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Motivation & Aim
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Large scale gas-liquid processes are of great
importance for our everyday life

o Chemical & Biotec industry vot

o CO, Absorption & Carbon capture
o Pharmaceutical industry

« Mass transfer often limits Reactor performance

 Fluid properties influence bubble shape & velocity
« Bubble dynamics determine the wake structure and flow

Image of an industrial site showing
large scale chemical reactors
(image BASF)

Molecular Scale

Bubble Scale

Industrial Scale

patterns, controlling local and global mixing Kd g
- Mixing directly affects mass transfer and reaction rates L
- Chemical reaction effects fluid properties and mass transfer .
[1] Besagni (2018)
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Molecular scale

Interaction between CO, and ionic species determine solubility,
interface concentration and reaction pathways

Bubble scale

Fluid properties (viscosity, surface tension, density) influence
bubble shape, velocity and film thickness

Macroscopic scales

Fluid dynamics control mixing and interfacial renewal
determining the overall mass transfer rate

Taylor Bubbles

+ Reduced complexity at high predictability and reproducibility
Good accessibility for optical measurement techniques

« Reliable adjustment of fluid dynamic conditions

+ High safety measures and small liquid volumes

Molecular Scale

Gas Interface
1

Liquid

Bubble Scale

Industrial Scale

—
Mass flux

L.

Lab Scale

] Air to vent

[2]

Taylor bubbles allow us to isolate the fundamental mechanisms governing mass transfer

[1] Besagni (2018)

[2] sPP 1740 (2023)
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State of the Art — Taylor Bubbles
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 Large, elongate bubbles in a confined space [3]

* Rise velocity v, independent of bubble volume
once Taylor bubble shape is developed [3 4,5, 6]

« Characterized by the E6tvos number

ApgD.? Buoyancy forces

o Surface tension

- Buoyancy driven if critical E6tvés number is
exceeded [3]

Eogjr = 4

» ldeal to study mass transfer over a time
interval, enabling initial mass transfer studies

w

M
1

—_
I

Mass transfer cefficientk;, / m - s?

o

D EOD -
55 410
6.0(Circular) 4.88
6.0(Square) 4.88
7.0 6.64
8.0(Circular) 8.68
8.0(Square) 8.68

[#)]
|

8 9 10 M

13 14 15
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Data from Kastens et al. [6]
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p Density
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g Gravitation
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n Dynamic
viscosity / Pas

p Rise velocity
[ ms

[3] Taylor (1961)
[4] Kexel (2023)
[5] Hayashi (201)

[6] Kastens (2015)
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Why lonic Liquids?
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» Negligible vapor pressure and high
chemical and thermal stability

> prevents solvent evaporation and loss

« Tunable and wide physiochemical
properties depending on cation-
anion combination (about ~10'4)

»Physicochemical properties can be
systematically tailored

> Interesting to study influence on mass
transfer

ﬂ—butyl—3—methylimidazo|ium tetrafluoroborate

[BMIM][BF4]

Physical absorption BFz
Relatively low viscosity

Well studied benchmark

for CO, study NN

-

1-ethyl-3-methylimidazolium acetate
[EMIM][OAC]

N

-
Physical/chemical Y
absorption

High viscosity
Stronger CO, affinity

(N
\/ )
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Determination of Thermophysical Properties
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Experimental Parameters: )
- 14 Binary mixtures of [BMIM][BF,] and water
« Temperatures T = 293.15, 298.15 & 303.15 K
\_ « All experiments at atmospheric pressure )

« Shearratey e {1, 100} s™ « Surface age 15-7500 ms

/ Viscosity \ / Surface tension \ / Density \
* Kinexus PRO rheometer - KRUSS BP50 tensiometer - A.Paar DMA35 densimeter
- Concentric cylinder * Bubble pressure method * Mean values reported
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Taylor Bubble Experiments
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10 I ' ‘ ' ‘ | (—® Exhaust
i $
Experimental rac | % ; % $ _ A" Section compute
. . DMSO
* Nikon D7500 equi % % % /N
Planar 2/50M rece, 8t 3 | Solvent g
- Backgroundillums _| ¢ | Duct
.“.é % Bubble
« Capillary diametez o | Capillary
£ ¢
3 A

Fluid dynamic ini

5@ T T
« Terminal rise velo Solvent System: Water/BMIM[BF4] ~
CentrOid in staant 4l Capillary diameter d. = 6 mm | -
g T=20"°C _ ol
. . . —1.013 bar .
- Air bubbles in air | | . | _ [pmlOBE ‘ ‘ i
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Mass fraction BMIM[BF4] x / - Mass fraction [BMIM][BF4] w [ -

Mass transfer dduwu.

« Counter current flow adjusted by valve V1 to
keep Taylor bubble at fixed position

« Mass transfer from the bubble shrinkage
« CO2 bubbles in IL/Water mixtures

LE‘ C
*| EOtv®ls numloer I:)o changes due to mixture
yYlependent physiochemical properties

v

tesignificant influencing quantity to Eétvos
number: Surface tension o

Relevant components: a) SLR camera Nikon D7000; b) Upper glass tank; c) Glass capillary; d) LED backlight;
e) Overflow tank
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CO, Taylor Bubble Motion in IL/Water Mixtures
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Dependencies of Bubble terminal rise velocity vy,:

« Independent of bubble volume

- Depending on [BMIM][BF4] mass fraction

E6tvos number Eo / -

—0.033(1/g, — 0.25)

-H(Eo —

Whidg 3 O—SO%ﬂgg foldcdRd own fit

wemim > 0.8 : Froude drops strongly

0.18 l L
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< 0127 o viscosity 5 & &
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= 107
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=
n
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10

Viscosity /Pas

Three Taylor bubble termlnal rising states can be
distinduished:

Eo <\5
8 <Eo <9or 0.5 <wgym < 0.8 : Froude constant
Eo > 9 or

[4]

D

Vb

E Ocrit

Fr

Capillary
diameter / mm

Rise velocity
[/ mm-s!

Gravitation
constant
m-s—2

E6tvos number

Critical EGtvos
number /-

Froude number

Heaviside step
function

mass fraction

[4] Kexel (2023)
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CO, Taylor Bubble Motion in IL/Water Mixtures
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100 = . 0 10*
Solvent System: Water/BMIM[BF4] 5 < i oy N N
Capillary diameter d, = 6 mm P 6 S | A -‘?\“ D
-2 _ = // i x
10 :;12% ]3Cbar /, /// 1 (0 § Independent of inertial effects AN VI
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- Similar effects have been observed by White [7] 3 : v
10 f 2 L
. . . = Independent of viscosity |
(1) No independencies (white) z sand surace tension. &
. . lO—‘ .
() Independet of viscosity
Independdnt of
. iscosily Il
(VII) No bubbile rise (dark gray) 00 | EZZY /‘%'2
. . . /
« Measured data shows sort of transitional regime 1012 m—rwrerer — —
. 2 4 i 10 20 40 3paD, 100 200 400 1000
(|Ight gl’C]Y) E6tvs number Eo = —{, [7] white (1962)
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Determining Mass Transfer Coefficients from Taylor Bubbles
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1\7

Real time recording showing
a time span of At = 6.81 s

Determination of the mass transfer coefficient according to Hosoda [8]

ki =

Mass transfer coefficient k, [/ m s

N

-
(@)

—_—

o
o

o

+ Temperature T = 293.15K

Input for calculations:

H ( ) - Pressure*Volume (pV) from experiment
PsVE . i
pCVRTA dt Henry <.:on§to.nt H for egch rmxture from Cosmo
« Analysis within linear time interval of volume change
« Area A of bubble reconstructed from images
x104 k_ in linear region (mean = 9.005e-05 m/s)
I I I I I I
- A i A h —
» X | i | "k ‘ ' ‘
| | | | |
0 1 2 3 4 6

Time (s)

A

p

Pp

Cy

Vs

ki

Surface area/
mz

Pressure | Pa
Bubble

pressure
| Pa

Mixture Molar
concentration
[ mol L

as constant
J molK!

Bubble volume
[m3

Temperature
/K

Henry constant
Mass transfer

coefficient
ms’!

[8] Hosoda (2014)
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CO2 Mass Transfer Coefficient in [BMIM][BF4] o [ TS
Multiphase Flows
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CO2 Mass Transfer Coefficient in [BMIM|[BF4]

00O
TUHHImS

Institute of
Multiphase Flows

Kexel et al.
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4 1 | Capillary diameter d. = 6 mm
9l . {|r=2-c
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. . L p=1013 bar o | o
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‘0 01 o0z 03 04 05 06 07 08 09 i 10° 3 4 é é 7 é 1‘; 10 10°
Mass fraction [BMIM][BF4] w [ - Eétvés number Eo /-
- Dependency of mass transfer to E6tvdés number is limited to the individual liquid phase!
« Value of mass transfer seems to be closely connected to viscosity
- Low ionic liquid concentrations seem beneficial for higher k;
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Physiochemical Properties of lonic Liquids and bubble motion M 4
v Besides CO, solubility (ongoing) all relevant parameters have been p s ¢ Lo
measured . =1
v’ Surface tension & viscosity are identified as most influential parameters ; | B ' o
g @ 2 = L 10
3 H
CO2 Mass Transfer of Taylor Bubbles in lonic Liquids i} i1,

v'Mass transfer behavior is highly depending on mixture properties, pm——ot
especially viscosity

v' There seems to be a local optima in mass transfer performance at low
mass fractions of lonic Liquid in water (wgyy < 10 %) e

Outlook & Pending Work
» Obtaining data for both lonic Liquids (BMIM/EMIM)

Lab Scale

» Determination of the Diffusion coefficient for all mixtures | i

» Connect CO, solubility in relevant IL/Water mixtures to the mass transfer L ox

> Define an ideal operation point e.g., by defining a suitable cost function —
> Transfer to larger scale experiments following the multiscale approach [1] @

[1] Besagni (2018)
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