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Why ionic liquids in bubble columns?

Industrial scale

Air to vent
| Laboratory scale |‘F\

Bubble scale

Molecular scale

Concentration +
profile

High temperature, high pressure
and very large scale facilities

Mass transfer spans five orders of magnitude in length, from the diffusive film to the
industrial reactor.
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Euler-Euler transport equations and interphase forces

Phase continuity, momentum and the interphase momentum exchange — phase K € {G, L}, one shared pressure field

d(akpk)
# + V- (agpgug) = Ik
d(agpgug)

T + V- (agpguguyg) = —agVp + V- (agTg) + agpxg + My + Icug

MK=FD+FL+FVM+FWL+FTD
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(3 Dong H, Wang X, Liu L, Zhang X and Zhang S 2010 The rise and deformation of a single bubble in ionic liquids Chemical Engineering Science 65 3240-8

Tomiyama A, Tamai H, Zun | and Hosokawa S 2002 Transverse migration of single bubbles in simple shear flows Chemical Engineering Science

(9) WellekR M, Agrawal A K and Skelland A H P 1966 Shape of liquid drops moving in liquid media AIChE Journal 12 854-62

(@2 Drew D, Cheng L and Lahey R T 1979 The analysis of virtual mass effects in two-phase flow International Journal of Multiphase Flow 5 233-42

(19 Antal SP, Lahey R T and Flaherty J E 1991 Analysis of phase distribution in fully developed laminar bubbly two-phase flow International Journal of Multiphase Flow 17 635-52
(@) Burns A, Frank T, Hamill | and Shi J-M 2004 The Favre averaged drag model for turbulent dispersion in Eulerian multi-phase flows Conf. on Multiphase Flow ICMF2004 vol 392
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Momentum source — drag coefficient and the swarm
correction

Drag force on the dispersed phase

3Cp
Fp =——agp.lu,lu,, uw.=u;—u
4dpg

Swarm correction — Rusche & Issa (2000) (7)

Cp = CD,oo flag), f =exp(kiag)+ a k2

k1 = 3.64, k2 = 0.864 — corrects the single-bubble Cp for the presence of neighbor bubbles.

(3) Dong H, Wang X, Liu L, Zhang X and Zhang S 2010 The rise and deformation of a single bubble in ionic liquids Chemical Engineering Science 65 3240-8

(@) Schiller L and Naumann A 1935 Uiber die grundlegenden Berechnungen bei der Schwerkraftaufbereitung Zeitschrift des Vereins Deutscher Ingenieure 77 318-20

(5) Ishii M and Zuber N 1979 Drag coefficient and relative velocity in bubbly, droplet or particulate flows AIChE Journal 25 843-55

(&) Tomiyama A, Kataokal, Zun|and Sakaguchi T 1998 Drag coefficients of single bubbles under normal and micro gravity conditions JSME International Journal Series B41472-9
(2) Rusche Hand Issa R 1 2000 The effect of voidage on the drag force on particles, droplets and bubbles in dispersed two-phase flow
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Species transport and mass transfer closures

Species transport and the interfacial source term Interfacial area— monodisperse
d(a Yyt . . .
9axp) |y (agprY'ug) = V- (DIV(agpg¥h)) + [y
ot 6“6
PG =
Ico, = kpapg (HeCOZYGcoz E = YLc02> dp
Liquid side controls: the gas-side resistance is negligible for COz in an ionic liquid. Closed by the Sauter mean diameter of the benchmark.
Higbie (1934) — penetration, slip-driven
=2 |2, =l
= , =—, U =|Us;—U
L Tty E u r G L
Jajuee et al. (2006) — surface-renewal stretch @) Li et al. (2020) — modified eddy cell
' 4D | € ' 5 € 20 d Ve, la)
= | |— = — — (V|
L T |V L vy,  pLvydt LIFL

The distinction that matters
Higbie takes the exposure time from bubble-scale kinematics; Jajuee and Li take the renewal rate from the turbulence field, so they inherit the BIT closure.

Higbie R 1934 The rate of absorption of a pure gas into still liquid during short periods of exposure University of Michigan
@) Jajuee B, Margaritis A, Karamanev D and Bergougnou M A 2006 Application of surface-renewal-stretch model for interface mass transfer Chemical Engineering Science 613917-29
LiW-L, Wang J-H, Lu Y-C, Shao L, Chu G-W and Xiang Y 2020 CFD analysis of CO2z absorption in a microporous tube-in-tube microchannel reactor with a novel gas-liquid mass transfer model International Journal of Heat and Mass Transfer 150 119389
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Turbulence and bubble-induced turbulence

Ma et al. (2017) + — DNS-calibrated Rzehak & Krepper (2013) ©
S sir = min(0.18 Regoz3, 1) Fpp - (ug —uy) Sepir =Fp - (ug —uy)
k
S BIT dg S d
SGBIT:OBCD ’ Tzﬁ S et =C 2kPT T:_B
T uG uL € €B T ] —\/E
The Rey, factor is a viscous damping: not all the drag work becomes resolved turbulent
kinetic energy. Ces = 1.0. Assumes complete conversion of the drag work — calibrated on air-water.

Conversion to the w equation (both closures)

1 SkBIT
SwBIT =—3S BIT— W

Cuke¢ k

Cu = 0.09.

Why this matters downstream

The turbulence-based mass transfer closures scale as k;, « ¢'/4, so any bias in the BIT source propagates directly into the predicted k, « field. Ma's Reg, factor stays well below unity when Re, =
0O(1), asitisina107 mPa-s liquid.

(@3 Menter FR, Kuntz M and Langtry R 2003 Ten years of industrial experience with the SST turbulence model Turbulence, Heat and Mass Transfer 4
MaT, SantarelliC, Ziegenhein T, Lucas D and Fréhlich J 2017 Direct numerical simulation-based Reynolds-averaged closure for bubble-induced turbulence Physical Review Fluids 2 034301
(5 Rzehak R and Krepper E 2013 Closure models for turbulent bubbly flows: a CFD study Nuclear Engineering and Design 265 701-11
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The case study — a CO2 / [BMIM] [BF4] bubble column

CO2/ [BMIM][BF:] column ()

Liquid phase [BMIM] [BFa4]
R N Gas phase CO2
— l g u, [Pa-s] 0.107 (92 x water)
Q o [N/m] 0.0436
o [kg/m3] 1201
100 cm OOoo ° He [- 273
75em| | % oo 2 Ul
o o ColumnDcxH 52cmx100cm
Ze % e Sparger 4 needles
o o
T\ Operating mode batch
SUECEEELEEE e | I | | Needle
5 : ' Sparger Ug [mls] 0.0045-0.0060
5,2 cm Temperature and pressure 298 K, atmospheric
X
Flow regime homogeneous
y
What is different about it?
Column of Zhang et al. (2012) (2): 5.2 cm internal diameter, 100 cm high, 75 cm Every standard closure was calibrated on air-water. Here the viscosity is 90x higher, so
unaerated liquid. none of them can be assumed to transfer. The regime stays homogeneous.

(1) Zhang X, Dong H, Huang Y, Li C and Zhang X 2012 Experimental study on gas holdup and bubble behavior in carbon capture systems with ionic liquid Chemical Engineering Journal 209 607-15
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Boundary conditions, mesh and numerics

Gas inlet 4 mass source points at the needles
Liquid inlet none — batch operation

Top degassing

Walls, liquid no slip

Walls, gas free slip

Bubble diameter Zhang correlation, d;,

Structured hexahedral mesh of the ionic-liquid column.
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Results — drag coefficient model assessment

0.045 : - : : 0.16 : : - - :
® Tomiyamact al. (1998) (a) ——  Tomiyama ct al. (1998) (b)
® Dongetal. (2010) 0 14 } =+ Dong et al. (2010)
0.04 || @ Ishii and Zuber (1979) 1 ) —— Ishii and Zuber (1979)
A Schiller and Naumann (1935) ===+ Schiller and Naumann (1935) /,
B  Exp. Zhang etal. (2012) £5% 0.12 7.0
0.035 1 A
° o1}
—_ v
5 003 PO Eoosf
i S 0.06
0.025 e ;
3 H 0.04 |
02t 1
0.0 i 0.02
0.015 - - - - 0 -
0.004 0.0045 0.005 0.0055 0.006 0.0065 0 1 2 3 4 5 6
Ug [m/s] dg [mm]

(a) Global gas holdup using differenct drag coefficient models.. (b) Variation of terminal velocity for different bubble diameters..




POLITECNICO DI MILANO Department of Energy 10

Results — mass transfer in the ionic liquid

35 H @ Higbie(1934) Hikita et al. (1981) (a) -
B Jajuee et al. (2006) Ozturk et al. (1987)
V¥ Lietal (2020) -+ Akita and Yoshida (1973)
3 L N
—_
<
— O
- 25¢ :
) v
— = .
S 2t R -
g v o
u o .-
v oot
1.5¢ ° l (0.2 F|==== Higbie (1934) ;
= = Jajuee et al. (2006)
= Lietal. (2020)
1 - ' - - 0 ' ' ' '
0.004 0.0045 0.005 0.0055 0.006 0.0065 0 02 04 06 038 1
Ug [m/s] z/H [-]
(a) Volume-averaged k a against Ug, with the empirical correlations. (b) Axial k_profile at U = 0.006 m/s.
Magnitude agrees Location does not Why it matters
All three closures fall inside the spread of the Akita, Hikita Higbie rises monotonically with the slip velocity; Jajuee The same volume-averaged k; a hides a different picture of
and Oztiirk correlations. and Li peak near the sparger, where ¢ is highest. where the column actually absorbs.

Empirical k a correlations in (a): Akita K and Yoshida F 1973 Ind. Eng. Chem. Process Des. Dev. 12 76-80 - Hikita H, Asai S, Tanigawa K, Segawa K and Kitao M 1981 The Chemical Engineering Journal 22 61-9 - Oztiirk S S, Schumpe A and Deckwer W-D 1987 AIChE Journal 33 1473-80
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Does it generalise? A resolved water benchmark

0.14 r r - - 1.2 - - - "
e Higbie (1934) (a) = Higbie (1934) (b)
== = Jajuee et al. (2006) == = Jajuee et al, (2006)
0.12 k| = Lietal (2020) i me= Li et al. (2020)
B Exp. Deckwer et al. (1978) (£10%) I B Exp. Deckweretal. (1978) (+10%)
0.1
— 0.08 }
éj 0.06 |
0.04 t
0.02 t
0 : : : ' 0 : : ' :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Z/H [-] Z/H [-]

Time-averaged axial(a) gas holdup and (b )CO2 mole fraction in gas phase against the measurements of Deckwer et al. (1978),

Agreement
Gas holdup within 18-26%, largest at the inlet where the uniform inlet condition; CO2 mole fraction within 3.7-9.2%.

1

Liquid / gas water / air-COz2

u, [Pa-s] 1.166 x 1073

ColumnDc xH 15cmx 440 cm

Sparger sintered plate
Operating mode cocurrent
Ug [mi/s] 0.0275

U, [mis] 0.0472

Bubble diameter 2.9 mm, measured

Why this case

It is a CO2 column with axial profiles of both holdup and gas-phase
concentration the only way to test where the closure puts the
transfer.

Read it as a generality check

A different liquid, sparger and flow direction, with the closure set
left as validated on the ionic liquid.

(2) Deckwer W-D, Adler | and Zaidi A 1978 A comprehensive study on COz-interphase mass transfer in vertical cocurrent and countercurrent gas-liquid flow The Canadian Journal of Chemical Engineering 56 43-55
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Results — impact of bubble-induced turbulence

5 2
c
(a) (b) 8 | B Maetal (2017) == == Hikita et al. (1981) ( ) 1
@  Rzehak and Krepper (2013) Ozturk et al. (1987)
4t Akita and Yoshida (1973)
{ / \\ 1.5} T °
\ 2 ‘o = °
('l\]’_‘ 3 I \\ 1 E ~ -~ —~ N @
- il — — I
e ""“\.\"{-'\._/'\../‘-/’«/ \.‘ ““ 1 N—_/-—:_—__:" E
T‘D \\ 2 - — 4
32 =z S
~2 == _———————
—————T u
————— T |
1l 0.5 2 p
N,
N, . . . .
0 : : : : 0 e - - 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 | 0.004 0.0045 0.005 0.0055 0.006 0.0065
z/H [-] z/H [-] Uc [m/s]
- Maetal. (2017) = = Rzehak and Krepper (2013) ==+ No BIT
(a) Gas holdup and (b) k, axial profiles comparing BIT models (c) Volume-averagedk a against Uy
Without BIT Rzehak & Krepper © Maetal. @ +
¢ collapses, k; a falls to negligible levels and Higbie shows All the drag work becomes turbulent kinetic energy: ¢ and The min(0.18 Reg%-23, 1) factor damps the source term
an unphysical rise near the top. ki a are inflated above the correlation band. proviginf the best agreement with the correlations.

Ma T, Santarelli C, Ziegenhein T, Lucas D and Fréhlich J 2017 Direct numerical simulation-based Reynolds-averaged closure for bubble-induced turbulence Physical Review Fluids 2 034301
(#5 Rzehak R and Krepper E 2013 Closure models for turbulent bubbly flows: a CFD study Nuclear Engineering and Design 265 701-11
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Results — impact of the operating mode

-3 —4
2.6 p10— : : : - (- : : :
. @ s O
247¢ 0.975
A
°
22} 095+
@ ° ) A n
S 2 095 = o
2 4 < L " e
1.8 | ¢ A m 1 0.9}
[ ]
A ]
1.6 - - 0.875 f °
A
1.4 - : - - 0.85 : : : :
04 045 05 055 06 065 04 045 05 055 06 065
Ug [cm/s] Ug [em/s]
| A  Batch B Co-current ®  Counter-current |
(a) ka and (b) k, against Ug, for the three modes.
Counter-current gives the highest &, a Batch gives the highest &,

The opposing liquid flow retains the bubbles, the gas

holdup and provides larger interfacial area. Co-current.

Counter-current

Predicted values are larger than those for Counter and

Co-current Batch
z7=0.66 m
z=0.38 m
z=0.20 m
z=0.13m
]
0.12 0.18 .24
oG [-]

(c) Void fraction contour slices.

Contour lllustrates

Opposing flows causes higher dispersion of gas phase in
the column increasing interfacial area.
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Conclusions
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Backup — mesh independence

Mesh Cells JAVAE] Radial Global gas holdup
Coarse 18 000 100 12 2.22%
Medium + 41600 130 16 2.24%
Fine 80000 160 20 2.25%
0.1
0.08 r
_0.06¢
é70.04 -
18,000 cells
0.02 1 — — 41,600 cells
= 80,000 cells
O n N N
—1 -0.5 0 0.5

r/R[-]

Radial gas-holdup profiles at U; = 0.006 m/s; the global holdup changes by 0.03 percentage points across the three grids, so the medium mesh (41600 cells) is retained for all

production runs.
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Backup — time-step independence

At [s] Max Courant number Global gas holdup
0.003 7 0.316 2.24%
0.005 0.524 2.23%
0.008 0.828 2.22%
0.1
R\
0.08 A T
__0.06
g 0.04
—— Ar=0.003s
0027 — = Ar=0.005s
— - Ar=0.008s
O i 1 "
—1 —0.5 0 0.5 1
r/R[-]

Radial gas-holdup profiles for three time steps, with the time-averaged maximum Courant number verified in each case; the global holdup varies by 0.02 percentage points.



Department of Energy
POLITECNICO DI MILANO

Backup — discretisation schemes

Time derivative

Euler, implicit first order

Phase fraction convection

van Leer TVD, bounded

Momentum convection

limited linear, bounded second order

Turbulence convection

limited linear, bounded second order

Species convection

limited linear, bounded second order

Diffusion corrected central differences
Pressure GAMG, tolerance 1e-8
Uk oY smooth solver, Gauss-Seidel
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Backup — physical properties

Property [BMIM][BF4] - CO2 (298 K) Water - CO2/air (287 K)
pr. [kg/m3] 1201 998

pe [kg/m3] 1.8074 1.85

u, [Pa-s] 0.1069 1.166 x 1073

ue [Pa-s] 1.49 x 1075 1.4396 x 1075

o [N/m] 0.0436 0.073

D [m2/s] 3.8x 10710 1.466 x 107

He [-] 273 0.96

Sources: Zhang et al. (2012) and Anthony et al. (2005) for the ionic-liquid system; Rzehak & Krepper (2016) for the water system.

20
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Why Ma’s closure wins at high viscosity

Ma Rzehak NoBIT
gt W Maetal 2017 = = Hikita et al. (1981)
H — 066 m @  Rzehak and Krepper (2013) =« Ozturk et al. (1987)
«« =+ Akita and Yoshida (1973)
=6} ) ¢
H=0.38m I L
7 °
o
—4r
H=020m 3,
e i
2 =" ‘_".:‘—‘ ____ . ""‘"““‘
elilole - |+ -
] 0 . : : '
0 2.12 4.24 8.48 0.004 0.0045 0.005 0.0055 0.006 0.0065
€ [m?/s3] x 1072 Ug [m/s]
(a) Time-averaged: field. (b) k a against Ug with the correlations.
_ Rzehak & Krepper
m1n(0.18 ReBO'ZS' 1) <1 for Rep =0 (1) No Reg correction: ¢ and k; a are inflated well above the correlation band.

Ma T, SantarelliC, Ziegenhein T, Lucas D and Frohlich J 2017 Direct numerical simulation-based Reynolds-averaged closure for bubble-induced turbulence Physical Review Fluids 2 034301
(@5 Rzehak R and Krepper E 2013 Closure models for turbulent bubbly flows: a CFD study Nuclear Engineering and Design 265 701-11
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Backup — nomenclature

Pk, Uk

uK, ur

FK’FKi

volume fraction of phase K

density, dynamic viscosity

phase velocity, relative velocity

phase stress tensor

interphase momentum exchange

mass and species source

Reg, Mo, Eo

He

bubble and Sauter mean diameter

drag, lift, virtual-mass coefficients

turbulence quantities

volumetric mass transfer coefficient

bubble Reynolds, Morton, Eotvos

dimensionless Henry constant of CO2

22
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       𝜕 (  𝛼 K  𝜌 K )  𝜕 t + ∇ ⋅ (  𝛼 K  𝜌 K  𝒖 K ) =  𝛤 K     𝜕 (  𝛼 K  𝜌 K  𝒖 K )  𝜕 t + ∇ ⋅ (  𝛼 K  𝜌 K  𝒖 K  𝒖 K ) = −  𝛼 K ∇ p + ∇ ⋅ (  𝛼 K    𝜏 ¯ K ) +  𝛼 K  𝜌 K 𝒈 +  𝑴 K +  𝛤 K  𝒖 K    𝑴 K =  𝑭 D +  𝑭 L +  𝑭 VM +  𝑭 WL +  𝑭 TD


   𝑭 D =  3 4    C D   d B  𝛼 G  𝜌 L  |  𝒖 r |  𝒖 r ,    𝒖 r =  𝒖 G −  𝒖 L


   C D =  C  D , ∞   f (  𝛼 G ) ,   f = exp (  k 1  𝛼 G ) +  𝛼   G   k 2


       𝜕 (  𝛼 K  𝜌 K  Y i )  𝜕 t + ∇ ⋅ (  𝛼 K  𝜌 K  Y i  𝒖 K ) = ∇ ⋅  (  D i ∇ (  𝛼 K  𝜌 K  Y i ) ) +  𝛤   K i    𝛤   L   CO 2 =  k L a    𝜌 L  ( H  e   CO 2  Y   G   CO 2    𝜌 G   𝜌 L −  Y   L   CO 2 )


  a =   6  𝛼 G   d B


   k L = 2   D  𝜋  t E ,    t E =    d B   𝒖 r ,    𝒖 r =  |  𝒖 G −  𝒖 L |


   k L =    4 D 𝜋   𝜖   𝜈 L


   k L =  D   𝜖   𝜈 L −   2 𝜎   𝜌 L  𝜈 L  d  d t  (  | ∇  𝛼 L |  𝛼 L )


      S   k BIT = min ( 0 . 18   R  e   B  0 . 23 , 1 )    𝑭 D ⋅ (  𝒖 G −  𝒖 L )    S   𝜖 BIT = 0 . 3    C D    S   k BIT 𝜏 ,   𝜏 =    d B   |  𝒖 G −  𝒖 L |


      S   k BIT =  𝑭 D ⋅ (  𝒖 G −  𝒖 L )    S   𝜖 BIT =  C  𝜖 B    S   k BIT 𝜏 ,   𝜏 =    d B   k


   S   𝜔 BIT =  1   C 𝜇 k  S   𝜖 BIT − 𝜔    S   k BIT k


  min ( 0 . 18   R  e   B  0 . 23 , 1 ) ≪ 1   for   R  e B = O ( 1 )
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