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Abstract

Dual-reflux pressure swing adsorption (DR-PSA) is a state-of-art adsorption technology claiming
to achieve both high product purity and recovery. However, its performance is inevitably limited
by the gas mixing problem at the feed inlet position in adsorption columns, where discontinuity
in the columns' axial concentration profiles disturbs the separation. Here, we developed a
dynamic-feed DR-PSA (DF-DR-PSA) process to solve the mixing problem and obtain better
separation performance by introducing multiple feed inlets along the column. The DF-DR-PSA
process was demonstrated by enrichment methane (CHa) from a binary gas mixture containing
2.4 mol.% CHg in nitrogen (N2) using activated carbon material. Non-isothermal dynamic models
were constructed to investigate the effects of operating parameters on the separation
performance. Results showed the DF-DR-PSA process achieved both higher methane purity
(53.5% versus 47.5%) and recovery (81.1% versus 72.2%) over the conventional DR-PSA process

at the same energy consumption.
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Introduction

Pressure swing adsorption (PSA) has been commonly investigated for gas separations, such as
hydrogen purification?, air separation?, noble gases purification3, separation of hydrogen
isotopes®, carbon dioxide (CO;) capture® and methane (CH4) upgrading®. Conventional PSA
processes can be deployed in either stripping or enriching configurations’, and they often
produce only one high purity product by sacrificing its recovery due to their thermodynamic
restrictions®. However, many gas separation processes often require both the enriched and lean

gas streams to be relatively pure, i.e. targeting at high recoveries and purities simultaneously.

Dual-reflux PSA (DR-PSA) is a relatively new adsorption process proposed by Hirose® and Leavitt!°
in the 1990s. This process aims to overcome the process limitations of conventional PSA and
achieve two high purity gas products (i.e. enriched and lean gas) simultaneously by combining
two conventional PSA units using an intermediate feed position and a double reflux (i.e. light and
heavy reflux) strategy, hence the name of DR-PSA. The schematic diagram of a DR-PSA process is
presented in Fig. 1. This process consists of four fundamental steps: feed (FE), pressurization (PR),
purge (PU) and blowdown (BD). Since the feed gas can be injected into the high pressure (PH) or
the low pressure (PL) adsorption column, the pressure reversal can be accomplished by
transferring gas between the enriching ends of both columns, which are rich in the heavy
component (i.e., the more adsorbable, A) or the stripping ends that are rich in the light
component (i.e., the less adsorbable, B). DR-PSA cycles have four basic configurations, i.e., DR-

PL-A, DR-PH-A, DR-PL-B and DR-PH-B’.



DR-PSA process has been widely investigated and successfully demonstrated to achieve both high
purity light and heavy products simultaneously for various applications. The seminal
experimental DR-PSA studies were conducted by Diagne et al.8, in which zeolite MS 13X was used
to separate CO; from the air with a PH-A configuration. Results showed that a feed gas stream
with 20 mol.% CO, was enriched to 90 mol.% in the heavy product stream and stripped to 2.5
mol.% in the lean gas stream. Since then, several research'-2° have proven that DR-PSA processes
showed high separation performance for various applications, such as CO; capture, hydrocarbon
upgrading and air separation. Bhatt et al.?! performed a series of experiments for concentrating
5 mol.% CHa in N; using the DR-PH-A process and Norit RB1 activated carbon adsorbents. The CHa
fraction in the enriched gas stream was 55.0 mol.% and the Ny purity in the lean gas stream was
98.5 mol.%. Saleman et al.?? reported the separation of CHs and N2 mixtures with 2.4 - 49.6 mol.%
CHa by a laboratory-scale DR-PL-A apparatus. The methane enrichment ratio could reach 21,

upgrading CHs 2.4 mol.% to 51.0 mol.%, however, the methane recovery was only 34.0%.

There have been several simulation investigations of DR-PSA processes, ranging from
equilibrium-based analytical models’?32¢ to rigorous non-isothermal numerical models?%27-32,
Ebner and Ritter?® established the first mathematical model based on equilibrium theory with a
few simplified isotherm assumptions. They found that the DR-PSA process is feasible over a wide
range of operation conditions, even with a pressure ratio as low as 1.1. Kearns and Webley’
further advanced the equilibrium theory model and identified the nomenclature of four basic DR-
PSA configurations. Bhatt et al.?33* demonstrated an isothermal model of the DR-PSA process to
describe their experiments. Two separate interactions (i.e., heavy reflux interaction and pressure

reverse interaction) were adopted to build the model on the Aspen Adsorption platform. This



model successfully predicted the product compositions observed in their reported experiments
with deviations in the simulated CHs mole fractions ranging from -0.02 to 0.08 for the heavy
product. Zhang et al.?’ developed a non-isothermal numerical model in the software package
Aspen Adsorption and compared their results with experiments by Saleman et al.?2. In this work,
they used an ideal compressor during the constant pressure (FE and PU) steps, resulting in a high
average material balance error of 8.6%; hence, the flow rate of light product and the
concentrations of both product streams need to be corrected manually. Zou et al.?® reported an
advanced non-isothermal simulation model of the DR-PSA process and compared the predicted
results with experimental data from Mclintyre et al. ** and Saleman et al.?2. In this study, the
isentropic compressor module and the PID controller module were applied to achieve the desired
pressure profile, the standard deviation of the simulated predictions was 0.003 mol fraction in
the ethane (CoHs) product stream compared with the experimental results from Mcintyre et al.
and 0.04 in the CH4 product stream compared with experimental data from Saleman et al. May

and co-workers29-32

conducted a series of simulation-based studies of upgrading sub-quality
natural gas by DR-PSA cycle, in which activated carbon, ionic liquidic zeolite (ILZ)3* and ETS-4 were

used as adsorbents successively.

The mixing problem, which manifests as a discontinuity in the columns' axial concentration
profiles, has been reported by Diagne'? and Mclintyre®®, shown as Fig. 2 a and b. As illustrated in
Fig. 2 a, the CO2 concentration profiles are smooth on the upstream side of the feed inlet position.
For instance, in the case of Z¢/L=0.6, the CO, molar fraction in the reflux flow is roughly 85%,
dropping dramatically to around 20% after mixing with the feed gas (consisting of 20% CQO,). Fig.

2 b indicates a similar dip of ethane concentration (from approximately 57% to about 32%) just



after the feed position. Overall, this mixing problem particularly occurs at the feed inlet position
in adsorption columns, caused by the concentration mismatch between the feed flow and
upstream reflux flow, and can hamper the separation performance of the DR-PSA process. A
range of researchers has focused on optimizing the feed position by matching the concentration
of the feed gas and upstream reflux flow to minimize the effects of such concentration
discontinuity problem??3%3> Nevertheless, as the axial concentration profiles in the adsorption
columns are time-dependent and the optimum feed position is also dynamic, this mixing problem

is unavoidable for the DR-PSA process with a fixed feed location and feed concentration.

In this work, we proposed a dynamic feed (DF) DR-PSA process by introducing multiple feed
positions along with the adsorption columns to a conventional DR-PSA process. This process is
then demonstrated and compared with conventional DR-PSA processes using non-isothermal
numerical simulations in Aspen Adsorption. A binary gas mixture of 2.4 mol.% CH4 + 97.6 mol.%
N, was used as the feed gas, a common vent stream in industrial liquefied natural gas (LNG)
facilities. The robustness and reliability of the model were validated using the experimental data
reported by Saleman et al.?2. A sensitivity study was also conducted to investigate the impacts of
the number of feed positions and the schedule of multiple feed steps. The outcome of this study

will advance the knowledge of PSA and foster high-performance gas separations.



Simulation details

Model equations and description

The non-isothermal models of DR-PSA and DF-DR-PSA are constructed in Aspen Adsorption v10.0,
a commercial software that can simulate the operation of dynamic adsorption cycles with
rigorous pressure-flow (PF) networks and mass/energy balances. The governing equations and
assumptions employed in this model are summarized in Table S1 in the supplementary

information.

The partial differential equations used for the bed model are discretized using the Upwind
Differencing Scheme 1 (UDS1), with 100 nodes distributed across a column; the Implicit Euler
method is selected as the primary integration method; and the integration error tests only
included states; the integrator configuration used in this simulation work is detailed in Table S2

in the supplementary information.

The flowsheet of DF-DR-PSA model

The flowsheet of the DF-DR-PSA process used to construct the non-isothermal model in Aspen
Adsorption is shown in Fig. 3. The multiple positions of the feed inlet are modelled by segmenting
the entire column into several column sections based on the simulated axial concentration
profiles of the conventional DR-PSA process. The height of each column is specified in line with
the entire column's length (Hp) and dimensionless feed inlet points (z¢). The minimum length of
each column section is set at 0.049m (i.e., 5 grid nodes) to provide sufficient space between the

inlet locations. The initialization of the simulation model is achieved by assigning the



concentration at all points in the PF network to be equal to that of the feed gas mixture. The
temperature throughout the system was initially set to 293.15 K, the same as the environment
temperature specified in simulations reported by Zhang et al.?’. The initial pressures were set as

1.4 bar at the low-pressure side and 5 bar at the high-pressure side.

The model is configured to use the Norit RB3, a kind of activated carbon used in experiments of
Saleman et al.?2. Operational and bed model parameters, including the physical properties of the

adsorbent used, are provided in Table 1.

The basic modules of the PF network are classified as follows:

1) Boundary streams: three boundary streams are named "Feed", "Heavy product”, and
"Light product" (as identified in Fig. 3), respectively, specified as non-reversible with
constant pressure and temperature. During the PU/BD steps, the flowrates of boundary
streams are set as zero. During the FE/PU steps, the molar flowrates of feed gas and heavy
product streams are specified with a constant value, while the flowrate of the light

product stream is controlled by a proportional-integral—derivative (PID) controller.

2) The PID controllers are applied to set the low and high pressures of the cycle. PID1 is
introduced to determine the system's low pressure by controlling the volumetric flowrate
through the compressor during the FE/PU steps and used to maintain a constant
volumetric flowrate (5 x 10° m3/s) during the PR/BD steps. PID2 is used to set the high
pressure of the cycle by controlling the molar flowrate of the light product stream during

the FE/PU steps.



3) Void tanks: two kinds of void tanks are employed in this model. One is used to represent
the practical gas tank and acted as a buffer tank to avoid the pressure shock, set with a
high volume value; the other one is served as a pressure node to match the so-called "P-

F-P" connection requirement in Aspen Adsorption, specified with a little volume value.

4) Valves: valves are used to alter the flow direction and update steps of the DR-PSA cycle.
In Aspen Adsorption, valves could be specified as four statuses: 0, fully closed; 1, fully
open; 2, constant Cy; 3, constant molar flowrate. In this model, the valves are specified
according to the flow status of different streams during the cycle, for instance, Vg1 and

Vir2 would be switched between 0, 2 and 3 at different steps.

Model validation

This non-isothermal numerical model of DR-PSA was validated against the experimental results
from Saleman et al. 22, consisting of 24 runs of various feed compositions (2.4 — 49.6 mol.% CH,
balanced with N;) and operating parameters (H/F ratio and Ry, i.e., the heavy to feed flow ratio
and the light reflux flowrate). The comparison of the simulated and experimental cycle-averaged
concentration of methane in both light (y.) and heavy product (yu) streams at the cyclic steady
state (CSS) are shown in Fig. 4. In this simulation, the criterion for judging whether the simulation
had achieved the CSS was built on the error of the total loading and solid-phase temperature
between the two successive cycles. The simulation will be considered at CSS when the error is
lower than the pre-set tolerance, which is 10 in this model. At CSS, the average overall material
balance error is -0.3%, while the average CH4 and N2 component material balance error is 3.5%

and -0.7%, respectively, comparable in magnitude to those of other DR-PSA models reported in



the open literature?”?*3233, The RMSD (Root Mean Squared Deviation) evaluates the average
error between the experimental and simulated results. The RMSD values for yy and y are 0.021
and 0.007, respectively. Hence, this model accurately predicts the performance of the DR-PSA

apparatus and can be exploited for further study.

Results and discussion

This rigorous non-isothermal model was used to numerically study the separation performance
of the DF-DR-PSA process for concentrating dilute methane gas mixture (containing 2.4 mol.%

methane) under various operating conditions.

Determination of dynamic-feed range

The concentration discontinuity in the axial profiles for conventional DR-PSA processes,
considered as the "mixing problem" within the column, is due to the mixing of the feed stream
and the upstream reflux flow??, as shown in Fig. 5 a. Such discontinuity and sharp concentration
changes cause significant perturbation to the column and hamper the separation performance.
Previous studies!?3%3> optimized the feed position via matching the concentration between the
upstream reflux flow and the feed mixture. However, as illustrated in Fig. 5 a, the column's
adsorption front is time-dependent during the feed step, moving from the stripping end to the
enriching end, which means that there are varying optimum feed inlet positions at different times.
Hence, the dynamic-feed strategy was exploited to solve the so-called "perturbation" problem.
In Fig. 5, the black dashed line indicates a methane fraction of 2.4 mol.%, i.e., the feed methane

concentration. The dynamic-feed range is determined by the two interactions of the dashed line



and axial concentration distribution curves at the start (0 s) and the end (120 s) of the feed step,

along which the dynamic-feed strategy could be adopted, as indicated in Fig. 5 b.

Sensitivity study of the number of feed points

The switch policy of feed position was determined based on the simulated axial concentration
profiles of the DR-PSA configuration. Two methods were implemented to optimize the dynamic

feeding policy for the DF-DR-PSA process:

1) Dividing the feed step averagely into multiple sub-steps and locating the optimum feed inlet

position for each sub-step, i.e., the uniform time method;

2) Dividing the dynamic-feed range equally into multiple column sections with identified feed
locations and finding the time points at which the upstream reflux concentration is equal to the

feed concentration, i.e., the uniform space method.

The impact of feed inlet points numbers (n) on the separation performance was investigated, as
shown in Fig. 6. Results indicate that the DF-DR-PSA process, introducing either of the mentioned
approaches, can achieve better separation performance than the conventional DR-PSA process.
As the feed inlet positions increase from 3 to 8, the methane purity (yx) and recovery increased
by 2.7 mol.% and 5.8%, respectively. The cycles generally perform better when exploiting the
uniform space method in terms of product purity, whereas for the methane recovery, there is no

significant difference between these two methods.

Fig. 7 a and Fig. 7 b respectively show methane axial concentration profiles of two methods, case

(a) using the uniform time strategy, whereas case (b) with the uniform space method, both runs



had eight feed inlet positions. As illustrated in Fig. 7, compared with the fraction profiles in Fig.
5, the axial concentration distribution curves of the DF-DR-PSA process are smoother and have
no significant perturbation at each feed point, indicating that the dynamic-feed strategy is
capable of solving the mixing problem. It is noteworthy that the concentration profile using the
uniform space method is generally smoother than the one using the uniform time method, which
explains why the uniform space method performs better. Therefore, the uniform space method
was adopted to achieve the dynamic-feed target in the following study due to its better
separation performance. The independence of computed results on the mesh division of
adsorption column sections was investigated to avoid the performance improvements was driven
by different meshing between the DR-PSA and DF-DR-PSA configurations, as detailed in Table S3

and Fig. S1 in the supplementary information.

Parametric study of the DF-DR-PSA process

The purities and recoveries of the conventional DR-PSA used in this section are selected at the
optimum feed position. The complete results of purity and recovery at different feed positions
under varying operating conditions obtained by the conventional DR-PSA process are plotted as
Fig. 52 —S4 in the supplementary information. The parameters H/F ratio, light reflux flowrate (R;),
and feed step time (tre/pu), Which have been proven to significantly impact the separation

performance of DR-PSA cycles, were chosen to conduct the parametric study in this work.

Effect of the H/F ratio
The theoretical boundary values of y4 and y; are a function of the ratio of heavy product flowrate

to feed flowrate (H/F) and the feed gas concentration (yr) and shown in Eg. 1 and Eq. 2.



<1, if H/F < yr
YH < 3 ifH/F = yp Eq. 1

F

H
YE—F
>—Fj <
Y3~ 1—§'lfH/F_yF Eq. 2

>0, ifH/F>yp

As the feed flowrate is constant (F=1.25 SLPM) in this study, the H/F ratio can be adjusted by
changing the heavy product flowrate. The separation performance of conventional DR-PSA and
DF-DR-PSA processes is shown in Fig. 8 for relevant H/F ratios. According to Eq. 1 and Eq. 2, the
perfect separation performance can only be obtained when H/F is equal to yr for an ideal DR-PSA
process, which is impractical in reality. The separation performance can be biased towards higher
purity or recovery by varying the H/F ratio for an actual cycle. Fig. 8 shows an increase in purity
and decrease in recovery with decreasing H/F ratio, which applies to both processes. Numerical
simulation results in the figure show that the performance of the DF-DR-PSA cycle, in terms of
both purity and recovery, are generally better than that of the conventional DR-PSA process. The
DF-DR-PSA process can obtain both higher purity (53.5% versus 47.5%) and recovery (81.1%

versus 72.2%) compared to the conventional DR-PSA process.

A Pareto plot of methane recovery versus product purity is shown in Fig. 9 to illustrate their
competitive relationship. The arrow indicates the direction of decreasing H/F ratios. The purity is
increased at the expense of methane recovery, revealing the usual trade-off between product
purity and recovery. The DF-DR-PSA shows distinct superiority over the conventional DR-PSA,

especially when H/F is around 0.024, which is the theoretically ideal H/F value as discussed.



Effect of light reflux flowrate

Reflux flowrate is another crucial operating parameter which has significant impacts on
separation performance. Since the heavy reflux flowrate (Rn) is coupled to the light reflux
flowrate (R;), in this study, the light reflux flowrate was specified as flow-controlled and the heavy
reflux flowrate was set as pressure-controlled. The H/F ratio was set constant at 0.042, and the
feed step duration is 120s. The simulated purity and recovery are plotted in Fig. 10 as a function
of R;. As shown in Fig. 10, for the conventional DR-PSA process, product purity yx first increases
when the light reflux flow raises from 0.8 to 2.0 SLPM, reaching a maximum value when the R; is
around 2 SLPM. After that, the product purity declines gradually with a further increase of R;. The
optimum R; value is between 2 to 2.5 SLPM to obtain the best recovery. A similar trend can be
observed when altering R, for the DF-DR-PSA process. The optimum Ry is approximately 2.8 SLPM,
corresponding to the best purity and about 2.3 SLPM for the best recovery. It is worthy to note
that there is a minimum R, value below which the purity of the DF-DR-PSA process is even lower
than that of conventional DR-PSA configuration. When the R; value is small, there is insufficient
light purge gas to clean the adsorbent. Additionally, the dynamic-feed range is too narrow to set
enough feed positions. Hence, a light reflux flowrate above the threshold value is necessary to
ensure adequate desorption of CHs from the low-pressure column and guarantee a sufficiently
wide dynamic-feed range for the DF-DR-PSA cycle.

Effect of feed step duration
Two steps are involved in the DR-PSA and DF-DR-PSA processes:

e FE/PU step for adsorption in the high-pressure column and desorption in the low-pressure

column;



e PR/BD step duration for pressure inversion.

FE/PU step duration is crucial for optimizing the adsorption front position to avoid the
breakthrough and maximize CH4 productivity. A series of strep durations including 80s, 100s, 120s,
140s and 160s are investigated to optimize the step duration, as illustrated in Fig. 11. Fig. 11 a
shows that the DF-DR-PSA cycle reaches the maximum yu value of 44.5 mol.% at 100 s. The
deviations between the two processes reduce with the decreasing feed step time, which is due
to the reduction of tre/pu Will shorten the dynamic-feed range. Fig. 11 b shows that both the
methane purity and recovery using the DF-DR-PSA process are superior to the conventional DR-
PSA process. For instance, when the tr/py is 100 s, the purity and recovery are improved by

roughly 2% and 5%, respectively.

Bed productivity is another indicator to evaluate the performance of a process, which is defined

by the amount of product per unit amount of adsorbent per unit time, as illustrated in Eq. 3.

YuHtFE/PU Eq. 3

Prod =
CH, (tre/PU+tPR/BD) Mads

Here, H is the flowrate of the heavy product stream, and mags denotes the mass of the adsorbent.

In Fig. 12, bed productivity is shown at varying feed step durations teg/pu With constant light reflux
flowrate R, and H/F ratio. For the DF-DR-PSA process, productivity ranges from (0.036 to 0.046)
mol CHs kg* hr't, which is higher than that of the conventional DR-PSA cycle, whose productivity
ranges from 0.034 to 0.043 mol CH4 kg* hr'l. The DF-DR-PSA cycle achieves higher productivity
due to its better product purity results than the conventional DR-PSA configuration. The

productivity reduces with decreasing values of tre/py as the percentage of gas production time to



the total cycle time decreases. However, such lower tre/py values also lead to higher product

purity, revealing the general trade-off between purity and productivity.

Conclusions

In this work, we proposed and demonstrated a novel dynamic-feed DR-PSA process for the
enrichment of dilute CHs (2.4 mol.%) from its mixture with N2. A performance comparison of the
conventional DR-PSA and DF-DR-PSA processes were conducted with numerical simulation using
Norit RB3 activated carbon adsorbents. The effects of heavy product/feed flowrate (H/F) ratio,
light reflux flowrate (R;) and step durations (tre/pu) On the process performance of both two
processes were investigated. The sensitivity study illustrated that both higher purity and recovery
could be achieved when more feed inlet positions were set along with the columns. Simulated
results showed that the DF-DR-PSA cycle performed better than the conventional DR-PSA cycle
in terms of product purity, recovery and productivity. The comparison of methane concentration
profiles in the adsorption column during the feed step suggested that the mixing problem of
conventional DR-PSA processes could be practically solved by introducing the dynamic-feed
strategy. Results showed the DF-DR-PSA process achieved both higher methane purity (53.5%
versus 47.5%) and recovery (81.1% versus 72.2%) over the conventional DR-PSA process at the

same energy consumption.
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Glossary

PSA Cycles and Steps:

BD
DR-PSA

DF-DR-PSA

FE
PR
PU

Blowdown step
Dual Reflux Pressure Swing Adsorption

Dynamic-feed Dual Reflux Pressure Swing
Adsorption

Feed step (desorption)
Pressurization step

Purge step (adsorption)

Pressure-Flow Network Components in Simulation

PID1
PID2
VF
VF1-n
VF2-n
VH
VH1
VH2
VHR1
VHR2
VL
VLR1
VLR2

PID controller for the compressor
PID controller for the Light product valve
System feed valve

Column 1 feed valve at feed point n
Column 2 feed valve at feed point n
System heavy product valve
Column 1 heavy product valve
Column 2 heavy product valve
Column 1 heavy reflux valve
Column 2 heavy reflux valve
System light product valve

Column 1 light reflux valve

Column 2 light reflux valve
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List of Figure Captions

Fig. 1 Schematic diagram of a complete DR-PSA cycle in four basic configurations: feed to high
pressure (PH) or low pressure (PL) adsorption column, and heavy (A) or light (B) gases for
pressure inversion.

Fig. 2 Mixing problem reported by Diagne (a) and Mclintyre (b). The red line indicates the sharp
concentration increase, and the blue line exhibits a significant concentration decrease. (a) CO;
concentration profiles at various values of the feed inlet position, adapted with permission

from (Ref. 12). Copyright (1995) American Chemical Society. (b) Ethane concentration profiles
in the column at the end of the heavy reflux step, adapted with permission from (Ref. 16).
Copyright (2010) American Chemical Society.

Fig. 3 Process flowsheet diagram for the numerical model to simulate the conventional DR-PSA
process and the DF-DR-PSA process. The number of adsorption columns (N+1) is determined by
the number of feed positions (n).

Fig. 4 Deviations of ysim predicted in the numerical simulation from the corresponding values yexp

measured in experiments 22.



Fig. 5. (a) Axial concentration distributions in the conventional DR-PSA column at the time point
of 0, 20, 40, 60, 80, 100 and 120 s during the feed step (operating parameters are specified as
R1=2.302, H/F=0.042, and tre/pu=120s). z is the dimensionless axial position along the column, z=0
is the enriching end, z=1 is the stripping end, feed position is z,=0.7. (b) Enlarged diagram of the
dynamic feed range.

Fig. 6 The purity (a) and recovery (b) of methane by DF-DR-PSA cycles as a function of n (the
number of feed inlet points). The operating parameters are R;=2.302, H/F=0.042, and tee/pu=120s).
The dashed line represents the result using the conventional DR-PSA process under the same
operating conditions.

Fig. 7 Axial concentration distributions in the DF-DR-PSA column at the time point of 0, 20, 40,
60, 80, 100 and 120 during the feed step by the uniform time method (a) and the uniform space
method (b). The operating parameters are R;=2.302, H/F=0.042, and tre/pu=120s.

Fig. 8 The effect of H/F ratios on the purity (a) and recovery (b) of methane at constant teg/pu=120
s and R;=2.302 SLPM. The arrows indicate the direction in which the H/F ratio should be varied
to bias the separation performance favouring the purity or the recovery.

Fig. 9 The correlation between methane recovery and heavy product purity.

Fig. 10 The purity (a) and recovery (b) of methane by two kinds of cycles as a function of the R;.
The results of the conventional DR-PSA process are picked from the optimum fixed feed
position.

Fig. 11 The purity (a) and recovery (b) of methane by two processes as a function of the tre/py at

constant R;=2.302 SLPM and H/F=0.042.



Fig. 12 The productivity of methane by two kinds of cycles as a function of the tre/pyu at constant

R:=2.302 SLPM and H/F=0.042.
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Table 1: Operational and bed model parameters used in the simulation

Parameter Value Unit Source
Column parameters
Height (H») 0.98 m 29
Column internal diameter 0.035 m 29
Wall thickness (W) 0.0016 m 29
Wall specific heat capacity (Cow) 0.5 k)-kgt-K? 2
Wall-ambient heat transfer coefficient 10 W-m2.K? 29
Wall thermal conductivity 16 W-m 1K1 2
Void tank heat transfer coefficient 1000 W-m?2 K? 2
Axial dispersion coefficient 3.5x10° m2.s? 2
Operational parameters
Cycle low pressure 1.4 bar 22
Cycle high pressure 5 bar 22
Ambient temperature 293.15 K 22
Feed flowrate 1.25 SLPM 22
FE/PU step time 120 S 2
PR/BD step time 90 s 22
Adsorbent parameters
Inter-particle voidage 0.42 m3/m3 29
Intra-particle voidage 0.65 m3/m3 29
Bulk density 435 kg/m3 29
Particle radius 0.0015 m 29
Particle shape factor 0.752 - 29
Specific heat capacity 1.0 k)-kgt-K? 29
Thermal conductivity 0.8 W-m1.K? 29
Adsorbates parameters
N> CHg4

Mass transfer coefficient 3 1 st 2
Heat capacity 29 35 k)-kmol*-K1 2

IP; 7.30x 107 6.58 x 1077 kmol-kg*-bar? 2°
Isotherm IP; 1722 2077 K 29
parameters [Pz 1.75x 10* 1.19x 10* bar? 2

P4 1722 2077 K 29
Adsorption heat (-AH) 14.322 17.27 kJ-mol? 22
Gas-phase heat conductivity 0.16 0.16 W-m1.K? 29
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