it is the same set of temperature curves that were shown in

Figure 16.

As shown in Figure E.1, the temperature curves predicted using a constant ATamp

of 1°C in the simulations are similar to those with ATam, 0f 0.23°C and 1.77°C considered
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here. The temperature peak heights and rate of increase of temperatures for all the heat
loss conditions are almost identical. The maximum difference between temperature peak
heights for a ATamp of 0.23°C and ATamp Of 1°C is 0.035°C (1.1% error for 3°C peak
height), whereas the difference between the temperature peak heights for a ATam, Of
1.77°C and ATamp 0f 1°C is 0.02°C (0.6% error for 3°C peak height). As also seen in
Figure A1, the temperature difference between the curves for a AT,mp 0f 0.23°C and those
with a ATmp OF 1°C increases to 0.08°C after 5 s; however, this region is not monitored
for model validation. These analyses support the assumption of a constant ATamp
assumption used in all the analyses, which offers some simplicity and computational

savings in the analyses.

26
—1L=0.1[m]
L=0.2[m]
| —1=03[m]
25 —L=04[m]
e . =0.5[m]
L=06[m]
) 241 —L=07[m]
= L=08[m]
n —L=09[m]
w
— 23t
22 " g —
21 :
0 5 10 15

Time [s]

Figure E.1. Comparison of temperature curves predicted by models for a ATamp OF
1.77°C, 1°C and 0.23°C (Corresponding to the total temperature
difference of 10°C, 5°C and 1°C between the fused silica cover and the
ambient). Solid lines, dashed lines and dash-dotted lines represent these
three cases, respectively.
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