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Abstract

A first-principle process simulation model is presented for the chemical absorption of
carbon dioxide (CO.) with monoethanolamine (MEA) aqueous solutions using rotating packed
beds (RPB). Built on a proven rate-based packed bed absorber model, the RPB model
rigorously simulates the phase and chemical equilibria at the vapor-liquid interface, the heat
and mass transfer across the gas and liquid films, the fast reactions between MEA and CO» in
the liquid film, and the RPB hydraulics.

Estimation of the mass transfer rate across the liquid film is central to accurate simulation
of the CO» absorption process with MEA aqueous solutions. We show that the literature lab-
scale RPB data for CO, removal efficiency can be satisfactorily correlated by introducing a
correction factor for the effective packing surface area predicted by the Onda correlation. Given
the validated RPB model, we further show that, among the gas-phase mass transfer coefficient,
the liquid-phase mass transfer coefficient, and the reaction rate constant for the reaction
between amine and CO», the reaction rate constant is the controlling step with the highest

potential to enhance the CO, absorption performance in RPB.
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1. Introduction

Carbon dioxide (COy) capture with chemical absorption is the most mature process
technology for reducing CO, emissions from fossil fuel-fired power plants !. Conventional CO,
chemical absorption processes with packed beds (PB) require excessive packing volume in the
CO» absorber due to the large mass transfer resistance across the gas-liquid interface 2. As a
process intensification alternative to PB, rotating packed beds (RPB) have been experimentally
investigated by many researchers for their use in CO> capture with chemical absorption *1°,
Moreover, extensive process simulation efforts for CO, capture with RPB have been reported
to capture process fundamentals of CO, chemical absorption and to predict CO> removal
efficiency 115,
Prior works in modeling CO> chemical absorption with monoethanolamine (MEA)

h 4111415 or the rate-

aqueous solutions in RPB applied either the enhancement-factor approac
based approach !> 2. The enhancement factor is defined as the ratio of the effective liquid mass
transfer coefficient for absorption with and without chemical reaction and is typically estimated
with an approximated concentration profile in the liquid film. Despite satisfactory agreements
with lab-scale data * ¢ and pilot-scale data *, these prior studies suffer from several common
issues in the model formulation: (1) estimation of the reaction rate based on species
concentration * ': 1% 15; (2) the reaction speciation expressed in terms of apparent components
415, (3) use of incorrect liquid volume in estimating the reaction rate in the film * !!; (4) failure
to consider energy balance *; (5) questionable estimation of the superficial liquid velocity .
In contrast to the enhancement-factor approach, the rate-based approach assumes the
equilibrium is achieved only at the gas-liquid interface, the Maxwell-Stefan theory is used to
calculate the multicomponent mass transfer, and the CO absorption depends on the finite mass

transfer rates in contacting phases and the reaction rates in the liquid film estimated with

explicit concentration profiles for each discretized liquid film segment. For systems involving



fast reaction rates that have finite CO> mass transfer, i.e., CO> chemical absorption with MEA
aqueous solutions, the rate-based approach is appropriate to capture the changing concentration
gradients in the gas and liquid films with two-film theory and to provide precise calculations.
Prior modeling studies with the rate-based approach have successfully described the pilot-scale
RPB data >3, However, improvements are desirable to address several modeling deficiencies:
(1) assumption of constant bed diameter for each gas-liquid contacting section in RPB; (2)
estimation of the reaction rate based on species concentration; (3) no indication on whether
film discretization was considered.

Yu et al. * simulated CO; absorption in RPB with a 30 wt% unloaded MEA aqueous
solution. Adopting the enhancement factor approach, they presented a simplified RPB model
with the pseudo-first-order reaction rate expression developed by Hikita '°. They applied the
Onda correlations 7 for the estimation of the effective packing surface area a, and the gas-

phase mass transfer coefficient kg, and the Tung & Mah correlation 18 for the liquid-phase mass

transfer coefficient k; . The total RPB packing volume was treated as the reaction volume, and
hence, no liquid holdup correlation was needed in the simplified model. Although their
modeling results showed good agreement with data 4, their RPB model considered neither the
electrolyte solution chemistry nor the energy balance.

Kang et al. '' modeled CO, absorption with MEA aqueous solutions in RPB for process
scale-up. The enhancement-factor approach was utilized with the reaction rate expression and
parameters taken from Aboudheir et al. !° and the liquid-phase nonideality accounted for with

12°. After examining

the electrolyte Nonrandom Two-liquid (eNRTL) activity coefficient mode
various combinations of hydraulics correlations, they showed the RPB model predicted well
the lab-scale data * and the pilot-scale data * with the Onda correlations '’ for a, and kg, the

Tung & Mah correlation '® for k;, and the Burns correlation 2! for liquid holdup &;. Later the

RPB model was implemented by Thiels et al. ¢ in Aspen Custom Modeler to validate against



their lab-scale RPB data, which covered wide ranges of CO; lean loading and gas flow rate.
While the model satisfactorily predicted the data, it estimated the reaction rate between MEA
and CO> using the bulk liquid holdup and arbitrarily calculated the liquid molar flow rate from
the liquid holdup leading to questionable k; and a,.

Oko et al. * investigated the effect of intercooling in RPB for CO, absorption with
concentrated MEA solution (~40 to 80 wt%). Applying the enhancement factor approach, they
used the reaction rate expression and parameters of Aboudheir et al. '° and the eNRTL model
for the liquid phase nonideality. The hydraulics correlations included the Billet and Schultes

correlation %2 for a,, the Chen correlation > for kg, and the Tung & Mah correlation 18 for k.

The liquid holdup correlation was not specified. Calculating the reaction rate based on species
concentrations, the model predicted well the CO, removal efficiency.

Borhani et al. °

examined eight reaction kinetics models and five enhancement factor
models for CO> absorption with MEA solutions in RPB. They applied the Wilson model for

solution nonideality, the Onda correlations'” for a, and kg, the Tung & Mah correlation '® for

k;, and the Burns correlation 2! for ;. They showed that the reaction kinetic model of Luo et

al. 2* with the enhancement factor model developed by Wellek et al. °

yields the best prediction
for the CO; removal efficiency. Although their model satisfactorily predicted the pilot-scale
RPB data 3, their model estimated the reaction rate from the concentrations of the apparent
species in the solution.

Joel et al. 12

applied the rate-based PB model in Aspen Plus to examine the effect of
operational variables on the CO> removal efficiency for a pilot-scale RPB. They observed no
temperature bulges for the concentrated MEA solutions (55 wt% and 75 wt%) within the RPB
due to the high solvent-to-gas ratio (~30 kg/kg). They defined the height of the PB as the

difference between the inner and outer radii of the RPB. The diameter of the PB was determined

to yield the same volume as that of the RPB. The eNRTL model was applied to account for the



liquid-phase nonideality. The concentration-based reaction rate expression and the model
parameters were retrieved from Aspen Properties °°. The hydraulics correlations included the

Onda correlations !7 for a, and kg, the Tung & Mah correlation 18 for k;, and the Burns
correlation 2! for £;. While the model predictions satisfactorily represented the pilot-scale RPB
data, in a subsequent study !° they further examined the applicability of other hydraulics
correlations including the Luo12 correlation *’ for a,, the Chen correlation > for k,, the Chen

correlation 28 for k; , and the Burns correlation 2! for ;. They reported the improved predictions

1. 12 However, these two studies assumed a

compared to the correlations adopted in Joel et a
constant bed diameter for all gas-liquid contacting sections and did not report whether film

discretization was considered in the rate-based PB model.

This study aims to develop a first-principle RPB process simulation model for CO;
chemical absorption with MEA aqueous solutions. Addressing the deficiencies of prior studies,
the RPB model adopts the rate-based approach to estimate the heat and mass transfer across
the discretized liquid film, calculates the phase equilibrium at the vapor-liquid interface based
on proven thermodynamic model ?*, estimates the reaction rate with validated activity-based
kinetic model 2% %, and accounts for the changing bed diameters and the corresponding

gravitational field for gas-liquid contacting sections in RPB.

2. Model Formulation

The rate-based packed bed column model in Aspen Plus V10 3! is used as the foundational
model to develop the RPB model since it offers a fully validated rigorous rate-based simulation
framework for CO» chemical absorption in PB 3*3% We hypothesize that the modeling
fundamentals of PB and RPB are identical except for the gravitational field and the RPB
geometry, which affect the hydraulics and therefore the CO, removal efficiency. Otherwise,

CO» absorption in PB and RPB should share identical modeling fundamentals in terms of



thermophysical and transport properties, solution chemistry, reaction kinetics, and heat and
mass transfer. To capture the effect of the gravitational field on hydraulics in RPB, various
hydraulic correlations will be examined to demonstrate their applicability for RPB. In addition,
the RPB geometry will be properly accounted for within the framework of the rate-based PB
model in Aspen Plus. To allow for precise calculation of reaction rates in the liquid film, the

1.33. We further assume

liquid film is discretized with five segments, as suggested by Zhang et a
the mixed-flow model for both the gas phase and the liquid phase in each PB segment. In other

words, the bulk properties of the gas phase and the liquid phase are assumed to be the same as

the outlet conditions of the phases leaving the segment.

2.1 Thermophysical and transport properties

The solution chemistry involved in the absorption of CO> with MEA aqueous solutions
includes water dissociation, CO> hydrolysis, bicarbonate dissociation, carbamate hydrolysis,
and MEA protonation. They are shown as Egs. 1 to 5:

2H,0 & H;0* + OH™ (1)

CO, + 2H,0 & H;0" + HCO3 (2)
HCO3 + H,0 & H;0* + CO03~ (3)
MEACOO™ + H,0 & MEA+ HCO; (4)
MEA + H;0t & MEAH* + H,0 (5)

The thermodynamic model developed by Zhang et al. ?° for the MEA-CO»-HO system is
chosen to model the system. Specifically, the eNRTL model and Perturbed-Chain Statistical
Associating Fluid Theory (PC-SAFT) equation of state * are applied to account for the liquid
phase and gas phase nonidealities, respectively. This thermodynamic model has been validated
and can well represent the vapor-liquid equilibrium, heat capacity, excess enthalpy, and
speciation data for the MEA-CO»-H>O system in a wide range of temperature, pressure, MEA

concentration, and CO; loading. %°



The transport properties of interest include density, viscosity, surface tension, thermal
conductivity, and diffusivity. The work incorporates the correlation developed by Weiland et
al. %% for the viscosity of MEA aqueous solutions. The other transport properties are calculated

with the empirical transport property methods available in Aspen Plus 3!.

2.2 Reaction Kkinetics
The reaction kinetics are expressed in terms of carbamate formation reaction and
bicarbonate formation reaction shown in Egs. 6 and 7. The forward and reverse reaction rate
expressions with activity basis are given in Egs. 8 to 11.
2MEA + CO, & MEAH* + MEACOO~ (6)

MEA + CO, + H,0 & MEAH* + HCO; (7)
rI\];EAcoo— = kI{/IEACOO‘ AiEa aco, (3

' — T
TmEacoo~ = KMEacoo— Amean+ Ameacoo- (9)

Tgco; = k[mo; amea Aco, (10)

MEAL I (1)
aH,0

7"15003‘ = kzr-Ico;
The temperature-dependent expression for the reaction rate constants is given in Eq. 12. Shown
in Table 1, the reaction rate constants for the carbamate formation reaction and the bicarbonate
formation reaction are retrieved from Plaza 3° who reported that the deviation between the

experimental and the calculated CO> absorption rate is £20% for a 30 wt% MEA solution with

the loading range of 0.15 — 0.45 mol CO2/mol MEA.

_ Ej|1 1
kj = kjexp (_E [F B 298.15]) (12)
2.3 Hydraulics correlations

The hydraulics correlations considered in this work are summarized in Table 2. The Onda

correlations !7 (Eqs. 13 and 14) are used to estimate k; and a,. Although the Onda correlations



were developed for PBs, prior RPB modeling studies * !+ 1213

predicted CO> removal efficiency
satisfactorily with the Onda correlations. Derived from Penetration Theory for RPBs, the Tung
& Mah correlation '® (Eq. 15) is used to estimate k;. It is worth noting that Tung & Mah
suggested that “liquid mixing at the junctions of packing materials may be more complete in
Higee process than in traditional process” and the liquid-phase mass transfer coefficients in
RPB would be 4 to 10 times higher than those in conventional PB. The Burns correlation®! (Eq.
16) that was developed specifically for RPB is used to estimate &;. Prior RPB modeling
studies'!"!> 15 have shown satisfactory results with the Burns correlation.

The heat transfer coefficient h is estimated by the Chilton and Colburn analogy method
37 from the binary mass transfer coefficient. The method was developed based on the
assumption that the mechanisms of mass transfer and heat transfer are similar and analogous
to each other. Specifically, h is estimated using the physical and transport properties of either
vapor or liquid phase, such as the average mass transfer coefficient, molar density, thermal
conductivity, and specific molar heat capacity, as shown in Eq. 17.

Note that we also examined the applicability of two additional a, correlations developed
specifically for RPB: the Luo12 correlation (Eq. 18) ?7 and the Luo17 correlation (Eq. 19) 3%,

The gravitational field increases along the radial direction in RPB at a fixed rotating speed.
We implemented customized user subroutines for the hydraulics correlations in Aspen Plus to

calculate the centrifugal acceleration, g., from the mean radius of each RPB section and the

square of rotating speed.

3. Lab-scale Data and Data Reconciliation

The lab-scale RPB experimental data reported by Thiels et al. ¢ are used to validate the
RPB model developed in this work. The specifications and operational conditions of the
experimental RPB are summarized in Table 3. The inner diameter, outer diameter, and height

of the experimental RPB were 0.025, 0.125, and 0.023 m, respectively. The stainless-steel wire



mesh was used as the packing, where the specific surface area and the void fraction were 887.6
m?/m* and 0.96, respectively. 30 wt% MEA solution was used to absorb 10% CO; from
nitrogen in the gas stream in RPB. Without reporting the data uncertainty, Thiels et al. ® reported
the CO, removal efficiency as a function of the gas flow rate and the lean loading. The gas flow
rate ranged from 5 to 60 L/min while the liquid flow rate was fixed at 0.1 L/min. The 30 wt%
MEA solution was fed to the RPB at five lean loadings, ranging from 0 to 0.442 mol CO>/mol
MEA. The inlet temperatures of the gas and liquid flows were controlled at 323 K. The rotating
speed was fixed at 1600 rpm. Given the experimental rotating speed, the estimated gravitational
field was in the range of 36 to 179 g from inner to outer radii of RPB.

Figure 1 illustrates the schematic diagram for the RPB and its representation as a PB in
Aspen Plus. The RPB in the radial direction is divided into eight calculating segments with
equal thickness. Each radial-direction segment in RPB is modeled as an axial-direction segment
in PB. The specification of the rate-based PB model is shown in Table 4. Note that the height
of the PB is the same as the thickness of the RPB and, for each segment, the diameter of the
PB is calculated to yield the same bed volume as that of the RPB. As such, the cross-sectional
area of the PB increases from the top to bottom segments.

The experimental data reported by Thiels et al. ® for the CO> removal efficiency are
reconciled by introducing an adjustable parameter called interfacial area factor, a, factor, to
scale the predicted effective packing surface area in the RPB model. As to be discussed in more
detail in Section 5, Mass Transfer Studies, adjustments on k. and k; have little impacts on the
COz removal efficiency for this liquid film controlling and high reaction rate absorption process.
The experimental uncertainties were estimated from the previously reported mass balance
measurement and equipment error (e.g., the liquid pump, the mass flow controller for gas, and
the CO» concentration analyzer) *°. Table 5 shows the standard deviations assigned in the data

reconciliation.
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The objective function to be minimized for the data reconciliation is shown in Equation
(20):

er_Xr
Smr

r sets yiVex r 2
Obj = Rz wroPyar, (F2=)" (20

The absolute relative deviation (ARD) is used to evaluate modeling results and defined
in Equation (21):

ARD (%) = NL

xp

(CiexP_Cical)
o

Yo x 100% (21)

4. Modeling Results and Discussions

The modeling results of the base case RPB model are shown in Figure 2. The base case
RPB model has no adjustable parameters and the a, factor is unity. The base case model
predictions qualitatively match the observed experimental data trend on the CO> removal
efficiency at various lean loadings and liquid-to-gas ratios, supporting that the approach
modeling RPB with the conventional rate-based PB model is appropriate. However, the base
case model consistently overpredicts the removal efficiency due to the over-predictions of the
Onda correlation for the effective packing surface area of the RPB wire mesh packing. The
ARD between the experimental and the predicted removal efficiencies is 28.5%. Subsequently,
we adjusted the a, factor to minimize the difference between the modeling results and the
experimental removal efficiency. The modeling results with the a, factor at 0.519 shows
satisfactory agreements with the data and the ARD is reduced to 10.0%, as shown in Figure 2
and Table 6. At lean loadings less than ~0.16 mol CO2/mol MEA, the removal efficiency
decreases linearly with respect to the gas flow rate. At lean loadings above ~0.16 mol CO2/mol
MEA, the removal efficiency drops rapidly and then decreases slowly with the increased gas
flow rate, indicative of CO; saturation in the MEA solution.

Figures 3 and 4 show the modeling results with the Onda correlation replaced with the

Luo12 ?” and Luo17 8 correlations for effective packing surface area, respectively. The Luo12

11



correlation and the Luo17 correlation show no improvements over the Onda correlation for the
CO»> removal efficiency. The ARDs between the experimental and the predicted removal
efficiencies are 56.8% and 53.8% for the Luol2 and the Loul7 correlation, respectively. To
provide the best data fittings, the a, factor was optimized to be 0.185 and 0.213 for Luol2 and
Luol7, respectively. The corresponding ARDs are reduced to 15.4% for Luo12 and 13.3% for
Luol7, as shown in Table 6. Although the Luo12 and Luo 17 correlations were developed for
wire mesh packings in RPB, they show no improvement over the Onda correlation. We note
that the geometry and specification of the RPB packings used in developing the Luol2 and
Luol7 correlations are different from those investigated by Thiels et al. ¢, likely leading to a
different liquid dispersion on the packing surface and therefore different effectively interfacial
area for mass transfer. Since a, has a significant effect on the CO> removal efficiency, more
reliable a, correlations which cover various types of packing geometries and a wide range of
operational conditions are desirable.

We further examined the effects of k; and &, upon the CO> removal efficiency since the
CO> chemical absorption is liquid film controlled. It is observed that an adjustment of +20%
k; does not affect the CO> removal efficiency of the base case RPB model with a, factor as
0.519, and the modeling results overlap with those presented in Figure 2. The increase of k;,
should reduce the liquid film thickness and increase the mass transfer rate between gas and
liquid phases. This observation suggests that k; is not the controlling resistance in RPB and
the increase (or decrease) in k; has little impact on the CO> removal efficiency in RPB.

The bulk liquid holdup ¢; is the amount of liquid retained in the packing, and it is used to
determine the reaction rate in the bulk liquid. Since the reaction between MEA and CO» takes
place primarily in the liquid film, adopting different bulk liquid holdup ¢; correlations in the

RPB model does not affect the CO, removal efficiency.
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To investigate the effect of gravity on CO> removal efficiency in RPB, we simulated the
base case RPB model with the a, factor of 0.519 and imposed a hypothetical condition of unity
gravity (i.e., g, = 9.8 m/s?) upon the hydraulics correlations. Figure 5 shows that with unity
gravity imposed upon the Onda correction for a,, the CO2 removal efficiency reduces by about
10% due to the loss of additional effective interfacial area resulting from gravity field. The CO>
removal efficiency is nearly unchanged when the unity gravity is further imposed upon the
Tung and Mah correlation for k; and the Burns correlation for ¢; as they are not the controlling
factors of CO; absorption for RPB.

Figure 6 shows the temperature profiles of gas and liquid in the base case RPB model with
the a, factor of 0.519 at 0.249 mol CO2/mol amine lean loading. The liquid and gas streams
enter the RPB at 323 K from inside (Segment 1) and outside (Segment 8) of the RPB
respectively. Only the liquid temperature is presented as the gas temperature is nearly identical
to the liquid temperature. As the G/L (volume/volume) ratio increases from 50 to 200 (constant
liquid flow rate at 0.1 L/min and varied gas rate), the temperature bulge moves from the outer
bed to the inner bed. When the G/L ratio further increases from 200 to 600, the temperature
bulge diminishes and the liquid temperature drops below 323 K due to vaporization of water

from the liquid to saturate the dry gas stream entering RPB.

5. Mass Transfer Studies

The liquid-side mass transfer has been identified to be the major resistance to CO»
chemical absorption in the conventional PB*’. Many research efforts have been made to
enhance the liquid-phase mass transfer coefficient by creating turbulence with highly efficient
packings even at cost of higher pressure drops*!***. Furthermore, solvents with high viscosity
have been considered problematic even though there are other many potential benefits** 4. As
a process intensification alternative to conventional PB, RPB is expected to greatly reduce the

liquid-side mass transfer resistance with the rotational gravity and impact solvent selection and
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process development. This section intends to quantify the resistances from the liquid-phase
mass transfer, gas-phase mass transfer, and reaction kinetics using the validated RPB model
developed in this work and generate insights into future solvent selection and process
development for RPB.

To determine the contributions of each resistance to CO> flux in the RPB, we manually

perturb the k;, k; and k]f’ by 1% and record the corresponding CO; removal efficiency. The
reaction rate constants k]9 for both forward and reverse reactions of carbamate formation and

bicarbonate formation reactions are altered simultaneously to maintain the chemical
equilibrium. The RPB is modeled isothermally at 323K when each parameter is perturbed to
decouple the temperature effect. The effect of the interfacial area between gas and liquid is
decoupled by assigning a constant packing specific area of 400 m?/m? throughout the RPB. The
perturbation step size is assigned as 1%, which is larger than the convergence tolerance while
small enough to maintain the local linearity.

Figure 7 shows the contributions of each resistance to the CO2 removal efficiency at
various lean loadings. The liquid flow rate was adjusted at each lean loading to maintain the
90% COz removal efficiency as the flue gas rate is fixed. The liquid-to-gas ratio increases from
1.4 to 5.6 kg/kg as the lean loading increases from 0 to 0.305 mol CO2/mol MEA. 1t is seen
from Figure 7 that the reaction kinetic resistance plays the dominant role in the CO> absorption,
and the CO> removal efficiency is most sensitive to the change of reaction rate constant
compared to the changes of the liquid-side and gas-side mass transfer coefficients. As the lean
loading increases, the reaction kinetic resistance becomes more pronounced because of the
reducing free MEA concentration, and the liquid-side mass transfer resistance slightly increases
up to ~0.20 mol CO2/mol MEA. The gas-side resistance is insignificant in the entire lean
loading range.

The RPB sensitivity analysis shows that the CO; absorption is dominated by the reaction

14



kinetic resistance while prior work showed that the liquid-side mass transfer coefficient is the
controlling factor in the conventional PB “. Since the k; is much enhanced by the turbulence
created by the rotational gravity in RPB, the liquid-side mass transfer resistance becomes much
diminished, as supported by the Tung & Mah correlation. The diminished role of the liquid-
side mass transfer resistance also suggests that solvent viscosity will have less impact on the
CO» absorption. The analysis guides future solvent development for RPB, and the solvents with
fast reaction kinetics should be the focus as the liquid-side mass transfer resistance can be

effectively reduced by applying rotational gravity.

6. Conclusions

This study presents a first-principle RPB simulation model for CO> absorption using 30
wt% MEA aqueous solution. By properly accounting for the thermodynamic and transport
properties, the solution chemistry, the reaction kinetics, and the RPB hydraulics, the rate-based
RPB model rigorously calculates the heat and mass transfer with fast reactions across the gas
and liquid films. The model satisfactorily correlates the literature lab-scale data by introducing
a correction factor for the effective packing surface area across a wide range of lean loading
from 0 to 0.442 mol CO2/mol MEA under high rotational gravity. This work demonstrates that
RPB can be modeled as a PB if the unique features of RPB are properly taken into consideration.
These features include the high liquid-phase mass transfer coefficient k; represented by the
Tung & Mah correlation and the effective packing surface area a, due to the rotational gravity
in the radial direction. Among the liquid phase hydraulics, only a, affects the CO2 removal
efficiency, whereas k; and liquid hold ¢; show little impact to the CO, removal efficiency.
Among the examined a, correlations, the Onda correlation with an adjustable parameter to
scale the effective packing surface area correlates the CO> removal efficiency data better than
the Luo12 and Luo17 correlations. The results suggest that reliable a, correlations are essential

for accurately predicting the CO2 removal efficiency in RPB. The sensitivity analysis showed

15



that the reaction kinetic resistance dominates the CO; absorption over the liquid-side and gas-
side mass transfer resistances. The high k; provided by RPB diminished the importance of the
liquid-side mass transfer. Hence, the solvent selection with RPB should focus on enhancing the
fast reaction kinetics. The rigorous RPB model developed in this work will be foundational to

the process simulation and design for the CO; chemical absorption processes with RPB.
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Nomenclature

a; = Activity of species i

a, = Effective surface area of packing, m?/m?>

a, = Specific area of packing, m*/m?

1 27,38

¢ = Pore diameter defined in Luo et a , mm, 1.8 for Luol2 correlation; 3.0 for Luol7

correlation

¢p = Specific molar heat capacity, J/kmol/K

C = CO; removal efficiency (%)

1 27,38

d = Wire mesh diameter defined in Luo et a , mm, 0.35 for Luol2 correlation; 0.4 for

Luol7 correlation

d,, = Effective diameter of the packing, 6(1_@, m

ag

D = Diffusivity of species i, m?/s

D = Average diffusivity, m?*/s

E; = Activation energy for reaction j, kJ/gmol

g = Centrifugal acceleration, m/s?

g, = Characteristic centrifugal acceleration®!, 100 m?/s
G = Superficial mass flux of gas, kg/s/m?

h = Heat transfer coefficient, W/m?/K

k = Mass transfer coefficient, m/s

17



k; = Reaction rate constant for reaction j at system temperature T

k]f’ = Reaction rate constant for reaction j at reference temperature 298.15 K
k = Average mass transfer coefficient, m/s

L = Superficial mass flux of liquid, kg/s/m?

Nexp = Number of experiments

N, = Number of reconciled variables including both input and measured variables
Nt = Number of data sets

Q = Volumetric flow rate, m?/s

r = Radius of the packing in RPB, m

R = Gas constant

Smr = Standard deviation specified for reconciled variable

U = Liquid flow rate per unit area, m/s

U, = Characteristic flow rate per unit area’!, 0.01 m/s

Xmr = Measured values of reconciled variable

X, = Estimated values of reconciled variable

z = Height of the packing, m

Greek letters

g, = Liquid holdup, m?

A = Thermal conductivity, W/m/K

18



u = Viscosity, kg/m/s

v = Kinematic viscosity, m%/s

v, = Characteristic kinematic viscosity of liquid?!, 1.0x10°¢ m?%/s
p = Density, kg/m’

p = Molar density, kmol/m?

o = Surface tension, kg/s?

o, = Critical surface tension of the packing, kg/s?, 0.075 for stainless steel wire mesh 2

2

¢ = Packing characteristics for Luo12 and Luo17 correlations, (di—c)z

@ = Porosity of the packing, dimensionless
w = Angular speed, rad/s

Dimensionless groups

L? a,
F7”L = 7
Pr Yc
£
Friy =
"L rw? (2nrz)? d,
d3 2
Gr, = P g; Pr
U
R L
e, =
g ag Uy,
d
Re,L = QL P
(2nrz) v,
R G
e =
¢ ar Ug
d
Re’G QG 14
(2mrz) vg
252
Sc; =
t pL Dy

19



3 Pc Dg
L2
We;, =
pLOL At
We'L QL2 PL dp
(2nrz)? o

Superscript and subscript

cal = Calculated

exp = Experimental

f=Forward reaction

G = Gas phase

L = Liquid phase

r = Reverse reaction
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Figure Captions

Figure 1. Schematic diagram of RPB and the corresponded PB defined in Aspen Plus

Figure 2. Modeling results with various lean loadings of 30 wt% MEA solutions; k; : Tung &
Mah correlation '¥, k; and a,: Onda correlation 7, £;: Burns correlation 2!, symbols:
experimental data for the CO> removal efficiency %; dash line: a, factor for Onda
correlation!” is unity (base case); solid line: a, factor for Onda correlation is 0.519

Figure 3. Modeling results with various lean loadings of 30 wt% MEA solutions; k; : Tung &
Mah correlation '¥, k;: Onda correlation !7, a,: Luo12 correlation %’ £;: Burns correlation 2!;
symbols: experimental data for the CO, removal efficiency ¢; dash line: a, factor for Luo12
correlation is unity; solid line: a, factor for Luo12 correlation is 0.185

Figure 4. Modeling results with various lean loadings of 30 wt% MEA solutions.; k;: Tung &
Mah correlation '¥; k;: Onda correlation '7; a,: Luo17 correlation *%; ;: Burns correlation 2!;
symbols: experimental data for the CO, removal efficiency ¢; dash line: a, factor for Luol7
correlation is unity; solid line: a, factor for Luol7 correlation is 0.213

Figure 5. Effect of gravity on CO» removal efficiency for base case RPB model with a, factor
=0.519; solid line: base case results; dotted line: unity gravity assigned to Onda correlation !’
for a,

Figure 6. Temperature distribution across RPB for base case RPB model with a, factor =

0.519 at various gas to liquid flow rate (G/L) ratio; lean loading = 0.249 mol CO»/mol amine,
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liquid rate = 0.1 L/min, gas & liquid inlet temperature = 323 K, and gas composition = 10%
CO2/ 90% Na.

Figure 7. Contribution of mass transfer parameters k;, k; and k]f’ to CO2 removal efficiency
at various lean loadings; temperature: 323 K; gas flow rate: 20 L/min; rotating speed: 1600
rpm; CO, removal efficiency: 90%; effective area for mass transfer: 400 m?/m® for each

section
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Table 1. Reaction kinetic constants for carbamate and bicarbonate formation of MEA-CO;

system *°
Reaction Reaction direction k]p (kmol/m’-s) E; (kJ/gmol)
Carbamate Forward 8.56E+10 3.96
formation Reverse 24800 59.60
Bicarbonate Forward 22991.13 49.00
formation Reverse 18.35 96.23
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Table 2. Hydraulics correlations applied in the RPB model

Source Correlation type Expression
kGRT _ -20
Onda ke o = 20 Reg" S (ady) T (13)
correlation !’
a, % — 1 —exp [—1.45 (%) Re,™ Fr, 0% we,°2| (14)
ag oL
Tung & Mah o d
k, L2 = 0.92 (“f) Sc, Y% Re, Y3 Gr, M6 (15)
correlation '® ¢
Burns -05 0.6 0.22
05 /0. .
e, g, = 0.039 (Z’—) (&) (&) a6
correlation 2! ? ? ?
Chilton and
2/
Colb h —%5 2\ "
olburn h=kpcy, (,‘;cﬁ) (17)
method 3’
Luol2 ]
a, % = 66510 Re'; 11 Fr';®12 ™07 (18)
correlation 7
Luol7 a
a, o =15.17 Re'%' Re' 038 Fr/ 013 we'd4® =029 (19)
correlation 3®
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Table 3. RPB specifications and operational conditions reported by Thiels et al. ¢

Specifications
Diameter (m) 0.025 (Inner); 0.125 (Outer)
Packing height (m) 0.023
Packing volume x 10® (m?) 271

Packing type Stainless steel wire mesh
Porosity (-) 0.96
Specific surface area (m?/m?) 887.6
Operational conditions
CO: inlet concentration (%) 10
Gas flow rate (L/min) 5-60
Gas inlet temperature (K) 323
MEA concentration (%) 30
Liquid flow rate (L/min) 0.1
Lean loading (mol CO2/mol MEA) 0-0.442
Liquid inlet temperature (K) 323
Rotating speed (rpm) 1600

37




Table 4. Specification of the rate-based PB model for modeling the RPB data reported by Thiels

etal.®
Specifications
Packing type Coil
Effective packing diameter (m) 0.00027
Porosity (-) 0.96
Specific surface area (m?/m?) 887.6
Total height (m) 0.05
Number of sections 8
Diameter of the sections (m) 0.05362 to 0.10452
Volume for each section x 10° (m?) 14; 20; 25; 31; 37; 42; 48; 54
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Table 5. Standard deviations assigned for input/output variables

Variables Standard deviation
Liquid flow rate
1.0
(mL/min)
Loading
0.01
(mol CO2/mol MEA)
Gas inlet flow rate
0.48
(L/min)
CO; removal efficiency (%) 5
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Table 6. Identified a, factors for various a, correlations and the corresponding absolute

relative deviations

a, correlation a, factors ARD (%)
Onda correlation'’ unity 28.5
Onda correlation'’ 0.519 +0.028 10.0
Luo12 correlation?’ unity 56.8
Luo12 correlation?’ 0.185+0.010 15.4
Luol7 correlation®8 unity 53.8

Luol7 correlation®® 0.213£0.011 13.3

40



Liquid in Gas out

Packed Bed
(PB)
Liquid out Gas in

Liquid in

Gas out

Gas in

gl 2

Rotating Packed Bed

Liquid out M (RPB)

B Modeling fundamentals: a) thermophysical & transport
properties, b) solution chemistry, c) reaction kinetics, and d)

heat & mass transfer

ki rpg > ki pp = PB k; controlled & RPB kzyy controlled

PB model + RPB k; & a, correlations = RPB model

TOC graphic

41



	Acknowledgments
	Disclaimer
	Table 2. Hydraulics correlations applied in the RPB model
	Table 4. Specification of the rate-based PB model for modeling the RPB data reported by Thiels et al. 6


