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In order to obtain data on kLa behavior inside the Rotor-Stator 
Spinning Disc Reactor (RS-SDR) a numerical simulation is 
constructed. The model is simplified to Taylor bubble flow through a 
microchannel. A 1D and 2D model are constructed. 
 
The 1D model is built in MATLAB and includes a broad range of 
phenomena. However, fluid flow is not incorporated. The 1D model 
simulates bubbles moving stepwise through a channel in the same 
direction as the liquid. Phenomenologically, a high degree of 
complexity is accomplished. The model shows the growth of a 
viscous boundary layer surrounding the bubble, which increases the 
mass transfer limitation. The model is not fit to conduct kinetic 
studies. This is due to the mass transfer rate being lower than the 
reaction rate, the  kLa values are not stable over time and the model 
is too elaborate to fit kinetic data in a timely manner and produce a 
unique solution. 
 
The 2D model is done in OpenFOAM and includes fluid flow around 
a fixed shaped bubble. The frame of reference is with the bubble. 
The stagnant bubble is corrected by inducing the bubble velocity 
negatively onto the wall and the liquid. The relative error for the 
velocity field is still too high for numerical simulations. However, the 
fixed shape of the bubble was in good agreement with experimental 
bubbles. 
 
For future research it is recommended to finalize both models. This 
means adding all the crucial phenomena. After all the crucial 
phenomena are implemented, simplifications need to be applied in 
order to obtain models whom are able to fit kinetic data. 
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Nomenclature 
 
Parameter Units Name 

Roman characters  
𝑨𝟎 𝑠−1 Pre-exponential coefficient 

𝑪𝒊 𝑚𝑜𝑙

𝑚3
 Concentration 

𝑪𝒑,𝒊 𝐽

𝑚𝑜𝑙𝐾
 

Molar specific heat capacity 

𝑫𝒄𝒉 𝑚 Channel diameter 

𝑫𝒊 𝑚2

𝑠
 

Diffusion coefficient 

𝑬𝒂 𝑘𝐽

𝑚𝑜𝑙
 Activation energy 

𝑬𝒓𝒆𝒍 − Relative error 

𝒈 𝑚

𝑠2
 Earths gravitational constant 

𝜟𝑯𝒇
ѳ,𝒊 𝑘𝐽

𝑚𝑜𝑙
 

Heat of formation 

𝜟𝑯𝒓
ѳ,𝒊 𝑘𝐽

𝑚𝑜𝑙
 

Heat of reaction 

𝜟𝑯𝒗𝒂𝒑
ѳ,𝒊  𝑘𝐽

𝑚𝑜𝑙
 

Heat of evaporation 

𝒉𝑳𝑳 𝑊

𝑚𝐾
 

Laminar thermal conductivity 

𝒌𝒊𝑳 𝑚2

𝑠
 

Laminar diffusion coefficient 

𝒌𝑳𝒂 𝑚𝐿
3

𝑚𝑅
3 𝑠

 
Mass transfer coefficient 

𝑳𝒍𝒂𝒎𝒊𝒏𝒂𝒓 𝑚 Length of laminar boundary layer 

𝑴𝒊 𝑔

𝑚𝑜𝑙
 Molar mass 

𝑷 𝑃𝑎 Pressure 

𝑹 𝐽

𝑚𝑜𝑙 ∗ 𝐾
 Gas constant 

𝑹𝒄𝒉 𝑚 Channel radius 

𝒕 𝑠 Time 

𝑻 𝐾 Temperature 

𝑼 𝑚

𝑠
 Velocity 
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< 𝑼 > 𝑚

𝑠
 Average velocity 

𝑽𝒎,𝒊
𝑩𝑷

 𝑚3

𝑘𝑚𝑜𝑙
 

Molar volume at boiling point 

𝑽𝑹 𝑚𝑅
3  Reactor volume 

𝒘𝒊 − Mass fraction 

𝒙𝒊 − Molar fraction 

Greek characters  
𝜶𝑴𝑰𝑿 𝑚2

𝑠
 

Thermal diffusivity 

𝜹𝒇𝒊𝒍𝒎 𝑚 Film thickness 

𝜺 𝐸

𝑚
 Energy dissipation 

𝜻𝒊 − Solution in arbitrary units 

𝜼𝑲 𝑚 Kolmogorov length scale 

𝝀𝒊 𝑊

𝑚𝐾
 Conductivity 

𝝁𝒊 𝑃𝑎 ∗ 𝑠 Dynamic viscosity 

𝝂 𝑚2

𝑠
 

Kinematic viscosity 

𝝆𝒊 𝑘𝑔

𝑚3
 

Density 

𝝈𝑳 𝑘𝑔

𝑠2
 Surface tension 

𝝓𝒎 𝑚𝑜𝑙

𝑠
 Molar flux 

Dimensionless numbers  
𝑪𝒂 − Capillary number 

Ë𝒐 − Ëotvos number 

𝑹𝒆 − Reynolds number 
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1 Introduction 

Due to worldwide growing demand for chemicals and climate change, process 
intensification is a good approach for decreasing the footprint of a chemical plant. 
Process intensification achieves better control of conversion and selectivity without 
diminishing either safety or rate of production. To achieve intensified processes, 
reactant and product streams need to be controlled more accurately and mass and 
heat transfer limitations need to be eliminated or, at least, significantly reduced. The 
goal of the intervention is to operate reaction systems at the intrinsic kinetic rate, 
rather than being limited by mass or heat transfer. This is especially of interest for 
reactions which are pseudo-instantaneous and where mass and heat transfer have a 
large influence on the formed products. 
 
Aromatic sulfonations are an example of such reaction mechanics. The products of 
sulfonation processes are utilized in anionic surfactants, liquid hand cleaners, soap 
bars, general house hold and personal care products, as well as dyes and pigments, 
medical processes and organic intermediates and pesticides. Allied Market Research 
have calculated a market size of these products of around $43,7 billion dollar in 2017, 
with a forecast of growing to $66.4 billion in 2025. The predicted growth is around 5% 
per year [1]. Public data shows an estimation dating from 2003 that the world wide 
capacity was 4.9 million metric tons [2] [3]. Intensifying these processes could reduce 
waste stream and energy usage enormously. 
 
During the sulfonation process an SO3 group is attached onto an organic molecule, 
producing a molecule with a sulfonate moiety (C-SO3). This can either be a salt, 
sulfonyl halide or a sulfonic acid. An example is the sulfonation of toluene to p-
toluenesulfonic acid,. The characteristics of this reaction are the extremely high rate, 
the product can reach a viscosity up to a 350 fold more viscous than the reactants [4] 
and it is extremely exothermic (ΔTadiabatic = 685 K). As mentioned before, these 
characteristics lead to problems in the reactors. The steep increase in viscosity is 
detrimental for the mass transfer and the increase in temperature favours undesired 
reactions [3] and could potentially create hotspots. Hotspots can result in a thermal 
runaway and a shift in selectivity. 
 
The market for sulfonation processes is highly competitive for decades, implying that 
production technologies have matured. The most apparent sulfonation is conducted 
in a falling film reactor (FFR). An FFR can handle viscosities up to ~1.5 Pa·s, 
whereas some important products can reach viscosities up to ~40 Pa·s [5]. Combined 
with high temperature cooling and a high pressure drop for the gaseous SO3 , the 
viscosity limitations can be counteracted to a certain extend. However, with the 
mentioned techniques, hindrance is still experienced. The liquid flow is mainly 
laminar, hence gaseous SO3 will be absorbed via the interface area, consequently 
mass and temperature gradients will form in the axial and radial directions. These 
gradients influence mass and heat transfer characteristics, resulting in different 
conversion and selectivity at different heights of the column. Consecutively the 
thickness of the film varies along the reactor ranging from 0.5 – 2 mm, which may 
cause clogging. 
 
Mass and heat transfer limitations can be diminished by introducing mixing. Mixing 
counters clogging and conversion as well as selectivity increases towards the desired 
product at higher mixing rates. Research into the mass and heat transfer inside a 
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rotor stator spinning disc reactor (RS-SDR) have shown to drastically decrease the 
limitations [6]. An RS-SDR is a reactor with a disc the size of a Blu-ray. The disc 
rotates with several thousand rotations per minute. For liquid flow, this introduces a 
great degree of turbulence. If gas is introduced, the gas-flow will turn into a finely 
dispersed bubble flow. 
 
The hypothesis is that the limitations in mass transfer in sulfonation processes, 
conducted in a RS-SDR, can be reduced. The reduction can be accomplished by 
introducing high sheer forces in the liquid. Sequentially, this results in a high degree 
of turbulence. The high sheer forces in the liquid put a lot of strain on the bubble, 
dispersing the gas flow to small bubbles and consequently increasing the specific 
interfacial area. The high degree of turbulence results in a high refresh rate of liquid 
around these bubbles. Both phenomena have a favourable effect on the mass 
transfer rate. To test the hypothesis it is necessary to obtain knowledge on mass 
transfer behaviour inside the RS-SDR. If the results of this research are positive, 
further research could explore the influence of both phenomena on the heat transfer 
limitation and  the possibilities of fine-tuning these characteristics inside the RS-SDR. 
 
In this work the method to obtain data on the behaviour of the mass transfer rate is to 
model a bubble inside the reactor. The problem is simplified by making a horizontal 
microchannel through which a bubble flows. This is called Taylor bubble flow. The 
bubble size, as well as the bubble velocity can be modified by adjusting the channel 
radius and the Reynolds number governing inside the channel. Two models were 
constructed to obtain data on the behaviour of the mass transfer coefficient. The first 
model is reviewed on its capability to conduct kinetic studies and fitting kinetic data. 
The second model was not developed until such complexity and is reviewed on its 
capability representing Taylor bubble flow through a horizontal microchannel. 
 
The first model is one dimensional and constructed in MATLAB 2017a.  This model is 
made to obtain a rough estimate on the behaviour of the mass transfer in the afore 
mentioned system. In this case only radial mass transport is considered, axial flow is 
neglected, as well as the eddies in the liquid slug between two consecutive bubbles. 
The bubbles, as well as the liquid slugs, move in a stepwise manner. The model 
consisted of three reacting components, one inert component and varying 
temperature, diffusivity, mass transfer coefficients, density, viscosity, conductivities 
and heat transfer coefficients. 
 
The second model constructed is a two dimensional computational fluid dynamic 
(CFD) simulation made in OpenFOAM. The aim is to construct a flat plate system 
through which the liquid and gas are moving. The system has the radius of the 
channel as the height, length of the channel as the length and an arbitrary depth 
(towards infinitely small), with the assumption that the system is symmetric around 
the centre of the channel. The frame of reference is the bubble. This implies that the 
bubble will be stagnant and the fluid as well as the wall velocity are corrected 
accordingly. The correction is done by inducing the bubble velocity negatively onto 
the wall. The bubble shape is fixed in time, with a spherical head and tail as well as a 
body which is a scalar multiplied by the radius of the channel. In this model, the 
eddies have not been neglected and a more accurate approximation of the mass 
transfer behaviour is achieved. 
 
In chapter 2 the theoretical framework will be explained. In chapter 3 the methods will 
be described, as well as the programming languages will be discussed concisely. In 
chapter 4 the results will be presented and discussed. In chapter 5 the results will be 
concluded and the thesis will be finished in chapter 6 with recommendations. 
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2 Theoretical background 

In the theoretical background the mathematical framework is summarized from 
previous research. The necessary equations  governing flow and mass are dictated 
as well as correlation describing different phenomena. Furthermore, the declaration 
of the necessary constants can be found in in appendix C. 

2.1 Liquid flow 

A microchannel is a channel with a diameter smaller than approximately 2 mm. The 
Ëotvos number tells if either gravity effects or surface tension forces dominate and is 
given by equation ( 1 ): 
 
 

Ë𝑜 =  
𝜌𝐿𝑔𝐷𝑐ℎ

2

𝜎𝐿
 

( 1 ) 

 
With Ëo begin the dimensionless Ëotvos number, ρL being the density of the liquid, g 
the gravitational constant, Dch being the diameter of the channel and σL the surface 
tension of the liquid. When Ëo < 1 the surface tension dominates and the gravity 
effects can be neglected [10]. During this project Ëo wil be taken smaller than 1, thus 
the convection in the system is described with equation ( 2 ). 
 
 𝜕𝑈

𝜕𝑡
+ 𝛻 ∙ (𝑈𝑈) = −𝛻𝑝 + 𝛻 ∙ 𝜈𝛻𝑈 ( 2 ) 

 
 
For cylindrical and cartesian coordinates the derivations for the velocities, average 
velocities as well as the pressure drops are found in appendix A.  

2.2 Gas flow 

Several two-phase flow regimes can be discerned when gas in introduced through a 
tiny nozzle on the liquid inlet. Figure 2-1 below shows the various regimes. 

 
Figure 2-1 Flow regimes in gas-liquid flow through a 1.1 mm microchannel[11] 

 



 Technische Universiteit Eindhoven University of Technology 

 

4 

From left to right the gas flow rate is increased. At first almost no gas phase is visible, 
showing a dispersed gas phase with very tiny bubbles and no coherence in the gas 
phase and shape of the bubble. Increasing the gas flow makes the bubbles 
conglomerate and form bigger bubbles, which is called the bubbly phase. Increasing 
the gas flow further will result in a well-defined bubble shape, called slug flow, or 
“Taylor” flow. Consecutively a churn will form, which is a semi-continuous flow. This is 
followed by annular flow, which is completely continuous for both the liquid and the 
gas phase. Finally mist flow will occur, which is the annular flow, but with tiny droplets 
of liquid in the gas phase.  
 
The field of interest for this study is the Taylor flow regime. Taylor flow through a 
micro channel is characterized by a gas slug followed by a liquid slug. The average 
velocity of the gas and the liquid  are almost equal and the bubble has only a thin 
liquid film between its interface and the wall. In both slugs radial and axial mixing 
occurs. This characteristic is portrayed in greater detail in Figure 2-2. The gas phase 
is displayed in orange and the liquid phase in blue. Vortices will form in the liquid 
slug, because the velocities of the gas and liquid slug are not exactly equal and 
because of the geometry of both phases. 

 
To calculate the thickness of the liquid film Langewisch and Buongiorno [12] 
formulated  equation ( 3 ). This equation does not require prior knowledge of the 
bubble velocity and this makes it especially suitable for CFD simulations where such 
data is unavailable:  
 
 

𝛿𝑓𝑖𝑙𝑚

𝐷𝑐ℎ
=

0.67 ∗ 𝐶𝑎
2
3

1 + [1 +
32.05

𝑅𝑒0.593 + 4.564 ∗ 10−5 ∗ 𝑅𝑒1.909] ∗ 2.860 ∗ 𝐶𝑎0.764
 

( 3 ) 

 
With δfilm being the film thickness in m, Dch the channel diameter in m, the 
dimensionless capillary number Ca given by equation ( 4 ): 
 
 

𝐶𝑎 =
𝜇𝐿 ∗< 𝑈𝐿 >

𝜎𝐿
 ( 4 ) 

With <UL> the average liquid velocity, and the dimensionless Reynolds number Re 
given by equation ( 5 ): 
 
 

𝑅𝑒 =
𝜌𝐿 ∗< 𝑈𝐿 >∗ 𝐷𝑐ℎ

𝜇𝐿
 ( 5 ) 

 
Consecutively, the Taylor bubble velocity can be calculated via equation ( 6 ) [12]: 
 
 

𝑈𝑇𝐵 =
< 𝑈𝐿

𝑐ℎ >

(1 − 2
𝛿𝑓𝑖𝑙𝑚

𝐷𝑐ℎ
)

2 
( 6 ) 

 

Figure 2-2 gas and liquid slug vortices in Taylor flow [28] 
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With the Taylor bubble velocity UTB and the average liquid velocity in the liquid slug 
between two bubble <UL,ch> both in m/s. The bubble shape can vary over time if 
conditions change through, for example, a decreasing bubble volume because of 
shrinkage of the bubble, a change in interfacial tension or variation in temperature or 
viscosity at the interface. 

2.3 Mass transport 

The concentration of all the components in the system will vary over time and space. 
The standard mass balance is given by equation ( 7 ): 
 

 𝜕𝐶𝑖

𝜕𝑡
= ∇ ∙ (𝐷𝑖

𝑒𝑓𝑓
∇𝐶𝑖 − 𝑈𝐶𝑖) −  𝑘𝑅[𝐶𝑆𝑂3

𝐿 ]2 𝐶𝑇𝑂𝐿
𝐿   ( 7 ) 

 
Where Ci is the concentration in mol/m3 and Di

eff the effective diffusion coefficient in 
m2/s, of component i. The effective diffusion coefficient can be described via two 
models. The first model is Fick’s law of binary diffusion, which is used to describe 
diffusion when it dominates convection ( 8 ): 
 
 

𝐽𝑖 = −𝐷𝑖
𝑒𝑓𝑓 𝜕𝐶𝑖

𝜕𝑟
 ( 8 ) 

Where Di is the diffusivity in m2/s for compound i, with the diffusivity then given by the 
Wilke-Chang correlation ( 9 )[13]: 
 
 

𝐷𝑖 =
1.173 ∗ 10−13√𝑀𝑠𝑜𝑙𝑇

𝜇𝑠𝑜𝑙(𝑉𝑚,𝑖
𝐵𝑃)

0.6  

 

( 9 ) 

Where Msol is the molar mass of the solvent in g/mol, T the temperature of the system 
in K, μsol the viscosity of the solvent/mixture in Pa*s and  Vm,i,BP the molar volume of 
compound i at boiling point temperature in m3/kmol. The Wilke-Chang correlation is 
used to describe proper approximations of diffusivities of organic compounds in 
water. However, a correlation which fits the system more accurately was not found, 
thus Wilke-Chang was used. 
 
The second model describes diffusion via a mass transfer coefficient. When a flow 
profile is introduced, flowing over a stagnant flat plate, mass transfer through the 
laminar boundary layer (LBL) near the wall can be described by kiL calculated via a 
Sherwood correlation ( 10 )[14]:  
 
 

𝑘𝑖𝐿 =  1.128√𝑈𝐿,𝑐ℎ
𝑚𝑎𝑥𝐿𝑙𝑎𝑚𝑖𝑛𝑎𝑟𝐷𝑖 

( 10 ) 

 
With kiL being the diffusivity in the LBL in m2/s for component i, UL,ch,max the velocity in 
m/s and Llaminar length of the LBL in m. 
 
The reactions taking place are the aromatic sulfonation of toluene. When sulfonating 
toluene, three products can be formed. These are p-toluenesulfonic acid (PTSA), o-
toluenesulfonic acid (OTSA) and m-toluenesulfonic acid (MTSA) [4]. For PTSA the 
kinetics are described by equation ( 11 ): 
 
 

−𝑟𝑆𝑂3 = 𝐴0 exp [−
𝐸𝑎

𝑅𝑇
] [𝑆𝑂3]2[𝑇𝑂𝐿] ( 11 ) 
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For kR the Arrhenius equation is used. The reaction is second order in [SO3] and first 
order in toluene [15]. -rSO3 Is the reaction rate in mol/s, A0 is the pre-exponential factor 
in mR

6/mol2/s , Ea is the activation energy in kJ/mol, R is the gas constant in J/mol/K, 
[SO3] and [TOL] the concentrations of SO3 and toluene respectively in mol/mL

3. 

2.4 Non-isoviscous flow 

The viscosity of the mixture is dependent on the ratio of the components and the 
temperature. No correlation exists for viscosity which is dependent on the ratio of the 
components and the temperature. 
 
In 2001 Wu et al.[4] did research on the aromatic sulfonation of toluene with sulphur 
trioxide. The research shows a graph, visible in appendix B, with the viscosity 
dependent on the conversion of toluene, but no data was clarified. From his research 
correlation ( 12 ) was extracted for a conversion dependent viscosity at 280.65 K: 
 
 𝜇𝑀𝐼𝑋 = 0.000692 ∗ exp[8 ∗ 𝑋𝑇𝑂𝐿] ( 12 ) 
 
The extraction was done with a script called DataTheif.m, shown in appendix B. With 
μMIX being the viscosity of the mixture in kg/m/s and XTOL the conversion of toluene in 
fraction in a specific grid cell. However, this correlation is dependent on the 
conversion of toluene solely and not the temperature. To make an estimation of the 
μMIX to also be dependent on temperature, another equation is introduced. Gonçalves 
et al. [16] formulated an Arrhenius equation for the viscosity of toluene dependent on 
the temperature ( 13 ): 
 
 

𝜇𝑇𝑂𝐿 = 16.09 ∗ 10−6 ∗ exp [
1055.4

𝑇
] ( 13 ) 

 
Equation ( 13 ) is normalised such that μTOL,280.65 = 1 by dividing ( 13 ) by itself 
evaluated at T = 280.65 K. This becomes a factor in equation ( 12 ) to become 
equation ( 14 ) and letting the viscosity be dependent on the temperature: 
 
 

𝜇𝑀𝐼𝑋 = 0.000692 ∗ exp [8 ∗ 𝑋𝑇𝑂𝐿 + (
1055.4

𝑇
− 3.761)] ( 14 ) 

2.5 Non-isothermal flow 

The behaviour of the energy in the system is described by equation ( 15 ): 
 
 

𝜌𝑀𝐼𝑋𝐶𝑝,𝑀𝐼𝑋

𝜕𝑇

𝜕𝑡
= 𝜆𝑀𝐼𝑋

𝜕2𝑇

𝜕𝑥2
+ 𝑘𝑅[𝐶𝑆𝑂3

𝐿 ]2[𝐶𝑇𝑂𝐿
𝐿 ](−𝛥𝐻𝑅) 

( 15 ) 

 
Where the system is seen as a homogeneous phase with one density 𝜌𝑀𝐼𝑋, specific 
heat capacity Cp,MIX in J/kg/K and thermal conductivity λMIX in W/m/K. The density of 
the mixture is calculated via equation ( 16 ), the heat capacity of the mixture is a 
molar weighted average calculated with equation ( 17 ) and the thermal conductivity 
of the mixture is a mass weighted average calculated via equation ( 18 ): 
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 𝜌𝑀𝐼𝑋 = 𝛴𝐶𝑖
𝐿𝑉𝑚,𝑖𝜌𝑖 ∗ 10−3 ( 16 ) 

 𝐶𝑝,𝑀𝐼𝑋 = 𝛴𝑤𝑖𝐶𝑝,𝑖 ( 17 ) 
 𝜆𝑀𝐼𝑋 = 𝛴𝑤𝑖𝜆𝑖 ( 18 ) 
 
With Vm,i, ρi and Cp,i of all components assumed to be constant over the temperature 
range. And wi is the mass fraction of component i. 
 
Just as the diffusivity, the thermal conductivity can be described via two models. The 
first model is for the diffusion dominated regime, given by the Weber equation ( 19 
)[13] that is used for organic liquids: 
 

𝜆𝑖 = 3.56 ∗ 10−5 ∗ 𝐶𝑝,𝑖 (
𝜌𝑖

4

𝑀𝑖
)

1
3

 
( 19 ) 

 
With the Cp,i in kJ/kg/K. ρi and Mi are given in kg/m3 and g/mol respectively. The 
second model describes the heat transfer via a coefficient in the same way the mass 
transfer is described. With the help of Chilton-Colburn factors, the Sherwood 
correlation from equation ( 10 ) can be rewritten as a Nusselt equation ( 20 ) for the 
heat transfer coefficient [14]: 
 
 

ℎ𝑀𝐼𝑋𝐿 =  1.128√𝑈𝐿,𝑐ℎ
𝑚𝑎𝑥𝐿𝑙𝑎𝑚𝑖𝑛𝑎𝑟𝜌𝑀𝐼𝑋𝐶𝑝,𝑀𝐼𝑋𝜆𝑀𝐼𝑋 ( 20 ) 

 
With hL being the conductivity in the LBL in W/m/K. 

2.6 Data extraction 

The data on the mass transfer coefficient kLa was extracted using equation ( 21 ): 
 
 

𝑘𝐿𝑎 =
𝜙𝑚

(𝐶𝑆𝑂3
𝑖𝑛𝑡 − 𝐶𝑆𝑂3

𝑏𝑢𝑙𝑘)𝑉𝑅

 ( 21 ) 

 
With kLa being the mass transfer coefficient in mL

3/mR
3/s, φm the molar flow from the 

gas to the liquid phase in mol/s, Cint and Cbulk for SO3 the concentration in mol/mL
3 at 

the interface and the bulk respectively and VR the reactor volume in mR
3.  
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3 Methods 

The system which was modelled in MATLAB during this study was a horizontal 
microchannel. Liquid toluene flows from left to right and gaseous sulphur trioxide 
bubbles move in the same direction. Mass transfer occurs from the gas to the liquid 
phase and in the liquid phase the reaction will occur. In the model including reaction, 
only the formation of PTSA is taken into account. Because of the formation of PTSA 
the viscosity could increase a 350 fold. Beside a large viscosity increase, the 
temperature increases tremendously, because the reaction is highly exothermal 
(ΔTadiabatic = 685 K). For the OpenFOAM model only the gas and liquid flow were 
taken into account. 

3.1 1D MATLAB Model 

To obtain a first indication of the behaviour of the 
transport phenomena in the microsystem 
multiple models were constructed in MATLAB 
2017a. The models were solved using the Partial 
Differential Equation Parabolic Elliptic (PDEPE). 
PDEPE can solve initial-boundary value 
problems for parabolic-elliptic PDE’s in 1D. This 
means that time and one spatial coordinate can 
be varied, which in this case was the radial 
coordinate.  
 
A consequence of the one dimensional nature of 

the model is the implication that complex flow 
profiles cannot be taken into account directly. In 
2.2 it was discussed that in Taylor flow such 
phenomena are expressed. However, to 
counteract this limitation, the following method is 
proposed. 
 
In Figure 3-1 several channels are depicted 
beneath each other, which portray the same 
channel at different times. In the first channel the 
liquid velocity profile is portrayed on the left. The 
bubbles move to the right continuously, as does 
the liquid. Let a point be apparent on the gas-
liquid (G-L) interface on the front of the liquid film 
as depicted in the upper channel of Figure 3-1. In 
The point will stay in the liquid film for contact time 
tcontact,bubble = Lfilm/UTB. Figure 3-2 Ls, Lf and Dch are 
depicted in a small portion of a channel. 
 
Consequently, if the hemispherical part of the 
bubble is neglected, the system depicted in Figure 
3-3 could be proposed. Again, in the upper 
channel, the liquid velocity profile is portrayed, as 

Figure 3-1 schematics of Taylor bubble 
flow, with the liquid velocity profile depicted in 
the upper channel on the left, as well as the 
bubble velocity in the first bubble 

Figure 3-3 proposed stepwise Taylor 
flow for 1D model, where Lf = Ls 

Figure 3-2 Lf, Ls and Dch depicted in 
small portion of a channel 
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well as bubbles, all moving to the right. A spatial range of length Lfilm in the z-direction 
will be said to be in contact with the body of the bubble for time tcontact,bubble. This is 
portrayed by the red rectangle and will be called the film layer. After tcontact,bubble, the 
bubble as a whole moves stepwise such that the film layer, as a whole, is not in 
contact with the liquid slug. The film layer will stay in contact with the liquid slug for 
tcontact,slug = Lslug/UTB. After tcontact,slug both the bubble and the slug have been in contact 
with the film layer. This is called a cycle.  In Figure 3-3 Lfilm = Lslug, which implies 
tcontact,bubble = tcontact,slug. However, this is not a given. The solver sees Lfilm as well as 
Lslug as one point in the z-direction. This means that all the mass transported from the 
bubble into Lfilm will be concentrated in one point in the z-direction, albeit with a 
concentration in the r-direction. So if Lslug is chosen to be longer than Lfilm, this will 
only mean that tcontact,bubble < tcontact,slug. 
 
Although fluid flow in the z-direction could not be implemented due to the one 
dimensional nature of the model, flow is till incorporated in the model. For both the 
mass and the heat transfer the magnitude increases when flow is involved in a 
system. Some flow incorporation is done via kLL (equation ( 10 )) and hMIXL (equation 
( 20 )). 
 
Further assumptions for the MATLAB simulations are that equations ( 34 ) (appendix 
A), ( 3 ) and ( 6 ) were evaluated once, meaning δfilm did not change with consecutive 
steps, i.e. no bubble shrinkage/growth. Also, the concentration of SO3 at the G-L 
interface was taken to be constant. This means no variation in the pressure of the 
SO3, which implies bubble shrinkage during the reaction. However, as previously 
stated bubble shrinkage was already not taken into account. 
 
The solver is activated by the following syntax: 
 

sol = pdepe(m,@pdefun,@icfun,@bfcun,x,t) 

 
Where m is used to declare the coordinate system, pdefun is the function in which the 
system of partial differential equations (PDE’s) is declared, icfun and bcfun are the 
functions in which the IC’s and BC’s are declared and x and t are the spatial and 
temporal grid respectively. Inside the pdefun, the function for all variable parameters 
(given in chapter 2) are declared as well. 

3.1.1 Mesh generation 

The spatial domain needs to be discretized and is given as input as an array ‘x’ to the 
solver. The discretization is done by giving an array with a left coordinate x = xl, a 
right coordinate x = xr and the amount of grid cells the array should contain. Two 
domains are apparent for the spatial domain. One for the film layer and one for the 
liquid slug. The amount of grid cells in the film layer was chosen to be 1000 grid cells. 
This was decided via a grid independence study on the relative error with respect to 
the previous solution and was calculated with equation ( 23 ): 
 
 

𝐸𝑟𝑒𝑙 =
휁𝑛𝑒𝑤 − 휁𝑜𝑙𝑑

휁𝑜𝑙𝑑
 

( 22 ) 

 
With Erel the relative error, ζnew the new solution and ζold the old solution. The amount 
of grid cells in the liquid slug was chosen to be 4000 grid cells. The results for the grid 
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independence analysis are shown in appendix E. The values for the discretization of 
the spatial domain are shown below in Table 3-1. 
 

Table 3-1 spatial domain values 
Spatial Left Right Grid cells 
Film layer Dch-δfilm Dch 1000 
Liquid slug Rch Dch 4*(grid cells film) 
 
The temporal domain also needs to be discretized and is given as input as an array ‘t’ 
to the solver. To discretize the time, a starting time, an ending time and the amount of 
timesteps is given as input. A timestep dependence study was conducted. It showed 
that smaller timesteps did not influence the accuracy. A slight decrease in calculation 
time for 1000 timesteps was visible. Hence, 1000 timesteps were taken. The results 
are shown in appendix F. The values for the discretization of the temporal domain are 
shown in Table 3-2. 
 

Table 3-2 temporal domain values 
Temporal Starting time Ending time Times steps 
Film time 0 tcontact,bubble 1000 
Slug time 0 tcontact,slug 1000 

3.1.2 Initial and boundary conditions 

For a system of partial differential equations, an initial condition (IC) and two 
boundary conditions (BC’s) need to be declared. In MATLAB this is done in the icfun 
and bcfun. The initial condition is at t = t0, for all the components over the complete 
grid inside the system. In 3.1.2 the concept of the cycles in the system was 
elaborated. Over  consecutive cycles, the initial conditions may vary. 
 
Two sets of IC can be defined for the film layer. The first set of IC applies to the first 
cycle. The system starts with no SO3, the maximum concentration of toluene, which is 
ρTOL/MTOL = 9095.9 mol/m3, no PTSA and a starting temperature of T = 323.15 K. The 
second set is applied from the second cycle onwards on all cycles. The second set 
will be explained after the IC and BC for the liquid slug are explained. 
 
The two boundary conditions are applied on the spatial limits of the system. The left 
boundary being the G-L interface for the film layer and the centre of the channel for 
the liquid slug at x = xl. The right boundary being the wall for both at x = xr. On the 
inert species the same initial and boundary conditions as on SO3 are applied. The 
BC’s stay constant with consecutive cycles. 
 
The left boundary in the film layer is the G-L interface. For SO3 this is the saturation 
concentration for SO3 in toluene. Seeing the reaction is nearly instant, this value is 
unknown. Here for the saturation concentration for sulphur in toluene is taken, which 
is 0.0385 mol sulphur/mol toluene, see appendix D. This value cannot be given as 
input, because the PDEPE solver needs a flux on either spatial boundaries. To 
counteract this problem, the BC is a flux in the form Di*(dCi/dr) = kinf*(CSO3,sat – 
CSO3|x=xl), with kinf being large. With kinf large the flux into the system is fast and the 
concentration will be CSO3,sat, but will be limited due to the flux being zero if CSO3|x=xl = 
CSO3,sat. For both toluene and PTSA, the concentration gradient will be zero, 
assuming none of these species will evaporate. The gradient for the temperature at 
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the G-L interface will also be zero, because of the specific heat capacity Cp,G << Cp,L. 
These will stay the same with consecutive cycles. 
 
The right boundary in the film layer is the wall. Nothing happens to the three apparent 
compounds, so for all the gradient will be zero. The system could or could not be 
cooled, resulting in two boundary conditions. The two BC’s are either no cooling at all 
with the gradient set to zero, or perfect cooling done at T = 323.15 K and like CSO3,sat, 
forced through dT/dr = kinf*(T|x=xr - T0). 
 
In the slug also two initial conditions can be 
distinguished. The first initial conditions in the 
slug are for the first cycle and not homogeneous. 
The concentration and temperature profiles from 
the film are not directly translatable to the slug, 
due to the change in grid cell density. The density 
change is depicted in Figure 3-4. On the left a 
part of the film layer grid is portrayed. On the right 
a part of the liquid slug grid. The grid cells are 
divided with yellow lines and the grid cells which 
overlap in both regions are inside the green 
rectangle. To overcome the translation problem, the concentration is averaged in the 
film layer. This average concentration is than given as initial condition for the 
overlapping slug grid cells (the amount of grid cells rounded up if it is not a round 
number). The rest of the slug grid cells have the same initial conditions as the film 
layer. 
 
The left BC in the slug is the centre of the channel and are zero gradient for all 
species. The right BC in the slug is the wall and all BC’s are the same as in the film 
layer. 
 
For consecutive cycles, the IC’s for the species may vary. During the contact time of 
the red rectangle (from Figure 3-3) with the slug, a profile may develop in the 
overlapping grid cells in the slug. This profile is averaged for all apparent species and 
given as initial input for all grid cells for the 2nd and following cycles in the film layer. 
The profile which has developed in the liquid slug in a previous cycle is conserved 
and used as initial profile for the current cycle (except for the grid cells which 
overlap). 

3.1.3 Solving 

The MATLAB case was solved with the PDEPE solver (see syntax in chapter 3.1). m 
was set to 1 for cylindrical coordinates. The rest of the settings were the default 
settings. 

3.1.4 Case settings 

The starting case had Dch = 1mm, Re = 100, Ls = Lf and perfect cooling. Two 
hypothetical cases were constructed, one had the viscosity fixed at μMIX = μTOL,T0 and 
another on had no cooling. 
 

Figure 3-4 schematic of change in grid 
cell density in the film layer vs the liquid slug 
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To obtain the desired data a couple of parameters needed to be optimised. First the 
liquid holdup was varied (done by varying the ratio of Ls with Lf. Afterwards it was 
tested if cooling or no cooling would produce more positive results. The final 
optimization case was done with the most preferred settings. The settings are shown 
below in Table 3-3. 

Table 3-3 settings for base case and optimization cases and the 
optimized case 

Case Re Dch [m] Ls / Lf Cooling 
Case 1 100 0.001 1 Yes 
Case 2 100 0.001 0.5 Yes 
Case 3 100 0.001 0.1 Yes 
Case 4 100 0.001 2 Yes 
Case 5 100 0.001 1 No 

 
Finally the functionality of the MATLAB model was tested by varying Re number over 
a range displayed in below in Table 3-4 for Dch = 0.5, 1 and 1.5 mm. 

Table 3-4 settings for 
different Reynolds 
numbers 
Case Re 
1 25 
2 50 
3 100 
4 200 
5 500 
6 1000 

3.1.5 kLa and rate limiting step 

To obtain the desired data for kLa, an extra inert component was introduced. The inert 
component has all the same characteristics as SO3, but does not react away. This 
component can develop its concentration profile in the toluene, undergoing all the 
changing phenomena, except the kinetics. After tcontact,bubble, equation ( 21 ) will be 
used to calculate kLa for the corresponding cycle. φm is defined as the average 
concentration of Cinert in the film layer at tcontact,bubble, Cinert,sat is a constant value of 
350.2 molinert/mR

3, CSO3,bulk is the time averaged concentration of the inert component 
at the wall and Vfilm is the volume of liquid in the film layer. The script for the 
extraction of kLa is shown in appendix C. 
 
From the obtained kLa values a MT rate can be approximated by multiplying kLa with 
CSO3,sat to obtain the MT rate in  molSO3/mR

3/s. The corresponding reaction rate is 
approximated by taking the time averaged concentration of PTSA per specific Re, 
multiplying by the liquid hold-up εL and dividing by the contact time, resulting in the 
reaction rate in molPTSA/mR

3/s. 
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3.2 2D OpenFOAM model 

3.2.1 Problem 

To obtain a more accurate model a two dimensional case was constructed. In the 2D 
case, flow around a bubble was simulated. During the research in the 2D system, 
mass transfer and consecutive phenomena were not implemented. 
 
If the frame of reference moves along with the bubble velocity, the liquid flow needs 
to be corrected. This is done by subtracting the bubble velocity from the liquid 
velocity. The resulting profile for the liquid is partially going in the negative and 
partially going in the positive x-direction. Vortices are apparent in front and after the 
bubble. The proposed fluid and gas flows are depicted in Figure 3-5 below. On the 
left the parabolic profile for the fluid is shown (enlarged in Figure 3-6). Before and 
after the bubble eddies are visible, with either outflow near the wall to in the negative 
x-direction, or in the centre in the positive x-direction. 
 

 
Figure 3-5 flow profile for the liquid in the channel and different regions in the system 

 
The profile can be dissected in a couple of regimes. The entrance length 𝐿𝑒𝑛𝑡, which 
is the length necessary for the flow profile to develop, dictated by equation ( 23 ) [17]: 
 
 𝐿𝑒𝑛𝑡𝑟 = 0.05𝑅𝑒𝐷𝑐ℎ ( 23 ) 
 
When the velocity is completely developed, part of the flow is 
moving to the left and a part is moving to the right. The profile 
is displayed in Figure 3-6.  
 
Two regions, one in front and one after the bubble Lfront,bubble 
and Lpost,bubble, where flow can develop in vicinity of a bubble 
Lbody,bubble, which is the area that contains the bubble. Both 
Lfront,bubble and Lpost,bubble are taken to be 10 Dch. This length can 
be changed if results show its too short, or shortened if it is too 
long. 
 
Taking a closer look at the bubble itself, a couple of lengths 
can be distinguished, depicted in Figure 3-7. Dch is one of the 
parameters which will be varied. Lfilm is chosen to be 3*Rch, δfilm 
is calculated with equation ( 3 ) and Rbub is Rch - δfilm. 
 

Figure 3-6 flow profile 
of liquid inside the channel 
with the bubble as the 
reference frame 
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Figure 3-7 all relevant length with respect to the bubble 

3.2.2 Mesh generation 

In general, OpenFOAM is capable of generating a mesh via two utilities, called a 
blockMesh and a snappyHexMesh. Both utilities have been used. 

3.2.2.1 blockMesh 
For the blockMesh utility mesh the 
OpenFOAM tutorial 2.2 flow around a 
cylinder case is used1. In Figure 3-8 the 
front view of the mesh is displayed, which is 
expended to obtain the mesh shown in 
Figure 3-9. 
 
All points are allocated dependining on 𝑅𝑒 
and Dch. The schematic is presented in 
Figure 3-9. The schematic is formulated 
twice, the second an arbitrary length into 
the z-dimension away from the first layer. 
 
 

 
Figure 3-9 schematic of the blockMesh grid 

 
 
The grid cell size is chosen according to the Kolmogorov scale. The Kolmogorov 
scale is the smallest scale on which energy dissipates in turbulent flow. Although the 
flow in the system is laminar, due to stability issues the scale is still used. The 
Kolmogorov length scale is estimated via equation ( 24 ): 
 

 
1 Found in ~/OpenFOAM/user/run/tutorials/basic/potentialFoam/cylinder 

Figure 3-8 vertices input for spherical shapes in 
OpenFOAM, OpenFOAM tutorial 2.2 flow around a 
cylinder 
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휂𝐾 = (

𝜈3

휀
)

1/4

 
( 24 ) 

 
With ηK the Kolmogorov length scale in m, ν the kinematic viscosity in m2/s and ε the 
energy dissipation rate E/m. A derivation for an approximation of ε is given in “A 
detailed numerical study on the Micro Mixing behavious of Turbulend Flow Fields at 
low Schmidt numbers” at page 39 [18]. 

3.2.2.2 snappyHexMesh 
Another way to construct a mesh is via the 
snappyHexMesh (sHM) utility. To create a mesh 
via this utility, first a hexahedral mesh should be 
constructed (Figure 3-10a). This would just be 
the flat plate system without the bubble inside. 
In a 3D drawing program (freeCAD was used), 
an .stl file is drawn with the correct dimensions. 
This .stl file is then uploaded to the triSurface 
directory inside the constant directory in the 
base directory of the case. The bubble should 
be designed in such a way, that it is already in 
the correct position in space with respect to the 
mesh (Figure 3-10b). The sHM utility will then 
cut the .stl shape out of the hexahedral mesh 
and will refine the new boundary until it is 
smooth (Figure 3-10c). From the boundary 
inwards to the mesh, grid cells will evolve from 
extremely fine near the edge, towards the size 
of the hexahedral mesh. In the 
snappyHexMeshDict input can be given on the type of boundary this new boundary 
should become (declared in 3.2.3), as well as how the grid cell gradient should be 
formed. 

3.2.3 Initial and boundary conditions 

The IC’s and BC’s are the same 
for both cases. 
 
Initially, the liquid in the system 
is stagnant, so the IC for the 
liquid is 0 m/s. The pressure is 
relative and the pressure IC for 
the liquid is also 0. 
 
In the system a couple of 
boundaries can be appointed. 
Looking at Figure 3-11, the red lines depict the walls, the blue lines depict the in- and 
outlets, the green line is the G-L interface and the grey area can either be the front or 
the back plane. Per boundary, a condition needs to be dictated for the velocity and for 
the pressure. 
 

Figure 3-10 steps to create snapped hex 
mesh 

Figure 3-11 schematic overview of different boundaries of the 
system 
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The walls have a no-slip condition applied to it for the velocity. Accompanying the no-
slip, also the bubble velocity in the negative x-direction is given. For the pressure, the 
walls have a zero gradient applied to it. 
 
For the planes representing the in- and outlet, the totalPressureInletOutletVelocity is 
chosen. The inlet pressure is estimated according to equation ( 50 ). The outlet 
pressure was put to zero. OpenFOAM couples the pressure and velocity via this 
boundary, thus the velocity profile is solved subsequently. 
 
On the G-L interface a slip BC was applied. This means the velocity experiences zero 
gradient at this boundary. The pressure BC was set to zero gradient at the G-L 
interface. 
 
The front and the back plane are given an empty boundary for U and p. This way 
OpenFOAM treats the system as 2D. 

3.2.4 Solving 

The pisoFoam solver was used2. A couple of adjustments were applied to the solver 
and schemes directory: 
 

1. The solving methods for k, epsilon, omega, R and nuTilda were taken out. 
These are used for solving turbulent systems, thus irrelevant; 

2. The solving for the pressure from GAMG to PBicStab, which introduced pre-
conditioning; 

3. The pre-conditioning is done with FDIC; 
4. The divergence schemes from a Gaussian LUST grad(u) to Minmod, which is 

a total variation diminishing scheme, to increasing stability. 

3.2.5 Verification 

The flow profile of the liquid in the system is verified by measuring the relative error 
on the flow profile through a channel without a bubble. A 2D bM was constructed, 
long enough to ensure the profile will be developed. The mesh and important points 
are displayed in Figure 3-12. 
 

 

 

Figure 3-12 mesh for verifying the flow profile through a 2D channel with important points located 
 
At x = 0.4 and x = 0.8 times the length of the channel the pressure was measured (p1 
and p2), which is inside the region where the flow is developed according to equation 

 
2 Found in ~/OpenFOAM/user/run/tutorials/incompressible/pisoFoam 
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( 23 ). This pressure drop is put in equation ( 25 ) to obtain a theoretical expectation 
of the average velocity (derivation in appendix A). Consecutively, equation ( 26 ) is 
used to obtain the theoretical maximum velocity. Between p1 and p2 the maximum 
and average velocities were measured and the relative error is calculated with 
equation ( 22 ). 
 
 

< 𝑈𝐿
𝑐ℎ > =  

∆𝑃𝐷𝑐ℎ
2

12 𝜈𝐿 𝐿𝑐ℎ
 

( 25 ) 
 

 
𝑈𝐿,𝑚𝑎𝑥

𝑐ℎ =
3

2
< 𝑈𝐿

𝑐ℎ > ( 26 ) 
 

 
The settings for the case are shown in appendix G in Table 0-4. The script for 
extracting the pressure and velocity data for the error calculation is shown in 
appendix H. 
 
The bubble shape will be compared with experimental bubbles in a Dch = 2 mm 
channel with Re = 475, 713, 951 and 1189. 

3.2.6 Scalar fields 

Besides the model discussed in this work, another 2D model was constructed. In this 
other model scalar fields for CSO3, CTOL and CPTSA were successfully implemented, 
including diffusion and reaction. 
 
To implement a new scalar field a couple of steps need to be taken. First a copy 
should be made of the solver which is used and rename it appropriately. In this case 
that would be pisoFoam to kinMassPisoFoam which includes mass transfer and 
kinetics. 
 
For mass transfer and kinetics a diffusion coefficient D and a reaction constant kR are 
desired. These are written in the createFields.H, the same way as scalar nu is 
written: 

dimensionlessScalar D/kR 

( 

 TransportProperties.lookup(“D/kR”) 

); 

Following these line are lines which create the pressure and velocity field. Copying 
the pressure field, for example, and replacing “p” for “CSO3” creates a new field for 
the SO3 concentration. 
 
Here after the mass balance (given in chapter 2.3) is put into the solver.C file via: 

fvScalarMatric CEqn 

( 

 fvm::ddt© 

 + fvm::div(phi,C) 

 - fvm::Laplacian(D,C) 

); 

CEqn.solve() 

This is done after the velocity is calculated, but before the timestep is written. 
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The finals steps involves appointing discretization schemes to the different parts of 
the balance in the fvSchemes directory and stating which solver will be used in the 
fvSolutions directory. This is done in the case directory by adding the separate parts 
of the mass balance to either the ddtSchemes, divSchemes and laplacianSchemes. 
The same discretization methods as for other components in these subDirectories 
are being used. 
 
To utilize the new solver, the new fields need to be added to the first timestep. This is 
done by copying either the pressure or velocity initial condition, change the name to 
“C” and change the initial conditions accordingly. 
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4 Results and discussion 

Chapter 4 is dedicated to the analysis and discussion of the data obtained from the 
MATLAB and OpenFOAM models. First the MATLAB data will be covered. Thereafter 
the OpenFOAM data. 

4.1 1D MATLAB model 

Firstly figures of all the profiles during consecutive cycles will be shown, to 
understand what happens in the system and to see how different values for equation 
( 21 ) are calculated. Consecutively the influence of the viscosity and cooling are 
analysed via two hypothetical cases. Hereafter the optimization of the model will be 
explained. Followed by the visualization of kLa(Re,Dch). Finally the model will be 
evaluated on the functionality for kinetic studies. 

4.1.1 Consecutive cycles 

Below in Figure 4-1, the first cycle for the film layer is presented. The settings for the 
case were a diameter of 1 mm and Re = 100, Ls = Lf and perfect cooling. Figure 4-1 
(a) is the SO3, Figure 4-1 (b) the toluene, Figure 4-1 (c) the PTSA, Figure 4-1 (d) the 
temperature, Figure 4-1 (e) the inert specie and Figure 4-1 (f) the viscosity profile. All 
graphs are portrayed in radial distance, where the left side is the G-L interface and 
the right side is the wall. For all graphs, t1 = 0, t2 = 0.25 * tcontact, t3 = 0.5 * tcontact, t4 = 
0.75 * tcontact, t5 = tcontact (in this case tcontact = 0.0295 s). 
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Film layer 

 
(a) (b) (c) 

 
(d) (e) (f) 

Figure 4-1 profiles for all compounds and viscosity in the film layer during the first cycle with settings: Dch = 1 
mm, Re = 100, Ls = Lf and perfect cooling 
 
In Figure 4-1 (a) it shows that SO3 does not diffuses a significant distance into the film 
layer. Combined with Figure 4-1 (b) in which the toluene profile shows a steep 
decrease in concentration closer to the G-L interface, it becomes evident that the 
reaction is a fast surface reaction. This claim is supported by the profile of the inert 
component in Figure 4-1 (d). When the SO3 is not reacting, a profile develops until 
the wall. 
 
Also a steep increase of PTSA in the vicinity of the G-L interface is visible in Figure 
4-1 (c). The high PTSA concentration near the interface results in a high viscosity at 
the G-L interface, shown in Figure 4-1 (f). The layer in which the viscosity is high is 
the viscous boundary layer, which ranges from the G-L interface until 9.95E-4 m. The 
influence of this viscous boundary layer on the mass transfer limitation is clearly 
visible in the PTSA and inert component profiles in Figure 4-1 (c) and (d) 
respectively. A high concentration prevails near the G-L interface, but moving 
towards the wall, the concentration drops significantly and from the end of the viscous 
boundary layer until the wall the profile is more horizontal. Thus, in the viscous 
boundary layer the MT limitation is a lot higher then outside of this layer. 
 
In Figure 4-1 (e) the temperature is shown. From t1 to t2 the concentration of toluene 
was the highest and the heat production was higher than the rate of cooling, thus the 
film layer temperature increases. From t2 to t3 the reaction is slowed down due to the 
lower concentration of toluene. The rate of cooling becomes higher than the heat 
production, consequently the film layer temperature decreases. Moving towards 
tcontact, the reaction rate slow even more. 
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For the viscosity and the temperature two test cases will be elaborated in chapter 
4.1.2. 
 
In appendix I in Figure 0-2 the first cycle for the liquid slug is depicted. The left side of 
the graphs is the centre of the channel. The right side of the graphs is the wall. The 
same profile as in Figure 4-1 are visible, with the exception of the inert component. It 
shows that the PTSA in the film layer diffuses into the liquid slug during the first half 
of the tcontact. This diffusion reduced by a large margin after half tcontact. Hence, the 
initial mass transfer limitation in following cycles is higher. This phenomena could be 
explained as the mixing of the viscous boundary layer with liquid slug. 
 
In appendix I in Figure 0-3 the second cycle in the film layer is displayed. Again the 
same profiles as in Figure 4-1 are visible. The only differences are a lower initial 
concentration for toluene and a higher initial concentration for PTSA. This means the 
initial viscosity is higher. 

4.1.2 Influence viscosity and temperature 

In Figure 4-2 the profiles are shown for the first film layer cycle for the case which had 
the adjustment that μMIX = μTOL,T0. Figure 4-2 (a)-(d) showing the concentrations for 
CSO3, toluene, PTSA and the inert component respectively and (e) shows the 
temperature. 
 

Film layer 

 
(a) (b) (c) 

 
 (d) (e)  

Figure 4-2 profiles for all compounds and viscosity in the film layer during the first cycle with settings: Dch = 1 
mm, Re = 100, Ls = Lf and perfect cooling and a fixed viscosity 
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At t5 the film layer is saturated with SO3 as well as the inert component and all the 
toluene has reacted away. Thus the film layer is also saturated with PTSA, portrayed 
in Figure 4-2 (a)-(d). Having no change in the viscosity removes the viscous 
boundary layer. In the profile of toluene in Figure 4-2 (b) it becomes clear that when 
the viscous boundary layer is not apparent, the MT limitation is reduced 
tremendously, seen by the toluene concentration profile being more evenly dispersed 
at t = t2. The reduction in MT limitation also becomes clear in Figure 4-2 (c), as at t1 
reaction occurs over the complete film layer. 
 
The temperature shown in Figure 4-2 (e) shows the same behaviour as when the 
viscosity increases in the previously discussed case. Until the first timestep a lot of 
toluene is still apparent in the film layer, which makes the reaction rate higher than 
the rate of cooling. The distinction is in ΔT, with ΔT = 15 K in Figure 4-2 (e) versus ΔT 
= 5 K in Figure 4-1 (e) . 
 
In Figure 4-3 the profiles are shown for the first film layer cycle for the case which had 
the adjustment that no cooling was applied. Figure 4-3 (a)-(d) showing the 
concentrations for CSO3, toluene, PTSA and the inert component respectively, (e) 
shows the temperature and (f) the viscosity. 
 

Film layer 

 
(a) (b) (c) 

 
(d) (e) (f) 

Figure 4-3  profiles for all compounds and viscosity in the film layer during the first cycle with settings: Dch = 1 
mm, Re = 100, Ls = Lf and no cooling 
 
The profiles have the same shape as in the case from Figure 4-1. However, a close 
look at Figure 4-3 (f) reveals that the maximum viscosity is half of Figure 4-1 (f). The 
lower viscosity at the interface results in a lower MT limitation. This is visible in Figure 
4-3 (b), where more toluene has reacted away and the steep gradient near the 
interface is less steep than in Figure 4-1 (b). This is supported by the higher 
concentration of Cinert at t = tcontact,film. 
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With cooling the only change parameter, it becomes clear that the temperature has a 
large and positive influence on the MT limitation. The system has a temperature of 
almost 800 K, as visible in Figure 4-3 (e). Although a hotspot cannot be appointed, 
the symptoms accredited to a hotspot can prevail. With a ΔT of 500 K, the reaction 
rate will increase and the selectivity could shift. 
 
Thus, no cooling is preferred with respect to the viscous boundary layer, which 
decreases in viscosity and in thickness. Nevertheless, side reactions should also be 
taken into account, which are not apparent in this model. If side reactions are 
apparent it can turn out that the temperature increase has a negative effect on the 
selectivity. 

4.1.3 Optimization cases 

Optimization of the model is applied to two parameters which could have a big 
influence in the mass transfer rate. These are the liquid slug length and the cooling. 
The results are shown in Figure 4-4. The starting case with Dch = 1 mm, Re = 100, Ls 

= Lf and cooling is depicted in light blue. The second case in orange had Ls = 0.5 Lf. 
The third case  in grey had Ls = 0.1 Lf. The fourth case in yellow had Ls = 2 Lf. The 
fifth case in blue crosses had no cooling applied. Every point in the graph stand for a 
complete cycle, meaning that once the bubble and once the liquid slug has been in 
contact with the film layer. The change in Ls is the equivalent of decreasing the 
volumetric liquid flow. The corresponding data is shown in appendix J in Table 0-5. 
 

 
Figure 4-4 kLa for the case 1-5, case 1: Dch = 1 mm, Re = 100, Ls = Lf and with cooling, case 2: Dch = 1 mm, Re = 

100, Ls = 0.5Lf and with cooling, case 3: Dch = 1 mm, Re = 100, Ls = 0.1Lf and with cooling, case 1: Dch = 1 mm, Re = 
100, Ls = 2Lf and with cooling, case 1: Dch = 1 mm, Re = 100, Ls = Lf and no cooling 
 
The first notable aspect is that all cases have a higher kLa for the first cycle than for 
the consecutive cycles. This could be due to the initial viscosity being lower and for 
consecutive cycles the initial concentration being higher  than the first cycle. From the 
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second cycle onward the kLa value is more constant. This can be explained by 
looking at appendix I in Figure 0-3 where the second cycle in the film layer is shown 
in combination with Figure 0-4 in appendix K where the viscosity verses conversion is 
shown for different temperatures and appendix L in Figure 0-5 where DSO3 over the 
viscosity for different temperatures is shown. From Figure 0-3 the conversion is 
approximated at XTOL =  0.03. Following from the corresponding viscosity is μMIX = 
5.4E-4 Pa*s. Finally the diffusivity at this viscosity is DSO3 = 4.57E-9 m2/s, which is a 
21% decrease from the initial value of DSO3 = 5.78E-9 m2/s. This does not correspond 
with the 14% drop in kLa value for case 1 from Figure 4-4, which has the same 
settings as the case depicted in appendix I in Figure 0-3. To understand what 
accounts for the inconsistency in these percentages a study can be conducted about 
the behaviours of the viscosity and diffusivities over time. This was not done during 
this project. 
 
Case 2, where a Ls = 0.5 Lf, shows a 25% higher value of kLa  as compared to the 
starting case, with exclusion of the first data point. This change in kLa value can be 
explained via the concentration profile of PTSA from Figure 0-2 (c) in appendix I. In 
Figure 0-2 (c) it was shown that when the liquid slug is in contact with the film layer, 
the concentrations for PTSA somewhat evens out over the radial distance from t = t1 
until t = t3. During this time diffusion of PTSA into the liquid slug happens at a high 
rate, but after t3 it slows down and the concentration of PTSA at the wall does not 
change much anymore. The data at t3 is taken at halfway the contact time of the 
liquid slug with the film layer. So if the contact time is halved, the viscosity in the 
consecutive film layer will start at approximately the same level as with the longer 
slug and the adjunct contact time. Consequently, more cycles fit in 1 second, so 
during a longer time mass transfer occurs from the bubble into the film layer. 
 
Case 3, where Ls = 0.1 Lf, shows a 25% higher value of kLa as compared to the 
starting case, with exception of the first cycle. This is the same increase as for case 2 
where Ls = 0.5 Lf. That the increase for case 3 is the same as for case 2 is 
remarkable, because the contact time is shortened so much that the viscosity in the 
film layer, when it is in contact with the liquid slug, does not lowers as much as in 
case 2. The expectation was to have lower kLa values than case 2. No explanation 
has been found for this phenomena. 
 
Case 4 where Ls = 2 Lf shows a lower value of kLa of 25% with respect to the starting 
case. This is expected. When Ls > Lf, more contact time of the slug with the film layer 
will not decrease the viscosity, as explained for case 2. So by making Ls > Lf, there 
will be less contact time between the gas and the liquid phase.  
 
Case 5 where no cooling was applied shows different increased values of kLa with 
respect to the starting case. With cases with adjusted Ls/Lf ratios, the higher values 
for kLa were higher over the compete temporal domain. For the temperature this does 
not prevail. For the temperature the starting cycles show higher values up to 100%. If 
a residence time of around a second is reached, the kLa are 50% higher. The 
increase is explained by the higher temperature. The viscosity is dependent of the 
temperature via equation ( 13 ). A higher temperature results in a lower viscosity. The 
decrease over time of the higher kLa values with respect to the starting case is 
expected as well. Although the system heats up, still the viscosity increases. The 
viscosity increases exponentially (see equation ( 14 )) and with a higher kLa there is a 
higher probability of reaching higher values than the preceding cases.    
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4.1.4 kLa behaviour 

With the optimized case multiple runs were performed. The Dch was taken 0.5, 1.0 
and 1.5 mm with Reynolds ranging from 25 to 200. The cases which produced two or 
less results were not taken into account. In Figure 4-5 below, the time averaged 
values for kLa are displayed with the absolute errors for Dch = 0.5 mm and Re = 25, 
50, 100 and 200 in blue, Dch = 1.0 mm and Re = 25, 50, 100 and 200 in grey and Dch 
= 1.5 mm and Re = 50, 100 and 200 in orange. The corresponding data is shown in 
appendix M in Table 0-6. 

 
Figure 4-5 time averaged kLa over Reynolds for Dch = 0.5, 1.0 and 1.5 mm 

 
For the Dch = 0.5 mm case the kLa for Re = 25 is the highest, approximately halves 
towards to Re = 50 case and increases going via Re = 100 onwards to Re = 200. The 
decrease in kLa from Re = 25 to Re = 50 is unexpected, because normally a higher 
Re results in a lower MT limitation. In appendix 0 the δfilm is portrayed (see equation( 
3 )) over Re for the three cases. Is shows when increasing Re, the δfilm increases. 
Increasing Re also means a higher velocity. So with Re = 25, the δfilm is the smallest 
from all the calculated cases and per cycle it has the longest contact time. The 
smallest δfilm means the least moles of toluene are apparent in the film layer to form 
PTSA. The long contact time implies that the viscosity will increase much at the G-L 
interface, thus the SO3 transport into the system is inefficient for a long period of time. 
With both arguments the expectation is that kLa should increase with increasing Re. 
This goes as well for the Re = 25 and Re = 50 cases. If the definition for kLa (equation 
( 21 )) is taken into account, the drop can be explained with the concentration 
gradient over the film layer. Because of the longer tcontact and thinner δfilm, Cinert,wall is 
higher, resulting in a lower ΔC. Because of the division by ΔC, the kLa value for a 
lower Re can turn out higher, if ΔC becomes very small. 
 
For the Dch = 1.0 mm case a drop in kLa is visible going from Re = 25 to Re = 100 and 
for the Dch = 1.5 mm case this drop is visible going from Re = 50 to Re = 100. This 
drop is not expected, but it is explainable with the same argument as for the previous 
case about the definition of kLa. 
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The absolute errors are large on the Dch = 0.5 mm case and small on the Dch = 1.0 
and 1.5 mm. In appendix O in Table 0-7 for Dch = 0.5, 1.0 and 1.5 mm and Re 
ranging from 10 - 200, the time averaged kLa, absolute minimum kLa, absolute 
minimum error, relative negative error, absolute maximum kLa, absolute positive error 
and relative positive error are shown. The fact that the error is large for Dch is due to 
the short contact time for the liquid film with the liquid slug. The formed PTSA does 
not have enough time to diffuse into the slug, leaving the viscosity high in the film 
layer for the following bubble. The larger the Dch the least this problem is an issue, as 
uphold by the decreasing error. 

4.1.5 Kinetic study capabilities 

The model is constructed to conduct kinetic studies. To be able to perform kinetic 
studies with a model, three characteristics are of main importance. The first 
characteristic is that the MT should not be the limiting factor, or a kinetic study is 
simply impossible. The second characteristic is that the MT rate should be constant. 
Although the second characteristic is not a necessity, having a varying MT rate 
complicates the data processing step unnecessarily. Hence a constant kLa over time 
is desired. The third characteristic is the capability of the model to be used for kinetic 
data fitting. This point is about the time it takes to fit the data as well as the 
uniqueness of the solution. 
 
In appendix P in Table 0-8 the ratios of reaction rate over MT rate are displayed. If 
the ratio is smaller than zero the MT rate is dominant. All ratios are bigger than 1, 
meaning in none of the calculated cases the MT rate is dominant. 
 
The case with Dch = 1 mm and Re = 25 has the lowest ratio, which is 11.53. The case 
with the second lowest ratio is the Dch = 0.5 mm and Re = 25. The ratio is 18.31. In 
appendix 0 the behaviour of kLa are shown for ratio = 11.5 in Figure 0-7 and for ratio 
18.3 in Figure 0-8. Both the cases show a decline in kLa. 
 
The system is non-linear, so for data fitting “lsqnonlin” would be an appropriate 
MATLAB utility. The input necessary for “lsqnonlin” utility is a summation of different 
equations for a specific independent variables. Seeing the functions are all 
dependent on each other with eight dimensions, data fitting in the current state is 
unfeasible. First it would take a very long time to get a solution. But even more 
important, due to the multidimensional nature, it could be that there is not one unique 
solution. Hence, also the third characteristic is not satisfied. 

4.2 2D OpenFOAM model 

First the flow through a channel will be verified, which accounts as flow verification for 
both cases. Afterwards the blockMesh case and then the snappyHexMesh cases will 
be evaluated. 

4.2.1 Flow verification 

The flow verification is sufficient for both the bM and the sHM case. In both cases the 
starting mesh is a bM, which is verified. In Figure 4-6 below the relative error for the 
average velocity and the maximum velocity are portrayed for 20, 50 and 100 grid 
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cells over the y-dimension and 500 in the x-direction. The data is shown in appendix 
S in Table 0-10. 
 

 
Figure 4-6 relative error for average velocity and the maximum velocity for the verification case 

 
The relative error for the average velocity is given by the blue cross for Ny = 20, blue 
dots for Ny = 50 and grey triangles for Ny = 100 grid cells. The error for Ny = 20 and 
Ny = 50 grid cells are constant at around 4E-3 (an exception on this is the Ny = 50, 
Re = 10 case, which is somewhat higher). When Ny becomes 100 grid cells, the 
relative error goes up to 1.28E-2, which is unexpected. This could be due to the 
approximation of the coordinates where <U> should prevail. The approximation could 
slightly deviate, which could increase the error when the total profile becomes more 
highly defined in the case this move the more accurate profile away from the 
measuring point. However, no definite explanation was found for the error and 
although it is a high error, work was continued with it. Although, this error should have 
high priority when development of this model is continued. 
 
The relative error for the maximum velocity is given by the green dots for Ny = 20, 
orange dots for Ny = 50 and yellow crosses for Ny = 100 grid cells. The stability of the 
error is not as high as for the average velocity. Looking at the magnitude of the error, 
this is not a big problem. A relative error of between 2E-4 and 2E-7 makes the 
accuracy between 99.98% and 99.99998% for the maximum velocity, which is a 
sufficient accuracy. 

4.2.2 blockMesh bubble 

Neither verification nor validation of the case in its current form is possible, due to the 
taken assumptions of the fixed nature of the shape and  the shape itself. However, a 
comparison with pictures of experimental bubble heads and tails was made. 
Asadolahi et al. [19] did research to the shape of Taylor bubble flow in a channel with 
a diameter of 2 mm. Together with the shape proposed during this project, the 
comparison and pictures of the bubbles are presented in Figure 4-7 below. In (a) the 
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proposed bubble shape is shown in a channel with Dch = 1 mm, Re = 100 and Ca = 
8.5E-4, in (b) are the four pictures of experimental bubble pictures by Asadolahi et al., 
where 0.21 m/s equals Re = 475 and Ca = 2.6E-4, 0.32 m/s equals Re = 713 and Ca 
= 4E-3, 0.42 m/s equals 951 and Ca = 5.2E-3 and 0.53 m/s equals Re = 1189 and Ca 
= 6.6E-3. In (c) the bubbles are portrayed on top of each other. 
 

 
(a) (b)  (c) 
Figure 4-7 Taylor bubble shape from proposed model  compared with experimental bubbles, (a) are the bubble 

head and tail shape proposed in the model constructed during this project in a 1 mm channel with Re = 100, (b) are 
four pictures of experimental bubbles, where 0.21 m/s equals Re = 475, 0.32 m/s equals Re = 713, 0.42 m/s equals 
951 and 0.53 m/s equals Re = 1189, (c) is the comparison between the proposed bubble and the experimental 
bubbles, [19] 
 
In Figure 4-7 (c) the shape for the case where Re = 475 corresponds nicely. The 
higher the Re, the more white is visible, thus the less the shapes correspond.  
 
Seeing the shape deforming more with increasing Re, lowering the Re should lead to 
an increased stability of the bubble shape. Taking into account the dimensionless 
numbers Ëo and Weber (We) given by equation ( 1 ) and ( 27 ) respectively [10]: 
 
 

𝑊𝑒 =
𝜌𝐿𝑈𝐿

2𝐷𝑐ℎ

𝜎
 

( 27 ) 
 

 
It becomes clear that moving from the experimental cases towards the proposed 
model, Dch decreases. For the Ëo number this means gravity effects and for We this 
means the fluid inertia will be less influential. Hence, σ becomes more dominant and 
the shape of the bubble will be such that the interfacial area minimizes. This results in 
a bubble with a spherical head and tail and a cylindrical body. Hence, the proposed 
shape holds for Dch < 2 mm and Re < 475. 

4.2.3 snappyHexMesh bubble 

The sHM cases were generated via two methods. The first methods was a sHM 
generation with all components in the desired size. The second methods for sHM 
generation was taking a large system and 3D bubble and resizing it to the desired 
seize afterwards. 
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4.2.3.1 Meshing at desired size 

Below in Figure 4-8 the mesh generated by the snappyHexMesh utility using the 
desired sizes is shown. 
  
 

 

 

Figure 4-8 generated snappyHexMesh-mesh with nails 
 
The mesh shows inconsistencies, looking like nails coming out of the mesh, making it 
non-usable. The nails is due to the fact that the system is very small and the 
programs do not have the same numerical accuracy. Where the accuracy for C++ is 
in the range of 10-15, the mesh function in FreeCAD uses a numerical accuracy of 
around 10-3. The nails occur in the z-direction, which in this case had a thickness of 
10-4 m, already below the accuracy of the meshing utility of FreeCAD. Now a surface 
needs to be completely immersed of be outside of the bM for sHM to function 
properly. Due to operating at values below the accuracy of the meshing utility it is 
possible that points which were dictated to be at the same depth are actually not on 
the same depth. The results is that for one surface some vertices are inside and 
some are outside the bM, resulting in the nails seen in Figure 4-8. 

4.2.3.2 Meshing at larger size 

To counter this problem the bM and the 3D bubble shape were taken to be well 
above the accuracy of the meshing utility of FreeCAD. With Dch was taken 1 m, Dbub 
became 0.988 m. When the case was run with a low grid density and the bubble was 
meshed in FreeCAD in a coarse way, the sHM successfully constructed a mesh. 
However, this mesh was unusable due to the low grid density. Here for the grid 
density was fixed in agreement with the Kolmogorov length scale. This resulted in a 
construction time which was longer than the remaining project time. After 5 days the 
meshing was stopped. 
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5 Conclusion 

The conclusion is divided in 2 parts. The first part is the 1D MATLAB model, followed 
by the 2D OpenFOAM model. 

5.1 1D MATLAB model 

A comprehensive 1D model is constructed to describe the aromatic sulfonation of 
toluene with sulphur trioxide. The model shows that the reaction takes place at the G-
L interface. The interfacial reaction gives rise to the viscous boundary layer, due to 
the PTSA forming only at this interface. Because of the formation of the viscous 
boundary layer, the MT limitation increases. 
 
The intention for the 1D MATLAB model is to conduct kinetic studies. To be able to 
conduct kinetic studies, the model needs to satisfy three characteristics. These 
characteristics are the ratio reaction rate over MT rate, the temporal stability of kLa 
and the applicability to fit kinetic data. The ratio needs to be a lot smaller than one, 
kLa needs to be stable over time and data fitting needs to be done in a reasonable 
time with a unique solution. 
 
The two cases from chapter 4.1.4 which showed the lowest ratios of reaction rate 
over MT rate were both higher than one. Thus, the first characteristic is not satisfied. 
For the same cases a decline of kLa over time was seen. So also the second 
characteristic is not satisfied. The third characteristic has to do with the complexity of 
the model. The model in its current shape has many dependent and independent 
variables. This results in long a calculation time and the probability of the solution not 
being unique. Hence, the third characteristic is also not satisfied. 
 
To solve the problems with the first two characteristics, cases should be run with a 
smaller Dch and/or with a higher Re. Both would decrease the ratio of reaction rate 
over MT rate. To solve  the third characteristic simplifications should be applied. 
Simplifications will result in a fast and reliable method to describe the phenomena 
which are present in the aromatic sulfonation of toluene with sulphur trioxide. More 
specific details of the remediation of these problems can be found in the next chapter. 

5.2 2D OpenFOAM model 

A 2D model for flow around a bubble is constructed. To obtain the model, two ways 
for constructing the mesh were utilized. One of the methods is successful, the other 
shows inconsistencies. Both started of with the same blockMesh channel without a 
bubble shape. On the basic channel verification as applied. For the blockMesh case 
with the bubble in the channel the shape of the bubble is compared with experimental 
bubbles. 
 
The relative error for the velocity was calculated over flow through a pipe without a 
bubble, which accounts for both the bM ad the sHM case. The relative error was 
constant per grid density. However, reaching 1.28%, it is too high for an accurate flow 
description. The work during this project was continued, but to obtain accurate 
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solutions, this error must be negated. The spread of error for the maximum velocity 
was contained in an acceptable margin, reaching a maximum error of . 
 
From the two mesh construction methods only the blockMesh method is utilized 
successfully. The shape of the bubble is in good agreement with experimental shape 
of bubbles in a channel with a larger Dch and higher Re. Theory tells that reducing 
both would increase the dominance of the surface tension and stabilizing the bubble 
shape, which is desired. 
 
The snappyHexMesh cases resulted in an inconsistent mesh when meshing at 
desired size. Furthermore, a very long construction time when meshing at larger size 
in order to solve the inconsistencies rendered the methods not viable for the 
timescale of this project. 
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6 Recommendations 

6.1 1D MATLAB model 

Although the model is too complex to do kinetic data fitting, still the first 
recommendations include adding more complexity. This has to do with some major 
inconsistencies. These need to be corrected accordingly before simplifying the 
model. 
 
The priority should be to make sure continuity is satisfied. This could turn out to be a 
major limiting factor in the mass transport, as now, no volumetric limitation is 
imposed. So an infinite amount of a component can move into a grid cell. If now 
continuity is satisfied, the viscous boundary layer would grow thicker. Consecutively, 
this can result in the reaction not being a surface reaction anymore, but becoming a 
boundary layer reaction. 
 
Currently no convective flow happens in the system. However, convective flow would 
describe the system more accurately and can accompany the implementation of the 
continuity. 
 
After satisfying continuity and implementing convective flow, competitive kinetics 
should be implemented. As mentioned in chapter 2.3, three reactions occur. Now 
only the formation of PTSA is included. It would be interesting to see how the 
selectivity changes when kinetics are competitive and the temperature varies widely. 
 
Furthermore implementation of variable saturation concentration of SO3 in toluene in 
combination with a decreasing amount of apparent SO3 in the bubble could turn out 
to be valuable to investigate. 
 
Finally, the definition for kLa and specifically Cbulk needs to be adjusted. In the current 
form Cbulk can make ΔC in equation ( 21 ) go to zero. It seems as this does not give 
an honest representation of kLa. 
 
With the above mentioned additions to the model, the most important phenomena are 
implemented. It should be qualified which phenomena are the most important and 
which are less important. Then simplifications could be made, in order for the model 
to achieve its purpose. 

6.2 2D OpenFOAM model 

The recommendation for the 2D OpenFOAM model is to continue with the proposed 
blockMesh case. A straight forward model which is easily adjustable with respect to 
Dch and Re. The recommendation is continuing the implementation of all the 
components and the variable parameters as implemented in the 1D MATLAB model. 
Having the same complexity with flow introduced the model will become a very 
accurate two dimensional representation of the real channel. 
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Appendices 

A. Derivations 

Cylindrical coordinates velocity derivation 

For cylindrical coordinates the reduced momentum balance with the two 
corresponding BC’s looks like equation ( 28 ), ( 29 ) and ( 30 ). 
 
 𝜇𝐿

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑈𝑧
𝑐ℎ

𝜕𝑟
) = −

𝜕𝑃

𝜕𝑧
 

 

( 28 ) 

BC1 𝑑𝑈𝑧
𝑐ℎ

𝑑𝑧
= 0 𝑖𝑓 𝑟 = 0 

( 29 ) 
 

BC2 𝑈𝑧
𝑐ℎ = 0 𝑖𝑓 𝑟 = 𝑅𝑐ℎ ( 30 ) 

 
 
Linearizing the pressure and integrating once for equation ( 31 ): 
 
 

𝑟
𝜕𝑈𝑧

𝑐ℎ

𝜕𝑟
=

𝛥𝑃

2𝜇𝐿𝐿𝑐ℎ
𝑟2 + 𝐶1 

 

( 31 ) 

 
With BC1, C1 becomes zero. Integrating once more for equation ( 32 ) and using BC2 
for equation ( 33 ), resulting finally in equation ( 34 ): 
 
 

𝑈𝑧
𝑐ℎ(𝑟) =

𝛥𝑃

4𝜇𝐿𝐿𝑐ℎ
𝑟2 + 𝐶2 

 

( 32 ) 

 
𝐶2 = −

𝛥𝑃𝑅𝑐ℎ
2

4𝜇𝐿𝐿𝑐ℎ
 

( 33 ) 

 
𝑈𝑧(𝑟) =

∆𝑃𝑅𝑐ℎ
2

4𝜇𝐿𝐿𝑐ℎ
[(

𝑟

𝑅𝑐ℎ
)

2

− 1] 
( 34 ) 

 
With Uz(r) being the r-dependent z-velocity in m/s, ΔP the pressure drop in Pa, Rch 
the radius of the channel in m, μL the viscosity of the liquid in Pa*s and L the length of 
the channel in m.  
 
Continuously integrating over the flow through area and dividing by this area results 
in the average velocity <Uz,ch>. The integral fraction and consecutive steps to 
obtain<Uz,ch> are displayed in equation ( 35 )-( 38 ): 
 
 ∫ ∫ 𝑈𝑧

𝑐ℎ(𝑟)𝑟𝑑𝑟𝑑휃
𝑅𝑐ℎ

0

2𝜋

0

∫ ∫ 𝑟𝑑𝑟𝑑휃
𝑅𝑐ℎ

0

2𝜋

0

 

 

( 35 ) 
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∫

∆𝑃𝑅𝑐ℎ
2

4𝜇𝐿𝐿𝑐ℎ
[

𝑟3

𝑅𝑐ℎ
2 − 𝑟] 𝑑𝑟

𝑅𝑐ℎ

0

1
2

𝑅𝑐ℎ
2

 

( 36 ) 

 
[

∆𝑃

2𝜇𝐿𝐿𝑐ℎ
[

𝑟4

4𝑅𝑐ℎ
2 −

𝑟2

2
]]

0

𝑅𝑐ℎ

 
( 37 ) 

 
< 𝑈𝑧

𝑐ℎ > = −
∆𝑃𝑅𝑐ℎ

2

8𝜇𝐿𝐿𝑐ℎ
 

( 38 ) 

 
To obtain the equation for the pressure drop, equation ( 38 ) can be rewritten to 
equation ( 41 ): 
 
 

∆𝑃 = −
8𝜇𝐿𝐿𝑐ℎ < 𝑈𝑧

𝑐ℎ >

𝑅𝑐ℎ
2 = −

32𝜇𝐿𝐿𝑐ℎ < 𝑈𝑧
𝑐ℎ >

𝐷𝑐ℎ
2  

( 39 ) 

With 
𝑅𝑒 =

𝜌𝐿 ∗< 𝑈𝐿
𝑐ℎ >∗ 𝐷𝑐ℎ

𝜇𝐿
→ < 𝑈𝐿 >=

𝜇𝐿𝑅𝑒

𝜌𝐿𝐷𝑐ℎ
 

( 40 ) 

 
∆𝑃 = −

32𝜇𝐿𝐿𝑐ℎ𝑅𝑒

𝐷𝑐ℎ
3 𝜌𝐿

 
( 41 ) 

 
 

Cartesian coordinates velocity derivation 

For cartesian coordinates, the equations for UL,ch, <UL,ch> and ΔP can be obtained via 
the same fashion. The BC’s and equations for the aforementioned quantities are 
displayed in equation ( 44 ), ( 45 ) and ( 46 )respectively: 
 
BC1 𝑑𝑈𝑥

𝑐ℎ

𝑑𝑦
= 0 𝑖𝑓 𝑦 = 0 

( 42 ) 

BC2 𝑈𝑥
𝑐ℎ = 0 𝑖𝑓 𝑦 = 0 𝑜𝑟 𝐷𝑐ℎ ( 43 ) 

 
𝑈𝑥

𝑐ℎ(𝑦) =
∆𝑃𝐷𝑐ℎ

2

2𝜇𝐿𝐿𝑐ℎ
[(

𝑦

𝐷𝑐ℎ
)

2

− (
𝑦

𝐷𝑐ℎ
)] 

( 44 ) 

 
< 𝑈𝑥

𝑐ℎ >=
∆𝑃𝐷𝑐ℎ

2

12𝜇𝐿𝐿𝑐ℎ
 

( 45 ) 
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∆𝑃 =

12𝜇𝐿
2𝐿𝑐ℎ𝑅𝑒

𝐷𝑐ℎ
3 𝜌𝐿

 
( 46 ) 

B. Conversion dependent viscosity correlation 

Graph used to extract correlation 

 
Figure 0-1 conversion dependent viscosity of toluene, [4] 
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DataTheif script 

 

function [x,y] = DataTheif(Image,A,B,C) 

    figure, imshow(Image); 

    for i = 1:3 

        Axis(i,:) = ginput(1); 

        hold on; 

        plot(Axis(i,1),Axis(i,2),'rx','markersize',15); 

    end 

    YScale = abs(A(2)-B(2))/abs(Axis(1,2)-Axis(2,2)); 

    XScale = abs(C(1)-B(1))/abs(Axis(3,1)-Axis(2,1)); 

    for i=1:100 

        try 

            Points(i,:) = ginput(1); 

        catch 

            break; 

        end 

 

        hold on; 

        plot(Points(i,1),Points(i,2),'o'); 

 

    end 

    Points(:,1) = (Points(:,1)- Axis(2,1))*XScale; 

    Points(:,2) = (( Axis(3,2)-Points(:,2)))*YScale; 

    x = Points(:,1)+B(1); 

    y = Points(:,2)+B(2); 

end 

C. kLa extraction script 

function kla = desiredData(par,uFILM) 

 

Cint = par.CSO3sat;                         % Interfacial concentration 

 

Cbulk = mean(uFILM(:,end,5));               % Mean value SO3 at wall 

 

allSO3 = mean(uFILM(end,:,5))*par.Vfilm;    % Amount of mol in film layer 

phiM = allSO3/par.tauFILM;                  % Molar flux of SO3 into the film 

layer 

 

kla = phiM/((Cint-Cbulk)*par.Vr);           % Mass transfer data 

 

end 
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D. Values for parameters 

Table 0-1 all values for constant parameters with argumentation 
Param
eter 

Value Units Motivation 

𝑨𝟎 166 𝑠−1 See 0. 
𝑪𝒑,𝑷𝑻𝑺𝑨 318.61 𝐽

𝑚𝑜𝑙𝐾
 

See 0. 

𝑪𝒑,𝑺𝑶𝟑 106.3 𝐽

𝑚𝑜𝑙𝐾
 

See 0. 

𝑪𝒑,𝑻𝑶𝑳 169.98 𝐽

𝑚𝑜𝑙𝐾
 

See 0. 

𝑬𝒂 5207 𝑘𝐽

𝑚𝑜𝑙
 See 0. 

𝜟𝑯𝒇
ѳ,𝑷𝑻𝑺𝑨 -637.76 𝑘𝐽

𝑚𝑜𝑙
 

See 0. 

𝜟𝑯𝒇
ѳ,𝑺𝑶𝟑 -436.209 𝑘𝐽

𝑚𝑜𝑙
 

See 0. 

𝜟𝑯𝒇
ѳ,𝑻𝑶𝑳 16.829 𝑘𝐽

𝑚𝑜𝑙
 

See 0. 

𝑴𝑷𝑻𝑺𝑨 172.198 𝑔

𝑚𝑜𝑙
 From periodic table, molar mass PTSA 

𝑴𝑺𝑶𝟑 80.057 𝑔

𝑚𝑜𝑙
 From periodic table, molar mass SO3 

𝑴𝑻𝑶𝑳 92.141 𝑔

𝑚𝑜𝑙
 From periodic table, molar mass toluene 

𝑹 8.3145 𝐽

𝑚𝑜𝑙 ∗ 𝐾
 Gas constant 

𝑽𝒎,𝑷𝑻𝑺𝑨
𝑩𝑷

 0.1389 𝑚3

𝑘𝑚𝑜𝑙
 𝑉𝑚,𝑃𝑇𝑆𝐴

𝐵𝑃 =
𝑀𝑃𝑇𝑆𝐴

𝜌𝑃𝑇𝑆𝐴
 

𝑽𝒎,𝑺𝑶𝟑
𝑩𝑷  0.0417 𝑚3

𝑘𝑚𝑜𝑙
 𝑉𝑚,𝑆𝑂3

𝐵𝑃 =
𝑀𝑆𝑂3

𝜌𝑆𝑂3
 

𝑽𝒎,𝑻𝑶𝑳
𝑩𝑷

 0.1099 𝑚3

𝑘𝑚𝑜𝑙
 𝑉𝑚,𝑇𝑂𝐿

𝐵𝑃 =
𝑀𝑇𝑂𝐿

𝜌𝑇𝑂𝐿
 

    
𝝆𝑷𝑻𝑺𝑨 1070 𝑘𝑔

𝑚3
 From source [20]. 

𝝆𝑺𝑶𝟑
𝑮  3.2775 𝑘𝑔

𝑚3
 Via ideal gas law, 𝜌𝑆𝑂3

𝐺 =
𝑀𝑆𝑂3𝑛

𝑉
=

𝑝

𝑅𝑇
 

𝝆𝑺𝑶𝟑
𝑳  1920 𝑘𝑔

𝑚3
 

From source [21]. 

𝝆𝑻𝑶𝑳 838 𝑘𝑔

𝑚3
 From source [22]. 

𝝆𝑻𝑶𝑳
𝑩𝑷  799 𝑘𝑔

𝑚3
 From source [22]. 

𝝈𝑻𝑶𝑳 0.024995 𝑘𝑔

𝑠2
 From source [23], page 224. 
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Kinetics 

The reaction rate constant kR is calculated via Arrhenius’ equation: 
 

𝑘𝑅 = 𝐴0 ∗ 𝑒−
𝐸𝑎

𝑅∗𝑇 
 
With 𝑘𝑅 being the reaction rate constant given in  𝑠−1, 𝐴0 is the pre-exponential 
factor, the amount of molecular collisions per second in  𝑠−1, Ea the activation energy 
in 𝑘𝐽

𝑚𝑜𝑙
, R the gas constant in 𝐽

𝑚𝑜𝑙∗𝐾
 and T the temperature in K. 

 
Moors et al. [15] state that the reaction is second order in [SO3] and first order in the 
aromatic compound. Beenackers et al. [24] did research to the reaction kR = 17.2 s-1 
at T = 276.15 K for the sulfonation of benzene with SO3, diluted in C6H5NO2. Amous 
et al. [25] states that 𝐸𝑎= 5207 𝑘𝐽

𝑚𝑜𝑙
 for the sulfonation of dodecylbenzene with sulfur 

trioxide. A closer approximation of the kinetic data is not available due to the 
extremely fast nature of the reaction. With this data A0 was calculated via: 

𝐴0 =
𝑘𝑅

𝑒−
𝐸𝑎

𝑅∗𝑇

=
17.2

𝑒−
5207

8.3145∗276.25

= 166 𝑠−1 

Specific heat capacities 

Heat capacities are calculated via group contribution methods, Werner’s for simple 
compounds and Chueh and Swanson’s for complex compounds [13]. Thus, SO3 is 
done via Werner’s method: 

𝐶𝑝,𝑆𝑂3 = 1 ∗ 𝑆 + 3 ∗ 𝑂 = 31 + 3 ∗ 25.1 = 106.3
𝐽

𝑚𝑜𝑙
 

 
And toluene and PTSA are done via Chueh and Swanson’s method: 
 

𝐶𝑝,𝑇𝑂𝐿 = 6 ∗ (= 𝑐 −) + 1 ∗ (−𝐶𝐻3) = 6 ∗ 22.19 + 36.84 = 169.98
𝐽

𝑚𝑜𝑙𝐾
 

 
𝐶𝑝,𝑃𝑇𝑆𝐴 = 6 ∗ (= 𝑐 −) + 1 ∗ (−𝐶𝐻3) + 2 ∗ (= 𝑂) + 1 ∗ (−𝑂𝐻) + 1 ∗ (−𝑆−) 

= 6 ∗ 22.19 + 36.84 + 2 ∗ 35.17 + 44.80 + 33.49 = 318.61
𝐽

𝑚𝑜𝑙𝐾
 

Enthalpies 

The heat of formation of toluene and SO3 in liquid form are calculated via equation ( 
47 ), with values from literature [13]: 
 
 𝛥𝐻𝑓,𝑙𝑖𝑞

ѳ,𝑖 = 𝛥𝐻𝑓,𝑔𝑎𝑠
ѳ,𝑖 − 𝛥𝐻𝑣𝑎𝑝

ѳ,𝑖  ( 47 ) 

 

𝛥𝐻𝑓,𝑙𝑖𝑞
ѳ,𝑇𝑂𝐿 = 50.03 − 33.201 = 16.829

𝑘𝐽

𝑚𝑜𝑙
 

 

𝛥𝐻𝑓,𝑙𝑖𝑞
ѳ,𝑆𝑂3 = −395.53 − 40.679 = −436.209

𝑘𝐽

𝑚𝑜𝑙
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The heat of formation for PTSA could not be found in literature. An estimation was 
made using the Joback group contribution method, which states that equations ( 48 ) 
and ( 49 ) prevail [26]: 
 
 

𝛥𝐻𝑓,𝑔𝑎𝑠
ѳ,𝑃𝑇𝑆𝐴 = 68.29 + 𝛴𝐻𝑓,𝑖  [

𝑘𝐽

𝑚𝑜𝑙
] ( 48 ) 

 
𝛥𝐻𝑣𝑎𝑝

ѳ,𝑃𝑇𝑆𝐴 = 15.30 + 𝛴𝐻𝑣𝑎𝑝,𝑖 [
𝑘𝐽

𝑚𝑜𝑙
] ( 49 ) 

 
With group consisting of the following components: 
 

4 ∗ (= C −) + 2 ∗ (= C <) + (−OH) + (−s −) + 2 ∗ (= O) + (−CH3) 
 
Which translates to: 
 

𝛥𝐻𝑓,𝑔𝑎𝑠
ѳ,𝑃𝑇𝑆𝐴 = 68.29 + 4 ∗ 2.09 + 2 ∗ 46.43 − 208.04 + 41.87 − 2 ∗ 247.61 − 76.45 

𝛥𝐻𝑓,𝑔𝑎𝑠
ѳ,𝑃𝑇𝑆𝐴 = −568.33

𝑘𝐽

𝑚𝑜𝑙
 

𝛥𝐻𝑣𝑎𝑝
ѳ,𝑃𝑇𝑆𝐴 = 15.30 + 4 ∗ 2.544 + 2 ∗ 3.059 + 16.826 + 6.817 + 2 ∗ 5.909 + 2.373 

𝛥𝐻𝑣𝑎𝑝
ѳ,𝑃𝑇𝑆𝐴 = 69.43 

𝛥𝐻𝑓,𝑙𝑖𝑞
ѳ,𝑃𝑇𝑆𝐴 = −568.33 − 69.43 = 637.76

𝑘𝐽

𝑚𝑜𝑙
 

Saturation concentration S in toluene 

In literature the saturation concentration for sulphur in toluene at different 
temperatures is displayed [27]. In excel a power regression is put through these data 
points, which resulted in equation  
 
 𝑚𝑠

𝑓𝑟𝑎𝑐
= 6 ∗ 10−2 ∗ 𝑇7.8689 ( 50 ) 

 
With ms,frac being the mass fraction of S in toluene and T the temperature of the 
system. Solving for T = 323.15 K gives 3.34504 gram S/100 gram toluene. To go 
from gram per gram to mol per mol, both values are divided by their respective molar 
mass, resulting in: 
 

𝑥𝑠
𝑓𝑟𝑎𝑐

=
(

3.3504
80.06 )

(
100

92.13)
= 0.0385 

𝑚𝑜𝑙 𝑆

𝑚𝑜𝑙 𝑡𝑜𝑙𝑢𝑒𝑛𝑒
= 0.0385

𝑚𝑜𝑙 𝑆𝑂3

𝑚𝑜𝑙 𝑡𝑜𝑙𝑢𝑒𝑛𝑒
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E. Grid independence study MATLAB 

Table 0-2 calculation time and relative errors at G-L interface, middle of the liquid film and at the wall, all per 
amount of grid cells at Re 100 and 1000 timesteps 
grid cells Time [s] CSO3 

xLEFT 
CSO3 
xMID 

CSO3 
XRIGHT 

Rel Err 
left [%] 

Rel Err 
Mix [%] 

Rel err 
Right [%] 

50 18.35 19140.00 100.35 17.18 - - - 

100 30.38 19885.00 158.20 24.17 3.89 57.7 40.7 

200 46.42 15373.00 233.41 31.64 22.6 47.5 30.9 

400 91.26 8567.80 246.05 34.36 44.2 5.42 8.60 

600 127.9 7971.70 246.42 34.56 6.95 0.150 0.582 

800 162.34 7800.70 246.42 34.61 2.14 0.000 0.145 

1000 190.82 7731.10 246.38 34.64 0.892 0.0162 0.0867 

1200 250.08 7697.00 246.33 34.65 0.441 0.0203 0.0289 

1400 279.23 7678.00 246.29 34.66 0.247 0.0162 0.0289 

1600 316.56 7666.30 246.26 34.66 0.152 0.0122 0.0101 

F. Timestep analysis 

Table 0-3 calculation time and relative errors at G-L interface, middle of the liquid film and at the wall, all per 
amount of time steps for Re 100 and 50 grid cells 
timeSteps time xLEFT xMID xRIGHT Rel Err 

% 
Rel Err Rel err 

100 68.45 19714 1474.3 1328.8 
   

200 58.95 19714 1474.3 1328.8 0 0 0 

500 58.08 19714 1474.3 1328.8 0 0 0 

1000 56.11 19714 1474.3 1328.8 0 0 0 

2000 64.55 19714 1474.3 1328.8 0 0 0 

 

G. Settings for OpenFOAM verification case 

Table 0-4 settings for the verification case with length 
and amount of grid cells in all dimensions, timestep size, 
kinematic viscosity and the density 
Parameter Value Unit 

L 1 m 
Nx 500 #grid cells 
Dch 0.01 m 
Ny 50 #grid cells 
Z 0.0002 m 

Nz 1 #grid cells 
dt 0.0001 s 
ν 1E-4 m2/s 
ρ 1000 kg/m3 
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H. OpenFOAM error data extraction script 

In the controlDict in the system directory the following syntax was added to obtain the 
data for the error calculations: 
 

Functions 

{ 

 Probes 

 { 

  type probes: 

  libs (“libsmampling.so”); 

  name probes; 

  writeControl onEnd; 

  writeInterval 1; 

  fields (U p); 

   

  probeLocations 

  ( 

  (0.4 #calc “((3-pow(3,0.5))/6)*Dch” #calc “0.5*$z”) 

  (0.4 #calc “((3+pow(3,0.5))/6)*Dch” #calc “0.5*$z”) 

  (0.4 #calc 0.5*Dch” #calc “0.5*$z”) 

  (0.8 #calc “((3-pow(3,0.5))/6)*Dch” #calc “0.5*$z”) 

  (0.8 #calc “((3+pow(3,0.5))/6)*Dch” #calc “0.5*$z”) 

  (0.8 #calc 0.5*Dch” #calc “0.5*$z”) 

  } 

} 
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I. Cycles graphs 

Liquid slug profiles 

Liquid slug 

 
(a) (b) (c) 

 
 (d) (e)  

Figure 0-2 profiles for all compounds and viscosity in the liquid slug during the first cycle with settings: Dch = 1 
mm, Re = 100, Ls = Lf and perfect cooling 
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Second film layer cycle 

Film layer 

 
(a) (b) (c) 

 
(d) (e) (f) 

Figure 0-3 profiles for all compounds and viscosity in the film layer during the second cycle with settings: Dch = 1 
mm, Re = 100, Ls = Lf and perfect cooling 
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J. Data for kLa over residence time for 
optimization 

 
Table 0-5 data for kLa over residence time for optimization 

tau Case 1 
 

tau Case 2 
 

tau Case 3 
 

tau Case 4 
 

tau Case 5 

0.029 0.501 
 

0.029 0.669 
 

0.029 0.911 
 

0.029 0.334 
 

0.029 1.277 

0.088 0.431 
 

0.074 0.539 
 

0.062 0.561 
 

0.118 0.300 
 

0.088 0.831 

0.147 0.423 
 

0.118 0.529 
 

0.094 0.537 
 

0.206 0.295 
 

0.147 0.821 

0.206 0.416 
 

0.162 0.521 
 

0.127 0.529 
 

0.294 0.290 
 

0.206 0.790 

0.265 0.410 
 

0.206 0.513 
 

0.159 0.522 
 

0.383 0.285 
 

0.265 0.762 

0.324 0.403 
 

0.250 0.506 
 

0.191 0.516 
 

0.471 0.280 
 

0.324 0.735 

0.383 0.397 
 

0.294 0.498 
 

0.224 0.511 
 

0.559 0.276 
 

0.383 0.710 

0.442 0.391 
 

0.339 0.491 
 

0.256 0.505 
 

0.648 0.271 
 

0.442 0.687 

0.501 0.385 
 

0.383 0.484 
 

0.289 0.500 
 

0.736 0.267 
 

0.501 0.665 

0.559 0.379 
 

0.427 0.477 
 

0.321 0.494 
 

0.824 0.263 
 

0.559 0.644 

0.618 0.374 
 

0.471 0.471 
 

0.353 0.489 
 

0.913 0.258 
 

0.618 0.624 

0.677 0.368 
 

0.515 0.464 
 

0.386 0.484 
 

1.001 0.254 
 

0.677 0.605 

0.736 0.363 
 

0.559 0.458 
 

0.418 0.479 
    

0.736 0.588 

0.795 0.358 
 

0.604 0.452 
 

0.450 0.474 
    

0.795 0.571 

0.854 0.352 
 

0.648 0.446 
 

0.483 0.469 
    

0.854 0.555 

0.913 0.347 
 

0.692 0.440 
 

0.515 0.464 
    

0.913 0.540 

0.972 0.343 
 

0.736 0.434 
 

0.548 0.460 
    

0.972 0.525    
0.780 0.428 

 
0.580 0.455 

      
   

0.824 0.423 
 

0.612 0.450 
      

   
0.869 0.418 

 
0.645 0.446 

      
   

0.913 0.412 
 

0.677 0.442 
      

   
0.957 0.407 

 
0.710 0.437 

      
   

1.001 0.402 
 

0.742 0.433 
      

      
0.774 0.429 

      
      

0.807 0.425 
      

      
0.839 0.421 

      
      

0.872 0.417 
      

      
0.904 0.413 

      
      

0.936 0.410 
      

      
0.969 0.406 

      
      

1.001 0.402 
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K. Viscosity over conversion for different 
temperatures 

 
Figure 0-4 viscosity over conversion for different temperatures 
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L. Diffusivity over viscosity for different 
temperatures 

 
Figure 0-5 diffusivities over viscosity for different temperatures 

M. Time averaged kLa over Re for Dch = 0.5, 1.0, 
1.5 mm 

Table 0-6 time averaged kla over Re for Dch = 0.1, 1.0 and 1.5 mm  
Re Mean 

MT 
Absolute 
minimum 

Rel err 
min 

Absolute 
maximum 

Rel err 
plus 

D = 0.5 mm 25 4.62 4.15 10.15 5.02 8.56  
50 2.95 2.54 13.72 3.33 12.89  

100 2.99 2.42 18.95 3.47 16.13  
200 3.56 2.79 21.68 4.27 20.13 

D = 1.0 mm 10 8.54 8.54 0.00 8.54 0.00  
25 1.89 1.86 1.99 1.94 2.61  
50 0.88 0.86 2.34 0.91 2.67  

100 0.81 0.75 8.11 0.84 3.06  
200 0.96 0.91 4.24 0.98 3.00 

D = 1.5 mm 50 0.46 0.45 1.02 0.46 0.93  
100 0.37 0.34 7.20 0.38 2.64  
200 0.42 0.41 1.41 0.43 1.12 

 

1.E-09

1.E-08

1.E-07

0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009 0.0010

D
 [

m
2 /

s]

μMIX [Pa*s]

Diffusivity over viscosity for different temperatures

T = 323.15 K T = 612.1 K T = 901.05 K T = 1190 K
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N. Film layer thickness over Reynolds 

 
Figure 0-6 film layer thickness over Reynolds for Dch = 0.5, 1.0 and 1.5 mm 

O. Absolute and relative errors for the kLa per 
simulated case 

Table 0-7 time average kLa for all Dch = 0.5, 1.0 and 1.5 mm and Re ranging from 10 - 200, with the absolute minimum kLa, 
absolute minimum error, relative negative error, absolute maximum kLa, absolute positive error and relative positive error 
Diameter 
[mm] 

Re Mean 
kLa 

Absolute 
minimum 
kLa 

Absolute 
negative 
error 

Relative 
negative 
error 

Absolute 
maximum 
kLa 

Absolute 
positive 
error 

Relative 
positive 
error 

0.5 10 28.31 27.69 0.61 2.16 29.14 0.84 2.96 

0.5 25 4.62 4.15 0.47 10.15 5.02 0.40 8.56 

0.5 50 2.95 2.54 0.40 13.72 3.33 0.38 12.89 

0.5 100 2.99 2.42 0.57 18.95 3.47 0.48 16.13 

0.5 200 3.56 2.79 0.77 21.68 4.27 0.72 20.13 

1.0 10 8.54 8.54 0.00 0.00 8.54 0.00 0.00 

1.0 25 1.89 1.86 0.04 1.99 1.94 0.05 2.61 

1.0 50 0.88 0.86 0.02 2.34 0.91 0.02 2.67 

1.0 100 0.81 0.75 0.07 8.11 0.84 0.02 3.06 

1.0 200 0.96 0.91 0.04 4.24 0.98 0.03 3.00 

1.5 50 0.46 0.45 0.00 1.02 0.46 0.00 0.93 

1.5 100 0.37 0.34 0.03 7.20 0.38 0.01 2.64 

1.5 200 0.42 0.41 0.01 1.41 0.43 0.00 1.12 

0.0E+00

2.0E-06

4.0E-06

6.0E-06

8.0E-06

1.0E-05

1.2E-05

0 50 100 150 200 250

d
el

ta
FI

LM
 [

m
]

Reynolds [-]

Film layer thickness over Reynolds for Dch = 0.5, 1.0 
and 1.5 mm

Dch = 0.5 mm Dch = 1.0 mm Dch = 1.5 mm
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P. Different cases with reaction rate, MT rate 
and ratio 

Table 0-8 Different cases with corresponding reaction rate, MT 
rate and ratio reaction rate over MT rate 
Dch Re Reaction 

rate 
MT rate ratio 

0.0015 50 6152 159.49 38.58 

0.0015 100 8910 129.88 68.60 

0.0015 200 11277 147.38 76.52 

0.001 25 7641 662.93 11.53 

0.001 50 12916 308.77 41.83 

0.001 100 18030 284.47 63.38 

0.001 200 24114 334.45 72.10 

0.0005 25 29621 1617.80 18.31 

0.0005 50 46017 1031.87 44.60 

0.0005 100 68434 1046.68 65.38 

0.0005 200 122343 1245.40 98.24 
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Q. kLa behaviour of 2 cases with lowest ratio 

 

 
Figure 0-7 decline of kla over time for case with Dch = 0.5 mm and Re = 25 

 

 
Figure 0-8 decline of kla over time for case with Dch = 1 mm and Re = 25 
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R. blockMesh model and analytical velocities 
and relative and absolute errors 

Table 0-9 y-position with corresponding Ux from model and analytical, relative 
error and absolute error 
y-position Ux model Ux analytical rel error abs error 

0.00000 -0.05095 -0.05154 0.0114 0.000590 

0.00005 -0.03653 -0.03719 0.0176 0.000655 

0.00010 -0.02364 -0.02435 0.0288 0.000701 

0.00015 -0.01232 -0.01301 0.0534 0.000694 

0.00020 -0.00250 -0.00320 0.2189 0.000699 

0.00025 0.00576 0.00511 0.1269 0.000649 

0.00030 0.01249 0.01191 0.0486 0.000579 

0.00035 0.01770 0.01720 0.0290 0.000499 

0.00040 0.02141 0.02098 0.0205 0.000430 

0.00045 0.02362 0.02324 0.0163 0.000379 

0.00050 0.02436 0.02400 0.0152 0.000364 

0.00055 0.02362 0.02324 0.0163 0.000379 

0.00060 0.02141 0.02098 0.0205 0.000430 

0.00065 0.01770 0.01720 0.0290 0.000499 

0.00070 0.01249 0.01191 0.0486 0.000579 

0.00075 0.00576 0.00511 0.1269 0.000649 

0.00080 -0.00250 -0.00320 0.2189 0.000699 

0.00085 -0.01232 -0.01301 0.0534 0.000694 

0.00090 -0.02364 -0.02435 0.0288 0.000701 

0.00095 -0.03653 -0.03719 0.0176 0.000655 

0.00100 -0.05095 -0.05154 0.0114 0.000590 

S. Measured and analytical data for error 
calculation for flow inside 2D channel 

Table 0-10 measured and analytical data for error calculation for flow inside 2D channel  
Measured Expected Error 

Re v_avg- v_avg+ v_max dp v_avg v_max v_avg v_max 

10 1.01E-01 1.01E-01 1.49E-01 4.77E-01 9.93E-02 1.49E-01 1.280E-02 4.195E-07 

20 2.00E-01 2.00E-01 2.96E-01 9.47E-01 1.97E-01 2.96E-01 1.280E-02 3.590E-06 

50 4.90E-01 4.90E-01 7.26E-01 2.32E+00 4.84E-01 7.26E-01 1.280E-02 1.722E-06 

100 9.51E-01 9.51E-01 1.41E+00 4.51E+00 9.39E-01 1.41E+00 1.280E-02 1.775E-06 

250 2.20E+00 2.20E+00 3.26E+00 1.04E+01 2.17E+00 3.26E+00 1.280E-02 1.918E-07 

500 3.98E+00 3.98E+00 5.89E+00 1.89E+01 3.93E+00 5.89E+00 1.281E-02 2.027E-04 

 



 Technische Universiteit Eindhoven University of Technology 

 

52 

Bibliography 

[1] L. Shasttri and O. Sumant, “Allied Market Research Surfactant Market,” 2019. 
[Online]. Available: https://www.alliedmarketresearch.com/surfactant-market. 

[2] E. A. Knaggs and M. J. Nepras, “Sulfonation and sulfation,” Kirk-Othmer 
Encycl. Chem. Technol., no. 2, p. 52, 2000. 

[3] N. C. Foster, “Sulfonation and Sulfation Processes,” no. 206. 
[4] J. C. Wu, B. H. Wang, D. L. Zhang, G. F. Song, J. T. Yuan, and B. F. Liu, 

“Production of p-toluenesulfonic acid by sulfonating toluene with gaseous 
sulfur trioxide,” J. Chem. Technol. Biotechnol., vol. 76, no. 6, pp. 619–623, 
2001. 

[5] D. E. Farmer, N. C. Foster, T. J. Loughney, W. B. Sheats, and R. K. Borrevik, 
“Patent # 5,136,088,” 1992. 

[6] M. Meeuwse, J. Van Der Schaaf, and J. C. S. Kuster, “Gas-Liquid mass 
transfer in a rotor-stator spinning disc reactor: Experimental study and 
correlation,” Chem. Eng. Process. Process Intensif., vol. 104, no. 1, pp. 181–
189, 2016. 

[7] Flowid, “Butyl Lithium,” 2015. [Online]. Available: 
https://www.flowid.nl/butyllithium/. [Accessed: 04-Feb-2019]. 

[8] S. Jovic, Intensification of chlorine processing Intensification of chlorine 
processing. 2016. 

[9] P. Granados Mendoza, Modeling of the chlor-alkali process using a rotor-stator 
spinning disc membrane electrochemical reactor, no. november. 2016. 

[10] V. Hessel, A. Renken, J. C. Schouten, and J. Yoshida, Micro Process 
Engineering, 1st ed. 2009. 

[11] T. G. Karayiannis and M. M. Mahmoud, “Flow boiling in microchannels: 
Fundamentals and applications,” Appl. Therm. Eng., vol. 115, pp. 1372–1397, 
2017. 

[12] D. R. Langewisch and J. Buongiorno, “Prediction of film thickness, bubble 
velocity, and pressure drop for capillary slug flow using a CFD-generated 
database,” Int. J. Heat Fluid Flow, vol. 54, pp. 250–257, 2015. 

[13] R. K. Sinnott, Coulson & Richardson’s Chemical Engineering Vol. 6, 4th ed. 
Elsevier Butterworth Heinemann, 2005. 

[14] R. B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, Second 
edi. John Wiley & Sons, 2002. 

[15] S. L. C. Moors, X. Deraet, G. Van Assche, P. Geerlings, and F. De Proft, 
“Aromatic sulfonation with sulfur trioxide: mechanism and kinetic model,” 
Chem. Sci., vol. 8, no. 1, pp. 680–688, 2016. 

[16] F. A. Gonçalves, K. Hamano, J. V. Sengers, and J. Kestin, “Viscosity of liquid 
toluene in the temperature range 25-75°C,” Int. J. Thermophys., vol. 8, no. 6, 
pp. 641–647, 1987. 

[17] Frank PIncropera, D. P. DeWitt, T. L. Bergman, and A. S. Lavine, 
Fundamentals of Heat and Mass Transfer, vol. 6th. 2007. 

[18] V. Hop and R. van Kouwen, “A detailed numerical study on the Micro Mixing 
behaviour of Turbulent Flow Fields at low Schmidt numbers Implementation 
and Validation,” no. April, 2019. 

[19] A. N. Asadolahi, R. Gupta, S. S. Y. Leung, D. F. Fletcher, and B. S. Haynes, 
“Validation of a CFD model of Taylor flow hydrodynamics and heat transfer,” 
Chem. Eng. Sci., vol. 69, no. 1, pp. 541–552, 2012. 

[20] ChemicalBook, “PTSA density,” 2019. [Online]. Available: 
https://www.chemicalbook.com/ProductChemicalPropertiesCB1771154_EN.ht
m. [Accessed: 12-Apr-2019]. 

[21] ChemicalBook, “Sulfur Trioxide density,” 2019. [Online]. Available: 



 Technische Universiteit Eindhoven University of Technology 

 

53 

https://www.chemicalbook.com/ProductChemicalPropertiesCB5854196_EN.ht
m. [Accessed: 12-Apr-2019]. 

[22] A. M. Awwad and M. A. Abu-daabes, “Densities , viscosities , and excess 
properties of ( N -methylmorpholine + cyclohexane , + benzene , and + toluene 
) at,” vol. 40, pp. 645–652, 2008. 

[23] B. Wohlfarth and C. Wohlfarth, “Surface Tension of Pure Liquids and Binary 
Liquid Mixtures,” vol. 16, 2003, p. 224. 

[24] A. A. C. M. Beenackers and W. P. M. Van Swaaij, “Kinetics and Influence of 
Mass Transfer on Selectivity in the Sulfonation of Benzene With Sulfur 
Trioxide,” Phosphorus Sulfur Relat. Elem., vol. 10, no. 2, pp. 217–228, 1980. 

[25] J. M. Amous, “Kinetic Study on Dodecylbenzene Sulfonation in a Mixed Batch 
Reactor,” Chem. Mater. Eng., vol. 4, no. 3, pp. 33–38, 2016. 

[26] K. G. Joback and R. C. Reid, “Estimation of Pure-Component Properties from 
Group-Contributions,” Chem. Eng. Commun., vol. 57, no. 1–6, pp. 233–243, 
1987. 

[27] S. Jay, P. Ce, J. Serin, C. Martin, and J. Mercadier, “Solubility of Elemental 
Sulfur in Toluene between ( 267 . 15 and 313 . 15 ) K under Atmospheric 
Pressure,” Engineering, pp. 0–3, 2009. 

[28] Z. Yu, O. Hemminger, and L. S. Fan, “Experiment and lattice Boltzmann 
simulation of two-phase gas-liquid flows in microchannels,” Chem. Eng. Sci., 
vol. 62, no. 24, pp. 7172–7183, 2007. 

 


