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Abstract

Rotating packed beds (RPBs) are a compact and potentially more cost-effective alternative to
packed beds for application in solvent-based carbon capture process. However, with
concentrated monoethanolamine (MEA) (up to 70-80 wt %) as the solvent, thepgeistion

as to whether intercooles needed for the RPB absorbers and how to design and operate
them. This study indicates that the liquid phase temperature could rise significantly and this
makes it essential for RPB absorber to have intercoolers. This is further assessed using a
validated RPB absorber model implemented in gPROMS ModelB8iilogrevaluating the

impact of temperature on absorption performance. Different design options for RPB absorber
intercoolers (stationarys rotary) were introduced and their potential sizes and associated
pressure drop were evaluated based on a large scale flue gas benchmark of a 250 MWe
Natural Gas Combined Cycle Power Plant. This paper addresses a fundamental question
about intercooling in RPB absorber and introduces strategies for the intercooler design.

Keywords: solvent-based CQ@apture, process intensification, rotating packed bed, absorber
intercooling

Nomenclature

a Effective interfacial area of packing per unit volume/(n)

a, Total area of packing per unit volumeim?®)

a; Surface area of the 2 mm diameter bead per unit volume of the bead (1/m)
A Tangential section area fj= 2mrZ; Heat exchanger area{m
Cp zoin Specific heat capacity of MEA solution (kJ/kg K)

C, Specific heat capacity (J/kg K)

e Tube inside diameter (m)

t, Tube outside diameter (m)

i, Hydraulic diameter (m)

dy Hydraulic diameter (m) =&,

dy Effective diameter of packing (m) = 6(&) /a,

Dg; Gas diffusivity of component(im?/s)

Dg; Liquid diffusivity of component {m?/s)

E Enhancement factor

1
The short version of the paper was presented at ICAE2017, Aug 21-24, Cardiff, UK. This
paper is a substantial extension of the short version of the conference paper.



F, Log-mean temperature correction factor

G Volumetric gas flowrate (ffs)

Gm Gas molar flowrate (kmol/s)

he Gas phase specific molar enthalpy (J/kmol)

hy Liquid phase specific molar enthalpy (J/kmol)

hgn Interfacial heat transfer coefficient (W/K)

Roor Heat transfer coefficient for solvent side (W9

B Heat transfer coefficient for cooling water side (VWK

H Henry constant (Pa¥mol)

AH, Heat of absorption (kJ/m&@0O,)

AH o Heat of vaporisation of #D (J/kmol)

kg Thermal conductivity of MEA solution/cooling water (W/m K)
K app Apparent reaction rate constant (1/s)

kg Mass transfer coefficient of gas for component i (m/s)
Ko Overall mass transfer coefficient of gas for component i (maRans))
kq; Mass transfer coefficient of liquid for component i (m/s)

m Liquid molar flowrate (kmol/s)

L Liquid mass flowrate per unit tangential section area (kgjm
Lp Path length (m)

Meo, molar flow of CQ entering absorber (kmol/s)

ey Cooling water flowrate (kg/s)

Mg Molar flowrate of flue gas (kmol/h)

Mo Solvent flowrate (kg/s)

Murga Molar mass of MEA (kg/kmol)

[MEA] MEA solution concentration (mol/L)

N; Component molar fluxes (rimn? s)

Pco, Equilibrium partial pressure of G@kPa)

Pg; Gas phase partial pressure of comporigRa)

P’ Equilibrium partial pressure of componér(Pa)

Pr Prandtl Number

Q Intercooler duty (W)

T Radius (m)

T Inner radius of the packed bed (m)

1, Outer radius of the packed bed (m)

Ty Radius of the stationary housing (m)

E Ideal gas constant (J/K mol)

Re Reynolds number

R, Parameter for calculating. for shell and tube heat exchanger
S, Parameter for calculating. for shell and tube heat exchanger
T Temperature (K)

T 0 Gas and liquid side temperature (K)

Teotnan Solvent temperature at inlet intercooler (K)

Teomour Solvent temperature at outlet of intercooler (K)

Wirga MEA concentration (wt %)
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uy Liquid velocity (m/s)

Up Channel velocity for plate exchanger (m/s)
u Overall heat transfer coefficient (W#K)
Ve Parameter for Chen et al. (2011) gas film modtl= 0.91—2
s Gas mass flowrate per unit tangential section area gkg)/m
Va Volume between the outer radius of the bed and the stationary hougjng (m
=m{r? —r?)Z
Ve Total volume of the RPB (fp=m1Z
; Component molar fraction in liquid phase
Vi Component molar fraction in gas phase
Z Height of the rotor (m)
Greek Letters
Xyean Lean loading (mol C&@mol MEA)
Dpich Rich loading (mol C@mol MEA
Aw Trich - Tlean
P eoln Density of MEA solution (kg/L)
AP Pressure drop (N/fn
AT Log mean temperature difference (K)
7, Viscosity (Pa.s)
O Critical surface tension for packing material (N/m)
;. Liquid surface tension (N/m)
£ Packing porosity ($im°)
Pe Gas density (kg/f)
P Liquid density (kg/m)
Az Liquid thermal conductivity (W/m K)
Ue Gas dynamic viscosity (Pa s)
Ly Liquid dynamic viscosity (Pa s)
¢ Rotating speed (rad/s)

Abbreviations

Ccs/ccu Carbon capture and storage/utilization
FG Flue gas

ICAE International Conference on Applied Energy
ITC International Test Centre

MDEA Methy! diethanolamine

NGCC Natural Gas Combined Cycle

PB Packed bed

PCC Post-combustion C{xapture

Pl Process intensification

RPB Rotating packed bed

RPM Revolutions per minute

1. Introduction

1.1 Background
3
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CCS/CCU technology is a significant climate change mitigation technology [1]. It is
considered to be vital for economically and sustainably reaching long-term mitigagetstar

[2, 3]. The PCC process is the most matured and commercially ready approach for deploying
CCS/CCU [45]. However, a major drawback of the PCC process is that PBs used as
absorbers and strippers in the process are large, and this contributes significantly to plant
footprint, capital, and operating costs [7]. Pl technologies such as RPBs are considered to
have an excellent potential to reduce the column sizes and consequently the cost and footprint
of the entire PCC plant [8]. RPBs have been investigated in this regard in the literature [9-12]
These studies confirmed the potential for significant reduction in size with RPB as predicted
in an earlier study by Ramshaw and Mallinson [9]. A report by HiGee Environment & Energy
Technologies Inc., a Pl company based in Pittsburgh USA, eshtvat between 1999 and

2011 about thirty-six commercial scale RPB units were installed mainly in China and other
places around the world for different applications [13]. One of the installed RPBs, owned by
Fujian Refining & Petrochemical Company Ltd, used for co-absorption®fadd CQ using

MDEA solvent is about ten times smaller in size compared to the PB it repla¢ed [13

1.2 Operating principle of RPB

The RPB absorber comprises annular packed bed (rotor) mounted on a rotating shaft with the
gas and liquid phases flowing counter-currently (or co-currently) in the radial direction across
the bed (Fig.1)[14]. The liquid and gas phases are subjected to intense centrifugal
acceleration which is many times the gravitational acceleration in PBs. The presence of
centrifugal acceleration enhances mass transfer, which occurs both in the bed and the area
between the packing and the casing [1h-Bhd extends the flooding limits. This is the
reason for the drastic reduction in packing volume in RPBs. The bed is made of packing

materials which could be wire meflv], expamef{18] or bead$§19] among others.
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Liquid in

Gas m:l__r

Liquid out

Gas in
‘_

Liquid in Liquid out
Fig. 1 Sectional view of an RPB [20]
1.3 Problem statement

In PBs with 30 wt% MEA solution as solvent, liquid phase temperature rise in the absorber
has been identified and the effects on overall performance studied extensively.[Zhe&3
earlier study by Freguia and Rochelle [21] showed that the liquid phase temperature could
rise by about 20-3& depending on the gas phase.@0ncentration (Fig. 2). Freguia and
Rochelle [21] also showed that by intercooling the liquid phase in PBs, the overall absorption

performance could improve by up to 10%.

The results were corroborated in later studies by Kvamsdal and Rochelle [22] and Biliyok et
al. [23]. Following the outcome of these investigations, current commercial PCC designs
include an absorber intercooler [24] which are typically shell and tube heat exchanger

designs.
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Fig. 2 PB absorber profile using 30 wt% MEA solvent [21]

In contrast, in centrifugal contactors such as RPBs, stronger MEA solutions, up to 100 wt%
in some studies [25]s preferred as the benchmark solvent. Kang et al. figdhonstrated

that the liquid phase temperature could rise by about about®@iiIRPBs using 30 wt%

MEA solution as solvent leading to a temperature bulge. However, the RPB absorber size of
16 mm outside diameter and differential £@ading of about 0.04 are both small for
signifcant temperature rise to be observed. For such a small RPB absorber, ongoing
experiments with our collaborators at Newcastle University, UK show that most of the
temperature rise occur in the rich solvent sump. This is due to the short residence time in the
RPB absorber. The temperature rise could be higher with stronger MEA solution as solvent
(> 30 wt%) and industrial size RPB absorber. Also, if the RPB absorber intercoolers are large
like in PBs, the aim of physical size reduction with RPBs could be dealt a major blow.
Investigations addressing these points namely temperature rise potentials in RPBs with strong

MEA solution and their intercooler design are currently not reported in literature.

1.4 Case for concentrated MEA solution as solvent in RPBs

With 30 wt% MEA solvent, about gm/year corrosion rate is predicted B absorbers at
about 50C according to tests conducted at ITC, Canadh [Bte corrosion rate will become
significant with more concentrated MEA solution; visible corrosion level has been reported in
a mild steel RPB rig using 100 wt% MEA as solvi@]. More concentrated MEA solutions
are also very viscous, for instance, the viscositg @ wt% MEA solution is about 4-5 times
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(depending on the CQOoading) that of a 30 wt% MEA solution according to data from
Aspen PIu8. Higher viscosity reduces wetting potential of the packing and consequently
slows down mass transfer. Due to these characteristics, concentrated MEA solutions (> 30 wt
%) are generally perceived to be unsuitable as solvent in PB absorbers SfaaftOre.
However, with concentrated MEA solutions, £REA reaction will be more rapif27] and

this is an important characteristic required of solvents in RPBs due to the smaller packing
volume. This enhances the driving potential for mass transfer. The enhanced acceleration
environment also enables RPBs to generally tolerate viscous solvents and as such they handle
viscous solvents such as concentrated MEA solutions (> 30% wt MEA) efficienjlyTi&

solvent flowrate as shown in Section 4 of this paper also decreases with increasing solvent
concentration. The reboiler duty for the complete RPB-based PCC process estimated
according to the approach of Oexmd88] is about 3.10 and 2.94 GJ/ton £0r 70 and 80

wt% MEA solvent respectively compared to about 4.00 GJ/tonf@G30 wt% MEA solvent

[29]. The lower reboiler duty is due to the lower heat capacity and water fraction of the
concentrated MEA solution. With these benefits in mind, RPBs are generally made with
stainless steel (or other corrosion-resistant materials) to deal with the high corrosive effect of
concentrated MEA solvenitl8]. The smaller packing volume makes this economically
feasible. An economic analysis conducted by Joel [30] showed that the total cost of RPB-
based solvent C{capture (with the RPBs made of stainless steel) from a 400 MWe NGCC
power plant is about €61/tCO> compared toabout €65/tCO. for the packed bed-based

technology for the same power plant as reported by Agbonghae et]al. [31

1.5 Aim and objectives

The aim of this paper is to answer a key question whether it is necessary to have intgrcooli
when high concentration MEA is used as solvent in RPB absorber foc&@ure. This is
determined by analyzing the accompanying temperature rise for different MEA
concentrationsind also using a validated steady state RPB absorber model developed in this
study to analyse the impact of temperature on parameters that relate to the absorption
performance, namely liquid phase speciation, equilibrium partial pressure and mass transfer
resistanceJoel et al. [9] and Kang et al. [10] analyzed temperature profile for RPBs with
strong MEA solution as solvent. However, the analpsidoel et al. [9] based on Jassim et

al. [18] benchmark involved only a small fraction of £&bsorption in a tiny RPB rig of
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about 398 mm diameatand did not as a result reveal temperature rise potentials. Another
analysis by Kang et al. [10] based on Yu et al. [32] benchmark showed temperature rise
potentials of about 105°C. However, this was performed using 30 wt% MEA solution as
solvent. In this study, energy balance calculations are used to estimate accompanying
temperature rise for different MEA concentrations and model-based analysis to determine the
impact of temperature on parameters that relate to the absorption performance. Intercooler
design options, namely stationary and rotary intercoolers are introducettheapatential
intercooler sizes for different cases evaluated. The pressure drops associated with the

stationary design (i.e. shell and tube and plate heat exchanger) are also investigated.

1.6 Novelty

The analysis on potential temperature increase described in Section 2, which demonstrated
potential liquid phase temperature rise of about AG8fdr CO, absorption in MEA
depending on the concentrations of the MEA solution and the differential loading of/&O
presented at the ICAE 20133]. The study has been extended by assessing the impact of
temperature on parameters that relate to the absorption performance, namely liquid phase
speciation, equilibrium partial pressure and mass transfer resistance using a validated RPB
absorber model implemented in gPROMS ModelBufideExtensive physical property
regression was performed in developing the RPB absorber model to ensure reliable estimates
of the physical properties of the concentrated MEA solution. Existing RPB absorber models
reported in [9-1P were developed using default physical property correlations for 30 wt%
MEA solution. In addition, different intercooler design conceptstationary and rotary

were compared and their potential sizes and associated pressure drop were evaluated based
on a large scale flue gas benchmark of a 250 MWe Natural Gas Combined Cycle Power
Plant.The stationary intercooler follows from the same concept as intercoolers in PBs where
they are located at a suitable position (pinch point) along the column height which typically
divides the column into an upper section (above the intercooler) and a lower section (below
the intercooler). For RPBs, both sections are represented by two separate RPB absorbers with
the intercooler between the(fig.19). On the other hand, the rotary intercooler which is
incorporated within the RPB rotor is a new design not reported previously in litefiafiine.

these analyses, this paper addresses two important fundamental questions: (i) the need for

intercoolers for RPB absorbers operating with concentrated MEA solution as solvent and (ii)
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design approach for RPB absorber intercoolers. The results of the analyses will be useful in
commercial development of RP&bsorbers for application in solvent-based,@apture

processes.

2. Estimation of temperaturerisefor different MEA concentrations

The temperature riseAl) for CO: absorption in a given concentration of MEA solution is
estimated using Eqgn 1. TheH_ is obtained by applying the Gibbs-Helmholtz equation to
solubility data [34 as existing experimental data &4, in literature obtained from direct
calorimetric measurements are mainly for 30 wt% MEA solution. The only existing data of
AH_ for higher concentration is for 70 wt% MEA solution at A2(J35]. The Gibbs-

Helmholtz equation is given in Eqn 2.

"ﬁH Erich — Floan MEA
AT = 7 ( h 1 j[ ]

(1)

Pzoin C;:,so!u

dlnp., AH,

== (2)
o) ], F

The solubility data is obtained using Electrolyte Non-Random-Two-Liquid (eNRTL) activity

coefficient model in Aspen PlfisThe default eNRTL model parameters have been updated
for concentratd MEA solution (> 30 wt%) using solubility data from literature [36-37] via
Aspen Plus® Data Regression System. Comparison between the regressed eNRTL model
predictions and the experimental data show reasonable agreement for different MEA

concentrations (Figs. 3-5).

o
40°C 60°C 80°C
1 100 100
[ 04 0.2 0.3 0.4 a5
0.1 10 10
~ D.01 1 w
o) — £ 1
% é ou e o1 0.2 O3 o-4 5 2 o 0.1 0.2 0.3 0.4 0.5
o 0.001 b 8 0.1
8 O o.01 o
=% Q &~
0.0001 -1 0.01
Model Exptal Data oo Model Exptal Data Model Exptal Data
0.00001 0.0001 0.001
0.000001 0.00001 0.0001
COz2 Loading CO2 Loading CO2 Loading

Fig. 3 Model prediction for 45 wt% MEA solution with data from Aronu et al. [36]
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Fig. 4 Model prediction for 60 wt% MEA solution with data from Aronu et al. [36]
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Fig. 5 Model prediction for 75 wt% MEA solution with data from Mason and Dodge [37]

Generally, Gibbs-Helmholtz equation is inhehgnhaccurge for estimatingAH, due to the
accompanying numerical differentiation [38]. The prediction error is expected to be as high
as +20% [39]. From our comparison of the predictetf, for CO; absorption in 30 wt%
MEA at 40C with experimental data [35], it can be seen that the prediction error is about
10% (Fig. 6). This is reasonable considering both errors in the solubility datamnd
predictions. The prediction errors were also found to be slightly higher for higher
concentration when compared to 70 wt% MEA data [35]. The data for 70 wt% MEA was
taken at 128C and it is the only data for MEA concentrations higher than 30 wt% [35]
Nevertheless, the trend &fH,_ is similar for different concentrations compared to the
reported trends for 30 and 70 wt% MEA as shown in Fig. 7. The results in Fig. 7 show that
AH_ increases slightly with concentration and &#. for any concentration is also relatively
constant up to about a loading of 0.45 mol 0@l MEA. The decline inAH,. beyond
loading of about 0.45 reflects onset of saturation as lessi@bsorbed. The upper limit

loading range in the RPB is expected to be about 0.45 mgh@DMEA. On this basis, it is
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therefore safe to assume thiaki, is fixed over the operating loading range RPBs for

different MEA concentrations.

¢ Exptal data Prediction
100
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O
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Fig. 6 Predicted data vs experimental data for 30 wt% MEA solution
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Fig. 7 PredictedH for different MEA concentrations

Based on the predictesid, values and other parameters shown in Table 1 (the density and
specific heat capacity have been obtained from Asper? RPlasbase), thaT is estimated
for different MEA concentrations using Eqn. Three hypothetic scenarios involving

differential loadings (i.ea,;.; - @.qn) Of 0.15, 0.20 and 0.25 have been assumed. These
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differential loadings are generally achievable based on experience from PBs using 30 wt%

MEA solution as solvent with initial loading of about 0.20.

Table 1. Input conditions used &I estimation

WMEA (Wt %) Pzoln (kg/L) [MEA] (mOI/L) Cp_.so!n (k‘]/kg K) pich -~ Tlean

40 1.144 6.6 3.069
50 1.186 8.2 2.874 0.15,0.2,0.25
60 1.228 9.8 2.685
70 1.273 11.5 2.477

The results in Fig. 8 show increaseAil as concentration increases. This is attributed to the

following:

e Heat of absorption: Increase in temperature rise as concentration increased was because
the heat of absorption for more concentrated solutions are slightly higher as demonstrated

in Fig.7.

e Specific heat capacity: The specific heat capacity of the solution decreases as
concentration increases (Table 1). This means that any given amount of heat in the
solution, will potentially result in highekT in more concentrated solutions than in less

concentrated solution.

The AT is also higher as differential loading«) increases. For a fixed initial loading (in

this analysis initial loading of 0.20 mol G@ol MEA was assumed for all the cases),
increasing differential loading means that more> @absorbed and invariably more heat is
released during CEMEA reaction. Water vaporization and the packings are expected to
have some cooling effect on the solution [10] and as such estiw@tading the method in

this study will be slightly higher than actuAll. However, in RPBs the smaller packing
volume and the higher concentration of the solvent mean that that the potential cooling effect
will be less in RPBs. The estimatad will therefore not be far away as such from the actual
AT.
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Fig.8. Estimated temperature rise for different scenario

3. RPB absorber model

The analysis in Section 2 showed potential temperature rise fer aB&brption under
different MEA concentrations. In this section, additional evidence regarding the impact of
temperature on liquid phase speciation, equilibrium partial pressure and mass transfer
resistance, are presented. To carry out this analysis, a steady state first principle model of an
RPB absorber implemented in gPROMS Model Bufldetas developed. The developed

modelwas validated against experimental data to demonstrate the model fidelity.

3.1  Model development

The assumptions made in deriving the model equations include:
e Steady state conditions
¢ One-dimensional differential mass and energy balances for liquid and gas phases
e Heat losses are neglected

e Reactions are assumed to occur in the liquid film and this is taken into account using

an enhancement factor in the overall mass transfer coefficient
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3.1.1Model Equations

Based on the assumptions, the model is derived using the following equations.

Mass balance:

Gas phasen = ﬁ'ﬂﬂa—f}'}— aN, 3)
Liquid phase:0 = —ﬁ“‘r‘a—n:""} +aN, (4)

Enerqgy balance:

1 #eMhg)
Gas phase0 = ————& — ah, (T, —T,) (5)

Liquid phase:0 = ——— 9y

— 5t a(hy; (T, — T,) — AH Ngo — AH, Ny o) (6)

The unit of AH, in Eqn 5 is J/kmol.

3.1.2 Thermo-physical maosl

The vapour-liquid equilibrium, chemical equilibrium and physical properties are described
based on the eNRTL property method in Aspen ®IT$he eNRTL property method is
accessed from gPROMS ModelBuil8laria the CAPE-OPEN interface. The default eNRTL
activity coefficient model parameters were updated and validated for concentrated MEA
solution as described in Section 2. The liquid phase speciation is described based on the
following equilibrium chemical reactions with the equilibrium constant data obtained from
Aboudheir et al. [4D

Water dissociation: 2H,0 < H;0" + OH~ (R1)
lonization of dissolved C© €O, + 2H,0 « H,07 + HCO; (R2)
Dissociation of bicarbonate: HCO; + H,0 < H,0% + CO3~ (R3)
Dissociation of protonated MEA: MEAH™ + H,0 « H,0" + MEA (R4)
Carbamate reversion to bicarbona#eEACO0™ + H,0 « HCO; + MEA (R5)

The gas phase properties were obtained directly from Aspefi. Hlus sources of the liquid
phase property predictions are summarised in Table 2. The regressed correlations namely,

density and viscosity correlations agree well with experimental data as shown in Eig 9-10
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The surface tension correlation based on default parameters in AspmalBtushowed good

agreement in comparison to experimental data as shown in Fig 11.

Table 2. Liquid phase properties

Property Source Note

Density Aspen PIu8; Rackett equatiorfl] Regression with experimental
data p2] to obtain binary
parameters for concentrated

MEA
Viscosity Aspen PIu§; Andrade equation with Jones-Do Regression with experimental
correction for electrolytp43] data [44] to obtain binary
parameters for concentrated
MEA
Surface tension Aspen Plu$; Hakim-Steinberg-Stiel equation wit Good agreement with
Onsager-Samaras electrolyte correctidd] [ concentrated MEA dat& )
Specific heat Agbonghae et a[45] semi-empirical correlation Developed based on data for
capaciy concentrated MEA
Diffusivity Ying and Eimer [46] correlation for CODiffusivity Developed based on data for
of other components obtained from Aspen Plus concentrated MEA
Henry constant Ying et al. [47] correlation Developed based on data for

concentrated MEA
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Fig.9. Liquid density correlation validation using Jayarathna et al. [42] data
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Fig.10. Liquid viscosity correlation validation using Amundsen et al. [44]
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Fig.11. Surface tension correlation validation using Jayarathna et al. [42] data

3.1.3 Heat and mass transfers

The interfacial heat transfer coefficiert,;) is obtained based on the Chilton-Colburn

analogy [48]:

(7)
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The mass transfer rate is modelled according to the two-film theory, wherein the molar fluxes

for molecular components are obtained as follows:[10]
N; = Kroni['Pg,i —P;) (8)
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The overall mass transfer coefficiefii.(, ;) for CC; is obtained by:

tot.C0. 7 AT 1- 5 9
e R Y

G000, kLc0oE

Thek,,,,; for other molecular components namely MEA, B, and HO is based on the gas

film resistance only as shown in Eqn; 18e liquid side resistances are neglected. The ionic
components are also assumed to exist in the liquid phase only and not transferred to the gas
phase.

Kot = 7o (10)
The equilibrium partial pressure;) is called from Aspen Plfisn gPROMS Model Buildét

using TPFlash method. The enhancement factor is estimated using Egn 11 on the basis of
pseudo first order reaction reggmwhich is generally applicable for GGabsorption with

MEA in packed columns [10, 49]. The apparent reaction rate congiant (is obtained

based on Aboudheir et al. [45] termolecular kinetics model which has been shown to be
reliable for high MEA concentration Kang et al. [1D

\-'Ikappﬂi. £
KLC0q

. (11)

The effective interfacial area, liquid and gas film mass transfer coefficients were obtained
using the following correlations. The choices are based on extensive comparison of different

mass transfer correlations to experimental data [14].

Effective interfacial area [50]:

—0.2 5 0.75 a —0.45
@ 1 5(ayd,) 08 (u) ’ (u) ( G ) (12)

a, Ly Ty rad,

Liquid side mass transfer coefficient [51]:

raf =

1 1 1

k, .d. I L* \3 sa.g(dipirw®\e

Li'p _ 0918( Hy ) ( m ) (_r)E( _,,1.IE"..!.J-| ) {13}
Dy; Dy.pp Hpdy a HE

Gas side mass transfer coefficient [52]:
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3.1.4 Gas phase pressure drop

The gas phase pressure drop (dry) is obtained using the correlation proposed by Llerena-
Chavez and Larachi [20

b 150(1—5}3_{:5( G )111(1}’)4— l.?5(1—5jpﬂ( G ):(l l)

d;e® 2nZ r_[ d,e? 2nZ J‘_[_Z

%pﬂmfﬁg—qu+s(—0ﬂ8—-5+—5%20mHRPMj“3+—mLﬂj} (15)

3.2  Model validation

The model equations presented in Section 3.1 were implemented and solved in gPROMS
Model Buildef using the experimental data of Jassim et al. [53] as benchmark. The RPB
absorber of Jassim et al. [53] used expamet stainless steel mesh with total surface area of
2132 nt/m? and porosity of 0.76 #im>. The inner and outer diameters of the rotor are 0.156

m and 0.396 m respectively and axial height of 0.025 m. Jassim et al. [53] experiments
considered high concentration MEA (55 and 75 wt %) whighvery useful for the
discussions in this paper. The capture level and rich loadings predicted with the model were
validated against the experimental data [53] for different input conditions. The capture level
and loading are predicted using Eqn 16 and 17.

Yeo. in — V.
Capture level = ( COaim - CG:’DM) (16)

Yeogin

Yeo. T Yucor T ¥Yeoz~ T Yugacoo™

Loading =

(17)

Yuga T Yugacoo~ T Yuea*

The experimental data include four cases; Cases 1 and 2 for lower MEA concentrations (53-
57 wt%) and Cases 3 and 4 for higher MEA concentrations (72-78 wt%). Each case includes
four runs with different rotational speed, lean temperature and lean loading. The gas phase for
all the cases in the Jassim et al. [53] experimental work used for validating the model in this

study is a CQ@air mixture. The complete detail of the various cases is presented in Table 3.
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The model validations for the different cases, presented in Fig. 12, showed relative deviation
of about 0.3-3.0% for capture level and about 0.9-6.0% for rich loading. For all the cases,
Runs 3 and 4 appeared to consistently give higher relative deviations than Runs 1 and 2. This
could be because Billet and Schultes [50] correlation used to predict interfacial area in this
study gives less accurate predictions at a higher RPM (Runs 3 and 4) than at lower RPM
(Runs 1 and 2) [14]. The selection of Billet and Schultes [50] in this study was because as
shown in Oko et al. [14], it gives more consistent and accurate prediction for RPBs compared
to other correlations. With a relative deviation of about 0.3-6.0% for both capture level and
rich loading prediction, the model in this study is considered robust and fit to be used to

analyse the process to gain insight about different phenomena.

Table 3 Input process conditions for model validation [53]

Cases Runs Rot. Lean  fj.am Op. 11 - my, COzin Lean composition
Speed Temp. Press.  (kg/s) (kmol/h) FG (Wt%)
(RPM)  (K) (N/m?) (mol%) H0 MEA CO2
1 1 600 312.75 0.0772 101325 0.66 2.87 471 4091 56.00 3.09

2 600 293.85 0.0897 101325 0.66 2.87 460 43.35 53.20 345

3 1000 313.25 0.0772 101325 0.66 2.87 448 4091 56.00 3.09

4 1000 294.05 0.0924 101325 0.66 2.87 445 4240 54.00 3.60

2 1 600 312.65 0.1000 101325 0.35 2.87 443  41.01 55.00 3.99

2 600 295.45 0.0955 101325 0.35 2.87 447  40.11 56.00 3.89

3 1000 312.75 0.0996 101325 0.35 2.87 435 41.03 55.00 3.97

4 1000 295.75 0.0945 101325 0.35 2.87 409 39.10 57.00 3.90

3 1 600 314.15 0.0492 101325 0.66 2.87 440 2232 75.00 2.68

2 600 294.55 0.0389 101325 0.66 2.87 436 20.83 77.00 2.17

3 1000 313.35 0.0483 101325 0.66 2.87 436 2341 74.00 2.59

4 1000 293.85 0.0355 101325 0.66 2.87 429 23.00 75.10 1.90

4 1 600 313.95 0.0582 101325 0.35 2.87 3.55 2495 7200 3.05

2 600 295.25 0.0443 101325 0.35 2.87 438 2157 76.00 2.43

3 1000 312.55 0.0523 101325 0.35 2.87 438 22.16 75.00 2.84

4 1000 293.75 0.0407 101325 0.35 2.87 4.53 19.71 78.00 2.29
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Fig. 12. Model validation results usid@ssim et al. [53] experimental data
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3.3 Model analysis
3.3.1lImpact of temperature on liquid phase equilibrium composition

The equilibrium composition is the liquid bulk concentration for different components at any
given temperature and G@ading. The equilibrium composition for different temperatures
will show the direction of equilibrium, whether to the product or reactant side. When the
reaction is driven to the product side, more of the reacting MEA andi@itbe used up to

form carbamates according to R5 and vice versa. Analysis of the impact of tempenature o
the equilibrium composition will therefore be a good way to demonstrate the impact of

temperature on absorption performance.

The equilibrium composition in our model is based on mass balance of the liquid phase
components and the chemical equilibrium constgtd]. The predicted equilibrium
composition for different C®loading using this method for 73.2 wt% MEA solution (Fig.

13) which although cannot be validated directly due to lack of data at this condition shows
similar trends as the results from more complicated models for 30 wt% MEA sdibdion

55]. The result shows that indeed the solution begins to saturate at about 0.45,0.5 CO
loading as less carbamates (MEACD@re formed indicating that less BIEA reaction

was taking place. This conclusion is in agreement with the deductions from Fig 7. The result
also showed that below GQoading of 0.5, C@exists in the liquid phase in the form of
MEACOQ; concentration of free CQCQOs?> and HCQ are neglible at this condition.

The impact of temperature on the concentration of MEAG®@ssessed for different GO
loading and MEA concentration (Fig. 14Yhe result shows that the MEACOO-
concentration decreases as temperature increases. This shows that rising temperature drives
the reaction equilibrium to the left (reactant side), wherein the products recombines to form
the reacting species. This is a clear evidence that increase in temperature will limit absorption

rate.
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3.3.2 Impact of temperature on equilibrium partial pressure

The equilibrium partial pressure /) is an essential characteristic that contributes to the
available gradient for mass transfer between the gas and liquid phase. As shown in Eqn 8, it
directly affects the mass transfer rate between the gas and liquid phase and as such
contributes to overall absorption performance. It is therefore important to show the impact of
temperature on the equilibrium partial pressure. The impact of temperature on the equilibrium

22
The short version of the paper was presented at ICAE2017, Aug 21-24, Cardiff, UK. This
paper is a substantial extension of the short version of the conference paper.



partial pressure was predicted for different concentratiorendflEA solution (Fig 15) in
terms of Pl following the descriptions in Section 3.1.2. The loading was fixed at
approximately 0.3 mol C&mol MEA and the total pressure fixed at 100 kPa for all the cases.

The temperature was varied between 31353 K as the temperature in the RPB is expected

to vary between this ranges depending on the IG&aling.

. 50 —0—40 wt% MEA
g 40 —%— 50 wt% MEA
S 30 —4— 60 wt% MEA
S 20 70 wt% MEA
10 —8— 80 wt% MEA
0
300 320 340 360 380
Temp (K)

Fig. 15. Impact of temperature on equilibrium partial pressure ef CO

The results in Fig. 15 showed that the equilibrium partial pressure increases significantly

above temperature of 340 K. In addition, the increase re&g,ofabove 340 K increases with
the MEA wt%. TheP}, depends on two parameters, namely the Henry constant and the

concentration of free COin the liquid phase [10]. The Henry constant for any given
concentration changes rather linearly with temperdéd#and do not explain the behaviour

in Fig. 14 above 340 K. However, the concentration of fregi@@he liquid phase appears to
follow a similar trend as Fig. 15 with temperature (Fig. 16) and could be largely responsible
for the behaviour observed in Fig. 15. This further shows that as temperature increases up to a
point that the reverse GEMEA reaction begins to be favoured leading to increases in the

concentration of free COn the liquid phase.

3.3.3 Impact of temperature on mass transfer resistance

The mass transfer resistance directly affects absorption rate as can be seen from Egn 8 and
how it changes with respect to temperature can give insight about the impact of temperature
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on overall absorption performance. This makes it necessary for the impact of temperature on

the mass transfer resistance to be investigated.
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Fig. 16. CQ concentration in liquid phase for 55 wt% MEA at a loading of 0.2

The average mass transfer resistance across the RPB is obtained using the model developed
in this study. Two cases involving 50 and 70 wt% as solvent was assessed to identify the
impact of temperature on the mass transfer resistance for both cases. The rotor speed was
maintained at 600 RPM for both cases and the lean solvent and gas flowrate maintained at
0.66 kg/s and 2.87 kmol/hr respectively. The gas inlet temperature was fixed at 300 K, while
the lean inlet temperature was varied from 313-363 K. The lean loading was set at 0.08 and
0.05 mol CQ/mol MEA for the 50 and 70 wt% MEA cases respectively. The lean loading
and the total concentration is first applied to the liquid speciation model (Section 3.3.1) to
determine the actual lean solvent composition (including the ionic components) which is then

supplied to the RPB model.
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Fig. 17. Average mass transfer resistance for different temperature and MEA concentrations

The results presented in Fig. 17 show a good degree of mass transfer enhancement with
respect to concentration and temperature. It should be noted that the mass transfer resistance
depends on liquid and gas properties such as density, viscosity, diffusion coefficient, surface
tension, physical solubility of the absorbed solute (in this casg @@he solvent and more
importantly the reaction kinetics. All these parameters are directly affected by temperature
and concentration but it is the impact on reaction kinetics that have the greatest influence on

the mass transfer resistarj2é].

In summary, although temperature is seen to enhance mass transfer resistance from this
analysis which is good for the absorption process, the results in Section 3.3.2 indicate
potential tipping point above 340 K where increases in temperature could reduce available
gradient for mass transfer due to its impact on the equilibrium partial pressure. In addition, as
shown in Section 3.3.1, the reverse ANIEA reaction may begin to dominate at certain
temperature making chemical absorption by the solvent impossible. With the temperature rise
predicted in Section 2, it is therefore imperative to intercool the solvent in RPBs to guarantee

best performance.

4 RPB absorber intercooler design

4.1 BenchmarkCO; source

Having established the necessity of intercooling in Sections 2 and 3, possible design
approaches for RPB absorber intercoolers is introduced in this section including sizing and
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pressure drop calculationgrhis is done using flue gas condition from a 250 MWe Natural
Gas Combined Cycle (NGCC) power plant as benchmark. The flue gas specification for the
power plant include flowrate of 356 kg/s and a composition 0{86.2 wt%), HO (4.6

wt%), CQ (7.7 wt%) and Ar (1.5 wt%]56]. The required solvent flowrate to treat the flue

gas is estimated using the approach of Lawal et al. [57] presented in Egn 18. The estimated

solvent flowrate (Fig 18) reflects the impact of the solvent concentration and the differential

loading (x).
m M
., = co, Y MEA (18)
] AaWygy

4.2 Intercooler design options

4.2.1 Stationary intercooler design

The stationary intercooler is assumed to be deployed between two RPB absorbers as shown in
Fig. 19 for cooling the liquid phase. Cooling the liquid phase removes more heat from the
system than cooling the gas phase due to the higher density and heat capacity of the liquid

phase.
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500 | S~ —_
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Fig.18 Solvent flowrate for different conditions

Typical stationary heat exchanger design such as the shell and tube and plate heatrexchange
design are assesed here for the intercooler to determine heat exchange area needed for eac
caseFor the purpose of this design, it has been assumed that the solvent temperature rises to
about 343 K in the first RPB absorber before the intercdthies is based on temperature rise

expectations as demonstrated in Section 2) and the solvent is required to be cooled down to
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about 313 K in the intercooler. Based on this assumption, the intercooler @utg (

estimated as follows:

Q= Iﬁso! CPﬁth [TSDLH\" - TS“:JOUT) (19)

Cooling water is obtained based on energy balance, assuming the cooling water inlet and
outlet temperature to be 288 K and 308 K respectively. Calculated duty and cooling water
demand are given in Fig. 20. The result both show that cooling duty and cooling water
requirement is less for the concentrated MEA solvent. This is because the sensible heat
requirement is generally less due to the lower solvent flowrate (Fig. 18) and lower specific

heat capacity (Table 1) of the concentrated MEA solvent.

Treated gas
Gas phase B
RPB Absorber1 (|[= : % = /f/f//jl_ =V | RPB Absorber 2

4 £ _\__| —
f - —

—— b

Flue gas i i__ "
Rich solvent Intercooler

Fig. 19 RPB absorber setup with stationary intercooler
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Fig. 20. Cooling duty and cooling water

The heat exchanger ared) {s calculated as follows:
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For the shell and tube design, the overall heat transfer coefficient and the pressure drop is
determined using standard procedures outlined in Sinnot [58] with the following

assumptions:

e Stainless steel tubes of % inch OD (by 16 ft length) desired due to the expected high
level of corrosion.

e Triangular pitch tube arrangement

e The shell-bundle clearance (SBC) is obtained from design charts [58] with split ring

floating exchanger (TEMA standard) assumed.

TheAT,,. correction factor (fffor the shell and tube desighabtained as follow§s8]:

F
1—5
JRIFDn [—1 e ]
|l {21]
{ . 2-5.[R +1- R+ D]
R —1)ln
‘ 2-5. R +1+ @I+ D)
Where
T —T
Rg— — sollIN 20l 0UT (22)
Tm,ow - TE"I-V,IN
T —T
Sr — CW.ouT CW.JIN {23)

Tsa LN Tcw,m

For the plate heat exchanger case, it must be noted first that they are generally suitable for
viscous fluids such as the strong MEA solutions as they are able to achieve turbulence at
much lower Reynolds Number, about 100-400 [58]. For this exchanger, the overall heat
transfer coefficient is obtained from design chart [59] andaihe, correction factor Fi
obtained from design charts in Sinnot [[58he tube side pressure drop estimated as
follows [58]:
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4.2.2 Rotary intercooler design

The stationary intercoolers described above involve large equipment, particularly in the case of t
shell and tube heat exchangers. Also, with the stationary intercoolers between each RPB absor
they could still be significant temperature excursions in the absorbers which will adversely affect t
absorption performance. These considerations led to an alternative design approach in which the |
exchanger is incorporated within the rotating absorber, so that maximum benefit may be extract

from the enhanced acceleration environment.

The proposed design is outlined in Fig. 21. It can be seen that the cooling water stream is supplie
the rotor in narrow (~ 5 mm) channels which interleave with the absorption channels, within whic
the flue gas and MEA solution may flow co or counter-currently over the metallic foam packing. Th
MEA solution is assumed to flow radially outwards as a thin film over the reticulated foam packin
under the prevailing centrifugal acceleration. Although some heat transfer benefit can bedexpec
from the enhanced surface area represented by the “fin” effect of the packing, this has been ignored

in the calculations below in order to provide a conservative performance estimate. Therefore, ot

the disc area is assumed to take part in the heat transfer process.

In contrast to the absorber channels, the cooling water channels will run full and will interleave wit
the absorber channels using porting arrangements which are qualitatively similar to those used
plate heat exchangers. This design approach ensures that the heat of absorption is removed as
generated within the packing, thereby ensuring an optimum absorption environment at the lowe
feasible temperature. The additional benefit is that this is achieved with only a marginal increase
equipment size. This is due to the relatively thin liquid film which can be generated in the enhanci
acceleration environment, despite the viscosity of strong MEA solutions. The heat transf
performance and area requirement of the proposed arrangement is estimated as follows, subjec

reasonable assumptions regarding the anticipated rotor structure.
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Fig. 21 New RPB absorber design with intercoolers

Available information is very limited and as a result we have made some assumptions
(guided by the experience of Prof Colin Ramshaw, a renowned expert in this field) tcaobtain
rough estimate for the heat transfer area that will be needed to achieve aifpjlaas in
Section 4.2.1. On this basis, expected cooling duty and cooling water flowrate are therefore
the same as in Section 4.1. From consideration of mass transfer and flooding data for RPB
absorbef18], the RPB absorber for handling flue gas from a 250 MWe NGCC power plant is
predicted to have packing diameter of about 6 m. A plate (or disc) thickness of 0.75 mm is
assumed. Consequently, the heat transfer coefficient for the solveri sides(based on the

liquid film and is obtained as follows:
(25)
Where:

k = thermal conductivity of the solution

s = liquid film thickness on the plate (or disc)
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The liquid film thickness is obtained as follows [60]

<= (ﬂ){%} (26)

2rpiwir?
Where:
w = rotational speed
r = radius
m = mass flowrate/disc

The heat transfer coefficient for the cooling water side is based on a standard correlation for

plate heat exchangers given in Egn 19 [61].
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5 Resultsand discussions
5.1 Stationary intercooler

The heat transfer area and pressure drop for both shell and tube and plate heat exchanger
designs have been evaluated to understand how both parameters are affected by MEA
concentration. Comparing the heat transfer area for both designs in Figs. 22 and 23 showed
that the plate heat exchanger designs will be about 10 times smaller than their shell and tube
counterpart (in terms of heat transfer area) although in reality the actual area for the plate
exchanger will be slightly larger than the estimated value to accommodate the ports and
gasket area. The much reduced heat transfer area of the plate heat exchsiggersde
because of the lower heat transfer resistance as reflected in ies biginall heat transfer
coefficients compared to the shell and tube heat exchanger design. The heat transfer area also
decreases as MEA concentration increase for both designs. However, heat transfer becomes
more inefficient at higher concentration as can be seen in the lower overall heat transfer

coefficients. This is due to the higher viscosity of the solvent at higher concentration. The
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lower heat transfer area at higher MEA concentration is driven not by the heat transfer

efficiency but by the much reduced solvent flowrate at the concentration.

In terms of physical sizes, the plate heat exchanger will also be significantly smaller in
volume compared to the shell and tube heat exchanger. To demonstrate this, a rough estimate
of the volume of both exchangers were obtained for different solvent concentrations (Figs 24
and 25). For the shell and tube heat exchanger, it is assumed to be completely cylindrical with
diameter equivalent to the shell diameter and the length obtained based on the tube length.
The plate exchanger on the other hand is basdygpical plate dimensions of 1.5 m x 0.5 m

x 0.00075 m [54]. The estimate shows that in terms of physical size, that the plate exchanger
will be up to 10-15 times smaller than the tubular exchanger depending on the solvent

concentration.
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Fig. 22 Heat transfer area and overall heat transfer coefficient for shell and tube heat
exchanger
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Comparing the pressure drops, Figs 26 and 27, show that the pressure drop for plate
exchanger is significantly higher and this gets worse as the solvent concentration increases.
Although the plate exchanger design option offers an opportunity for more compact

intercooler for the RPB absorber, the accompanying pressure drop is significantly higher.
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5.2 Rotary intercooler

From the result in Fig 28, it is seen that the required heat transfer area is in similar range as
the plate exchanger design but without pressure drop issues related to the intercooler.
Analysis of the impact of the rotational speed (Fig 29) also showed that overall heat transfer
resistance decreases significantly as the rotational speed increases. This will lead to smaller
heat transfer area (Fig 29). The packings on the solvent side couldcaE®“fins” and

further enhance heat transfer. As a result, the actual heat transfer area maybe significantly
less than estimated values in this study. It must be stated that although this technique will
bring benefits such as smaller heat transfer area, no pressure drop issues related to intercooler
(as with the stationary intercoolers) and better absorption performance, that the axial height
of the RPB will be slightly more. In this study, number of plates (=50) each of 0.75 mm
thickness and 5 mm spacing have been assumed. This means that the axial height of the RPB
will be increasing by about 0.2875 m. For an initial axial height of 2 m, this would represent
an increase in axial height of about 14%. Also, the load on the rotating shaft will be more and
the power consumption of the electrical motor will be slightly more. Regardless, the design

will have far less footprint than the case involving plate exchanger design.
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6 Conclusions

In this study, the need for RPB absorber intercooler was demonstrated. This was done
through energy balance calculations to determine the potential temperature r3@;for
absorption in different MEA concentrationshis was further analysed by evaluating the
impact of temperature on the liquid phase composition, equilibrium partial pressure and the
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mass transfer resistance using a validated RPB absorber model implemented in gPROMS
ModelBuildef’. The analysis showed that the liquid phase temperature will rise sigrificant

and that the absorption rate could be affected significantly above 340 K temperature
Different RPB absorbeintercooler designs - stationary and rotary designs - were introduced.
The intercooler sizes and the associated pressure drops were estimated for scenarios
involving different MEA concentrations as solvent using a benchmark flue gas flowrate from

a 250 MWe NGCC power plarferom the estimates, the shell-and-tube designs will be bulky
and negate the objective of reducing footprint with RPBs. The plate designs on the other hand
are more compact, about 10 times smaller than the shell-and-tube designs but their pressure
drop is higker. A rotary intercooler design is also proposed in this study which involves
incorporating the intercooler in the RPB rotor. Initial estimates show that the required heat
transfer area for this new design will be in the same range as that of the plate exchanger

design.
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