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   Abstract 

 To ensure a suffi cient reaction control, including fast mix-
ing and heat removal, microstructured devices were chosen 
to conduct anionic polymerisations. To decrease the experi-
mental effort and the resulting costs, a numerical approach 
was followed to apply decision support during experimental 
planning. Semi-quantitative CFD calculations were used to 
determine the best suited micromixer out of a collection of dif-
ferent devices. Using the numerical investigated micromixers 
for experimental investigations, the general order gained from 
CFD calculations was confi rmed. It could be shown that CFD 
calculations can benefi cially be used to rank micromixing 
devices for specifi c process conditions and synthesis tasks.  

   Keywords:    anionic polymerisation;   micromixer;   reaction 
control;   simulation.    

   List of abbreviations  

  A    area (m 2 ) 
 CFD   computational fl uid dynamics 
  c    concentration (mol/m 3 ) 
  D    binary diffusion coeffi cient (m 2 /s) 
  d  h    hydraulic diameter 
  k  p    rate constant of propagation (l/mol/s) 
   ṁ   mass fl ow rate (g/s) 
  M    molar mass (g/mol) 
  p    pressure (N/m 2 ) 
  r    mixing residuum (1) 
  s    length (m) 
  t    time (s) 
  t  R    space time (s) 
  t  M ,95 %    mixing time to achieve 95 %  mixing quality 
  v    velocity vector (m/s) 
   V̇   volume fl ow rate (ml/min) 
  w    mass fraction (1) 
  Indices  
 D   diffusion 
 i; n   control variable 
 Init   initiator 

 max   maximum 
 perf   perfect 
 Mono   monomer 
 rel   relative 
 seg   segregated 
 sum   sum/summed 
  Greek symbols  
   η     viscosty (Pa  ×  s) 
   ρ     density (kg/m 3 ) 
  Δ  R  H    reaction enthalpy (kJ/mol) 

  1. Introduction 

 Modern chemical process design has to be fast, fl exible and 
low material consuming. Thus, tools and devices for screen-
ing prior to more detailed investigations, e.g., by using par-
allel reactors or fl ow chemistry in microreactors gain an 
increasing role in chemical laboratories. In this context, also 
new questions, such as for the best suited reaction devices, 
mixing structures or operation parameters arise. Several of 
these questions can be answered by using the capabilities of 
modern computer technology, e.g., by computational fl uid 
dynamics (CFD) accompanying experimental planning. The 
CFD-assisted approach is especially helpful in the case of 
demanding reactions that require a sophisticated handling 
and control. In this context, CFD can become a valuable and 
powerful tool to support a fast and knowledge-based process 
design. Utilising numerical tools can provide decision sup-
port for the choice of best suited reactor devices, e.g., through 
an enhanced understanding of mixing phenomena under spe-
cifi c process conditions. Additionally, it is possible to screen 
the infl uence of process parameter variations on the resulting 
mixing effi ciency. 

 In the present study, we show how CFD studies can sup-
port the understanding of micro kinetic and mass transport 
phenomena of a highly exothermic, experimentally challeng-
ing synthesis. The anionic polymerisation of styrene as a part 
of rod-coil-copolymer preparation is commonly performed 
in a batch process and is affected by a number of disadvan-
tages, such as low heat transfer capabilities or low mixing 
performance. The results show that transferring a batch 
process to an intensifi ed continuously running microreac-
tion process can be supported by CFD prior to experimental 
investigations. 

  1.1. The model synthesis 

 The work presented here is an essential part of ongoing 
research activities to intensify the syntheses of block copoly-
mer with optoelectronic properties. 
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 The block copolymers are built-up from fl exible non-con-
jugated coils (polymer backbone, e.g., polystyrene, polym-
ethyl methacrylate, butadiene) and rigid conjugated rods 
(chromophore) to gain self-assembling properties, generat-
ing ordered supramolecular structures. To precisely control 
the optoelectronic properties of the fi nal polymer, a very nar-
row molecular weight distribution and a polydispersity index 
(PDI) of   <  1.2 are indispensable. Then, manipulating of the 
optoelectronic properties of the polymer, going beyond the 
possibilities of a single chromophoric rod, shall be realisable 
by, e.g., adjusting the chain length. The fi nal goal is the fast 
screening and optimisation of rod-coil-copolymers which can 
be used, e.g., as p-conducting substances for organic solar 
cells. 

 The fl exible coils are commonly synthesised by anionic 
polymerisation to gain a narrow molecular weight distribu-
tion. The reaction kinetics are very fast and during the reaction 
a vast amount of heat is released  [1, 2] . The anionic polymeri-
sation of styrene shows a reaction enthalpy of  Δ  R  H   =  -72, 84 
kJ/mol (17,400 cal/mol) at 400 K  [3] . The rate constant for the 
propagation is  k p  =  500 l/mol/s  [4] . Conventionally, anionic 
polymerisations are conducted in full glass apparatuses under 
a complete inert atmosphere, because oxygen and protic mol-
ecules terminate the chain reaction  [5] . To get rid of the heat 
release problem, the reaction temperature for the anionic 
polymerisation is usually -78 ° C. 

 As initiator usually organometallic substances such as 
butyllithium are applied. Anionic polymerisation facilitates 
the synthesis of polymers with a very narrow molecular 
weight distribution, if initially a homogeneous distribution of 
initiator and monomer is ensured by very fast mixing. This 
guarantees a synchronous start of all polymerisation chains 
and with this a homogeneous product quality. The uniformity 
of polymers is usually expressed by the PDI representing the 
ratio of weight average molecular weight and number average 
molecular weight.  

  1.2. Polymerisation in microreactors 

 Microreaction technology is a modern tool to achieve high 
reaction control  [6 – 11] . The main idea of this concept is to 
reduce the overall dimensions of components which are in 
contact with the reacting fl uids. In detail, the dimensions of 
the devices range from several ten micrometers to approxi-
mately 2000  μ m. With this, the diffusion lengths are drasti-
cally reduced leading to faster equilibrating of diffusion-like 
processes (mass diffusion, heat conduction). The small 
dimensions and their consequences sum up to some signifi -
cant advantages compared to conventional batch vessels, e.g., 
very fast heat and mass transfer, small hold-up and inherent 
safety. 

 The use of microreactors enhances reaction control and 
enables the conduction of very fast reactions with strong heat 
release such as fl uorinations, chlorinations or ozonisations 
 [12 – 17] . 

 Additionally, in the case of inert operation, continuous pro-
cessing in microreactors can be benefi cial, because it is only 
necessary to generate an inert atmosphere for the reactant 

vessels. All the following devices, pipes, etc., stay inert after 
a suffi cient starting time. Before starting the polymerisation 
the experimental setup can be cleaned by simply rinsing with 
pure solvent. Additionally, it is easier to change operation 
conditions such as initiator/monomer ratio, temperature, resi-
dence/reaction time, etc. 

 Several groups showed that polymerisation reactions can be 
benefi cially conducted within microreactors, as the enhanced 
heat and mass transfer capabilities result in an improved reac-
tion control and enable narrow molecular weight distributions 
 [18 – 20] . A fi rst report by Bayer et al. showed that the high mix-
ing capabilities of micromixers can be utilised to prevent static 
mixers from clogging [21]. Later on, atom-transfer-radical-
polymerisations were realised within microreactors  [22, 23] . 
The successful realisation of a carbocationic polymerisation 
was demonstrated by Nagaki et al. [24]. In subsequent work 
the authors extended the approach to additional monomers  
[25 ,  26] . Free radical polymerisations in microsystems were 
also accomplished and patented  [27, 28] . 

 Numerical studies from the group around  S erra supported 
the experimental fi ndings for free radical polymerisation 
 [29 – 31] . The group further investigated the nitroxide-
mediated block copolymerisation of n-butyl acrylate and sty-
rene and could show that the PDI can be predicted by a form 
factor of the micromixer  [32 ,  33] . 

 Anionic polymerisations in microreactors were fi rst imple-
mented by Honda et al. [34]. It could be shown that inten-
sifying the mixing process signifi cantly reduces the PDI. In 
further work, the authors conducted the polymerisation with 
high reaction control for 2 months  [35] . Anionic polymerisa-
tions were revisited by the groups of Yoshida  [36, 37]  and 
Frey  [38]  to demonstrate the synthesis of block copolymers. 
The infl uences of mass transfer on reaction control under 
these conditions were shown by Iida et al. [39]. 

 Based on these studies, we expected the following advan-
tages from the use of microreactors instead of full glass batch 
apparatuses for our purposes:

   improved process control and constant high product quality • 
of rod-coil-copolymers from continuous operation,  
  signifi cant decrease of time for experimental investigations • 
due to the possibility of fast screening of different process 
parameters and chromophores in one experimental run,  
  simplifi ed transfer of results from experimental to pro-• 
duction scale through, e.g., numbering-up or smart 
dimensioning.    

 However, it also became clear that one challenge from the 
reaction engineering point of view was to realise a reaction 
plant offering a suffi cient mixing speed in combination with 
fast heat removal. Thus, the focus of the presented study lies 
on the evaluation of different micromixers which can be used 
for achieving the necessary reaction control for the anionic 
polymerisation of the fl exible part of the semiconducting 
polymer with a PDI  <  1.1 (fl exible coil) in front of a blocking 
with the chromophore (overall PDI  <  1.2). To decide for the 
best suited mixing structure from the wide range of available 
micromixers, we used CFD calculations on a semi-quantita-
tive level.   
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  2. Equipment evaluation by CFD calculations 

 An important task during the development of a reaction plant 
is to choose appropriate equipment including pumps, pipes, 
mixers, reactors, etc. Usually such investigations are done in a 
more or less empirical way. This means that all devices have to 
be investigated experimentally, as long as no adequate knowl-
edge for the target reaction system is available. Consequently, 
the investigations often become time-consuming and expen-
sive. Costs mainly arise from investment expenditures for the 
devices and experimental costs including expenses for work-
ing staff and consumables. This is aggravated by the fact that 
usually a high number of potential devices is available. 

 As a consequence of the ongoing developments in com-
puter technology, a broad range of numerical tools have been 
developed, allowing to solve strongly coupled (differential) 
equations. This is, e.g., necessary to solve fl uid dynamic 
problems. One advantage of such a numerical approach is the 
possibility to obtain a deep insight into the fundamental fl uid 
dynamics within the investigated device. Furthermore, it is 
possible to decrease development time through the reduction 
of experimental efforts. 

 Today, available computer performance is not only suffi -
cient to obtain global and/or qualitative information of the 
investigated system but, instead, local and/or quantitative 
information become computable in feasible times. In the 
present context, we use CFD simulations to evaluate different 
micromixing devices which facilitate suffi ciently fast mixing 
for the continuously operated anionic polymerisation. 

 As stated before, thorough and fast mixing is one of 
the vital points to run anionic polymerisations. For the 
CFD-based mixing evaluation we use the mixing residuum as 
an integral measure for the degree of mixing. In this regard, 
the performed CFD simulation is semi-quantitative. The mix-
ing residuum allows to compare and classify different mixers 
for the relevant operation conditions for anionic polymerisa-
tions, whereas details of the actual reaction are not consid-
ered. The chosen approach keeps the computational effort 
manageable and helps to identify the best suited micromixers. 
Moreover, the CFD results can be contrasted to the experi-
mental fi ndings.  

  3. Micromixers 

 Currently, a large number of micromixers is available. They 
usually differ in channel size and mixing principle. Although 
numerous publications dealing with micromixers are avail-
able, there are only a few of them which are helpful for the 
selection of appropriate mixers for specifi c reaction. This is, 
on the one hand, due to the fact that in most cases individ-
ual micromixers are investigated and characterised. On the 
other hand, it is often diffi cult if not impossible to compare 
the results from different publications, because usually dif-
ferent experimental methods were used. Recently, Falk et al. 
condensed published results for different micromixers char-
acterised by the Villermaux-Dushman protocol by harmon-
ising the experimental data [40]. They showed that within 

the investigated set of micromixers the achievable mixing 
time can be correlated to the specifi c energy dissipation. In a 
subsequent study, the same authors proposed a detailed stan-
dardised Villermaux-Dushman protocol for the experimental 
characterisation of micromixers  [  41] . 

 However, the information in the mentioned studies can 
not readily be transferred to the present study targeting at 
a continuous reaction system for anionic polymerisation. 
One reason for this lies in the intention to use considerably 
asymmetric fl ow rates. In addition, this comes from the idea 
to reduce the ecological footprint of the process (for more 
detailed information see section 4.3). With a view on the 
dedicated process window for the anionic polymerisation, a 
micromixer is searched which enables a suffi cient fast mix-
ing over a wide range of operation conditions for simplifi ed 
transfer to a future production plant. Under these premises it 
is also interesting to investigate micromixers not ranked in the 
study of Falk et al.  

  4. Mathematical framework 

  4.1. CFD calculations 

 As mentioned above, in the present context the investigations 
of different micromixers were done by means of CFD simula-
tions. The numerical results presented in this work are based 
on the solution of the incompressible Navier-Stokes equation 
(neglecting gravitational effects) 
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 where  v  denotes the fl uid velocity vector fi eld,   ρ   its density 
and  p  is the pressure. For incompressible fl uids the continuity 
equation reduces to: 

  ∇ v  =  0. (2) 

 The boundary conditions were specifi ed as follows: no-slip 
conditions were assumed at the channel walls. At the inlets 
the mass fl ow rate of each species was defi ned and a static 
relative pressure of  p   =  0 Pa was defi ned at the outlet. 

 The mass transport is governed by the convection-diffusion 
equation: 
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 with  c  being the species concentration and  D  being the binary 
diffusion coeffi cient. The investigated micromixers were sim-
ulated under steady state. 

 It is possible to quantify the mixing progress by analysing 
the species distribution on specifi ed cross-sections. This can 
be done by calculating a so-called mixing residuum  [42] : 
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 where  A  denotes the area of the cross-section considered,  w   i  ( x ; 
 y ;  t ) is the mass fraction of species  i  at position  x ,  y  and time 
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 t  and  w  i,perf  being the mass fraction of species  i  in a perfectly 
homogeneous mixed solution. The mass fraction of species  i  
is defi ned as: 
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 where ṁ
i
 and ṁ

j
 denote the mass fl ow rates of species  i  and  j . 

The total number of all species is  n . By defi nition, the mass 
fraction ranges from 0 to 1. This results in the fact that the 
mixing residuum  r  can reach values between 0 and 0.5. A 
value of 0.5 indicates a completely unmixed solution, whereas 
0 indicates a homogeneous mixed solution. 

 Different micromixers naturally have different dimensions 
and with this different inner volumes. To compare the mix-
ing performance of different micromixers it is necessary to 
specify a comparative value. Such a value is the time needed 
to achieve a specifi ed value of the mixing residuum (indicat-
ing the mixing quality). In this work, a homogeneity of 95 %  
was used as the target value meaning a mixing residuum of 
 r   =  0.025. To ensure comparability between different micro-
mixers, the mixing time  t  M ,95 %  was defi ned as follows: 

 t M,95 %    =  t R   ×   S  95 %  . (6) 

 The space time of the mixer is represented by  t  R  and  s  95 %   is 
the relative mixer length needed to reach the desired homoge-
neity. The space time can be calculated as follows: 
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 where  V  R  denotes the mixer volume and   V∑
�  denotes the total 

volumetric fl ow rate. Despite the volumetric relationship of 
the space time the relative mixer length was chosen for the 
calculations. In case of using a relative volume, dead volumes/
zones have to be excluded when the value is determined. The 
defi nition of such areas would require subjective decisions 
and was therefore avoided. 

 The polymerisation and all other chemical reactions were 
not included in the CFD simulations. As the inherent reaction 
timescales are fast the polymerisation is predominantly mass 
transfer limited. To overcome or at least to minimise the mass 
transfer limitation the CFD study focuses on the pure mixing 
process. 

 Calculations were done on an Intel  ®   Core ™  i7 quad-core 
CPU using 12 GB RAM. Software packages ANSYS CFX 
12 and ANSYS ICEM CFD (ANSYS, Inc., Canonsburg, PA, 
USA) were used.  

  4.2. Micromixers 

 Five different micromixers have been investigated regard-
ing their mixing performance in the case of the anionic 
polymerisation of styrene. For all mixers geometric mod-
els were realised representing the core mixing structure. 
Feed lines and periphery were neglected to simplify the 
models. 

 As a reference device a simple Y-mixer connected to a 
straight reaction channel was investigated. The round channels 
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 Figure 1    Model domain of the Y-mixer used in the CFD studies.    

had an inner diameter of 1000  μ m (Figure  1  ). The model used 
for CFD calculations corresponds to a Y-mixer available from 
the Little Things Factory (LTF) GmbH, Ilmenau, Germany. 
The mixing principle of this mixer is based on pure diffu-
sion between two fl uid lamellae. This holds up to a certain 
fl ow rate when shear forces induce secondary fl uid motion  
[43 – 47] . This mixer is subsequently referenced as the 
 “ Y-mixer ”  within the following discussion. 

 As a second mixer a modifi ed Y-mixer was studied. In 
addition to the Y-mixing zone this mixer comprises a resi-
dence channel with chicanes as shown in Figure  2  A. The 
chicanes are dedicated to induce circulations perpendicular to 
the (main) fl ow direction. Inducing circulations aims towards 
clinching and stretching of the fl uid lamellae and with this 
increasing the interfacial area. This mixer model is similar to 
the LTF MSLT-mixer and had the same inner channel diam-
eter as the Y-mixer. 

 As a third mixer from LTF the so-called LTF ST-mixer was 
investigated (Figure 2B). Owing to obstacles within the chan-
nel, the fl uid is continuously redirected in a way that can be 
described as split-and-recombine (SAR)  [48, 49] . The SAR 
principle increases the interfacial area through serially multi-
plying the number of fl uid lamellar. Depending on the number 
 n  of SAR steps, the number of lamellar is 2  n  + 1  and conse-
quently the (diffusive) mixing time is reduced by a factor of 
4  n  . The overall channel width of this mixer is 1200  μ m includ-
ing all obstacles. The obstacles reduce the actual channel 
width at several positions down to approximately 250  μ m. 

 The caterpillar micromixer from the Institut f ü r 
Mikrotechnik Mainz (IMM) also relies on the SAR princi-
ple  [49 – 51] . Compared to the ST-mixer the geometry of the 
caterpillar mixer is simpler (compare Figure 2B and C). It 
consists of 12 or 8 elements. Within each element the fl uid 
undergoes one SAR step. This results in 2048 or 128 lamellar, 
respectively, in the ideal case. The caterpillar micromixer is 
available with different channel widths of 300  μ m, 600  μ m 
or 1200  μ m. As the absolute lamellar thickness has a distinct 
effect on the mixing time, we have taken into account all pre-
viously mentioned channel widths. The lengths of the mixing 
elements were proportional adapted to the variations of the 
channel width. The 300 and 600  μ m versions consisted of 12, 
whereas the 1200  μ m version consisted of 8 elements. The 
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summed up in Table  1  . A diffusion coeffi cient of  D   =  10 -9  m 2 /s 
was assumed, which is a typical value for liquid systems  [57] . 
As every additional component within the component system 
increases the equation system for the simulation, the actual 
initiator was neglected, instead solvent plus initiator is con-
sidered as a single species, the physical properties which were 
assumed to be equal to those of the pure solvent used to sta-
bilise the initiator. This is possible because the concentration 
of the initiator used in the experimental work was relatively 
low ( c   Init     ≤   0, 1 mol/l). 

 Two fl uids were defi ned at the inlet. First, a so-called 
monomer solution consisting of 50 mass percent tetrahydro-
furane (THF) as solvent and 50 m %  of the monomer styrene 

mixer will be referenced as  “ caterpillar mixer ”  supplemented 
by the corresponding channel width. 

 Finally, an interdigital mixer from IMM was considered. 
This mixer uses the parallel multilamination principle  [52] . 
This means that the (e.g., two) main fl uid streams are subdi-
vided into several substreams, which are reunifi ed in such a 
manner that the substreams of the different fl uids are shifted 
against each other to increase the total number of lamellae. 
The mixer had 16 inlet channels for each fl uid with a width 
of 45  μ m. They are then united into a circular outlet chan-
nel of 500  μ m diameter (Figure 2D). The mixing speed of 
this mixer is further enhanced by geometric focusing after 
the reunifi cation zone. This results in an additional reduction 
of the fl uid lamellar width and an acceleration of the mixing 
process  [53] .  

  4.3. Process conditions 

 To ensure comparability to the experimental work started in 
parallel, the substance system was adopted from the process 
parameters to be investigated in the context of the anionic 
polymerisation of styrene. Concentrations and physical sub-
stance properties were defi ned with realistic values and are 
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 Figure 2    Investigated micromixer. (A) Chicane mixer, (B) ST-mixer, (C) caterpillar mixer, (D) interdigital mixer. The large fi gures show the 
model domain used in the CFD studies. The insets show the real micromixer.    

 Table 1      Physical properties of the used substances.  

 M /(g/mol)   ρ  /(kg/m 3 )   η  /(Pa  ×  s)

n-Hexane    86.18 655.2 0.298  ×  10 -3 
Styrene 104.15 902 0.695  ×  10 -3 
Tetrahydrofurane    72.11 889 0.4631  ×  10 -3 

   Values for hexane were taken from  [54] . The physical properties of 
styrene can be found in  [55] . The properties of tetrahydrofurane were 
taken from  [56] .   
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 Table 2      Investigated process conditions.  

Initiator Monomer Ratio

   ṁ  Init /(g/s)    V̇  Init /(ml/min)    ṁ  Mono /(g/s)    V̇  Mono /(ml/min) init/mono

0.03 2.74809 0.03 1.99 1:1
0.00906 0.82992 0.03 1.99 1:3.3
0.00226 0.20702 0.03 1.99 1:13.3
0.000566 0.05185 0.03 1.99 1:53
0.000283 0.02592 0.03 1.99 1:106

was defi ned. The second fl uid, the so-called initiator fl uid, 
consisted of pure n-hexane. 

 One focus of the overall work was to reduce the ecologi-
cal footprint of the developed process  [58] . This should be 
achieved by taking possible future ecological impacts into 
account, already during the development phase. The simpli-
fi ed Life Cycle Assessment, performed in parallel to the ongo-
ing computational and experimental work, led to the insight 
that a reduction of the amount of solvents has the highest opti-
misation potential of all process parameter variations inves-
tigated. Within the numerical and experimental studies this 
was refl ected by, e.g., a variation of the initiator fl ow rate, 
whereas the monomer fl ow rate was kept constant as well as 
the concentration of the monomer in the solution. To realise a 
constant amount of initiator per time, an adaptation of the ini-
tiator concentration was necessary for experimental studies. 
The investigated process conditions are summarised in Table 
 2  . The experiments conducted in parallel typically aimed at a 
theoretical number-average molecular weight of 3000 g/mol.   

  5. Results 

  5.1. Mesh dependencies 

 For the Y-mixer and the chicane mixer meshes with approxi-
mately 16.4 million or 18 million tetrahedral elements were 
used, respectively. The models of the caterpillar mixers con-
sisted of approximately 3.3 million structured hexahedral ele-
ments. For all models of the caterpillar mixer a corresponding 
scaled mesh was used. The only differences between the 
meshes were the dimensions. The mesh of the interdigital 
mixer was assembled primarily from hexahedral elements. It 
was possible to use approximately 4.1 million elements. 

 For the ST-mixer a different approach was used to ensure 
suffi cient resolution. The geometry was split into two parts. 
The fi rst part included the entry/contacting zone for the two 
fl uids (Figure 2B, I), whereas the second part is the repeat-
ing unit of the mixer (Figure 2B, II). Both parts consisted of 
approximately 16.7 million tetrahedral elements. Calculations 
were carried out in such a way that the fi rst part was calcu-
lated and subsequently the second part was computed using 
the results from the outlet of the fi rst part as inlet conditions 
for the second part. 

 In a next step, the infl uence of discretisation errors was 
analysed. Therefore, mesh dependency studies were carried 
out. The approach used for all different micromixers was as 
follows. In each case we started with the mesh having the 

maximum number of elements, which was manageable. This 
is termed 100 %  mesh in the following. Subsequently, the ele-
ment number of the 100 %  mesh was reduced down to 75 % , 
50 % , 40 %  and 25 % . After solving the velocity fi led and spe-
cies concentrations in each case, the mixing residuum  r  was 
computed at three positions: at 25 % , 50 %  and 100 %  of the 
relative mixer length. In relation with the reciprocal element 
number an estimation of the numerical errors is possible. 

 Comparing the numerical simulation results obtained on 
the 100 %  mesh with extrapolated values for arbitrary fi ne 
meshes we fi nd that typical discretisation errors are below 
approximately 8 % . This indicates that it is not effi cient to use 
calculations with bigger meshes than the 100 %  mesh to eval-
uate the different micromixers. It should be mentioned that 
the results represented in the following do not raise the claim 
to resolve very detailed fl ow effects such as microvortexes 
or similar. This is, on the one hand, not essentially needed 
to globally assess the devices. On the other hand, expending 
effort to resolve such detailed effects is contrary to the idea of 
the approach  –  obtaining a rough classifi cation of the inves-
tigated mixers prior to detailed experimental investigations. 
The time to achieve convergence for the simulations varied 
between 2 h and 8 h, depending on investigated micromixer 
and fl ow conditions.  

  5.2. Flow conditions 

  5.2.1. Y-mixer     As expected, the variation of the initiator 
mass fl ow ratio infl uences the fl ow conditions in the contacting 
zone. Increasing the ratio of initiator to monomer fl ow rate 
leads to a (partial) blocking of the initiator inlet. This gives 
rise to circulations of the initiator fl uid in the contacting zone. 
Increasing the ratio enhances the extent of circulation (compare 
Figure  3  A and B). As a second effect it was observed that at 
high initiator/monomer ratios the initiator fl uid jackets the 
monomer fl uid. This can lead to a situation where the initiator 
fl uid changes the channel side and fl ows at the opposite side 
(Figure 3B). Both effects increase the contact area between 
the fl uids and hence should speed up the mixing process.  

  5.2.2. Chicane mixer     Not surprisingly, a similar situation 
for the inlet zone was found as for the Y-mixer. Depending on 
the ratio of mass fl ow rates, circulations and jacketing of the 
monomer fl uid can be observed. The chicanes indeed defl ect 
the fl ow, but the introduced transversal forces are relatively 
weak. Because of this, the chicanes create only slight 
convection. With regard to the operation conditions chosen 
the channel dimensions seem to be too large to benefi t from 
fl ow redirection. 

 A closer inspection of the fl ow fi eld reveals that the chicane 
geometry is not optimal. Dead zones were found which do not 
contribute to faster mixing and have a negative infl uence on 
the residence time distribution (Figure  4  A). The fl ow veloc-
ity in these zones is very low and due to that accumulation of 
reactants and polymers can be expected. Under these condi-
tions, uncontrolled reactions can occur probably leading to 
fouling problems. Similar fl ow conditions were previously 
described in the literature for zigzag channels  [59] . The fl ow 
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 Figure 3    Flow conditions within the Y-mixer for ṁ Init   =  0.03 g/s and ṁ Init   =  0.000283 g/s. Red streamlines show trajectories based on the veloc-
ity fi eld of the initiator solution, whereas streamlines coloured in blue represent the monomer solution.    

conditions are refl ected by the concentration fi eld, indicat-
ing a low contribution of convection to the mixing process 
(Figure 4B).  

  5.2.3. ST-mixer     By contrast, the fl ow conditions within 
the ST-mixer are chaotic. The obstacles continuously redirect 
the fl uid. By means of this effect, secondary fl uid motion is 
induced leading to an increase of the contact area. Furthermore, 
the channel diameter is decreased by the obstacles which, on 
the one hand, reduces the necessary diffusion length and, on 
the other hand, increases the fl ow velocity. Both effects lead 
to an acceleration of the mixing speed. As described before, 
the obstacles are intended to realise the split-and-recombine 
principle. Analysing the fl ow conditions shows that the SAR 
principle superimposes the already stated fl ow patterns but 
is not the sole mixing principle. It is suppressed by fl uid 
motion leading to unstable lamellar interfaces which prevent 
the successful formation of the needed fl ow characteristics. 

Figure  5  A shows the fl ow conditions for symmetrical mass 
fl ow rates of ṁ   =  0.03 g/s. To better visualise the extent of 
convection, the concentration fi eld is shown in Figure 5B.  

  5.2.4. Caterpillar mixer     Also within the caterpillar 
mixer, the SAR principle is not perfectly realised. Under 
the investigated process conditions transversal forces occur 
which continuously redirect the fl uid within the mixer. Due to 
internal friction, the fl uid lamellae are disturbed and a perfect 
straight boundary layer cannot be preserved. The transversal 
forces are strong enough to dominate the fl ow patterns. The 
secondary fl uid motion observed can be regarded as Dean 
vortexes (Figure  6  ). Therefore, the fl ow conditions can better 
be described as chaotic advection. The originally intended 
SAR principle is suppressed. This outcome coincides with 
published results in the literature  [49, 50] . 

 Owing to the fact that the inlets of this mixer are parallel to 
each other the impact of different fl uid ratios is not as high as 
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 Figure 4    Flow conditions and concentration profi le within the chicane mixer for ṁ Init   =  0.03 g/s.    



218  D. Ziegenbalg et al.: Evaluation of different micromixers by CFD simulations

0 0.0005 0.001 (m)

0.000750.00025

0 0.001

1.0

0.8

0.5

0.3

0.0

0.002 (m)

0.00150.0005

Hexane mass fraction

A B

 Figure 5    Flow conditions and concentration profi le within the ST-mixer for ṁ Init   =  0.03 g/s.    
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 Figure 6    Flow conditions and concentration profi le within the 300  μ m caterpillar mixer for ṁ Init   =  0.03 g/s.    

within the Y-mixer or the chicane mixer. Additional vortexes 
at the inlet were not observed. 

 The only distinction, resulting from the size differences of 
the various channel widths, is the fl ow velocity within the mix-
ers. When using the same fl ow rates, increasing the channel 
width from 300  μ m to 1200  μ m signifi cantly reduces the infl u-
ence of transversal forces, leading to a lower degree of convec-
tion. As a consequence, the overall mixing process is slowed 
down. For the 1200 μm version the secondary fl uid motions are 
in confl ict with the SAR principle. Both effects work against 
each other. Thus, the contact area between both fl uids stays vir-
tually the same. The fl ow pattern approaches the fl ow pattern of 
a bilamination mixer (see Figure  7  ). As a consequence, convec-
tion only slightly contributes to the mixing process.  

  5.2.5. Interdigital mixer     As a consequence of the 
geometric fl ow focussing, the fl ow velocity is drastically 
increased (Figure  8  )  [52, 53] . The high velocities together 
with the very thin lamellae, which are generated within the 

geometric focussing of the interdigital mixer, lead to problems 
with numerical diffusion. 

 Owing to the expected problems of numerical diffusion the 
simulation results are expected to overestimate the mixing 
quality to a certain extent. Nevertheless, the mixer was not 
excluded from the discussion as, on the one hand, experimen-
tal data for this mixer was available from inhouse experiments 
and the literature and, on the other hand, this procedure ensures 
data consistency. As it was just intended to rank the different 
micromixers instead of a full quantifi cation of the mixing pro-
cess, it seems permissible to also classify this type of mixer. 
It should be pointed out that even experimental methods such 
as the Villermaux-Dushman test reaction only allow to deliver 
the order of magnitude of the mixing time  [40] .   

  5.3. Mixing performance 

  5.3.1. General remarks     In the following section, the 
mixing performance of the various mixers is discussed. This is 
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before-mentioned numerical problems with the interdigital 
mixer, a clear distinction of the mixer with the shortest mix-
ing time cannot be done. Despite that it can be stated that 
these two mixers show similar mixing times in the range of 
1–30 ms, depending on the ratio between initiator and mono-
mer mass fl ow rate. 

 For the caterpillar mixers with larger channel size an 
increase in the mixing times was found. The mixing time of 
the 600  μ m version ranges from approximately 80 to 250 ms, 
whereas it lies between 850 ms and 2700 ms for the 1200  μ m 
version. 

 As the ST-mixer exhibits relatively large channel dimen-
sions, it was not to be expected that the calculated mixing 
times are in a range of 100–350 ms. However, this result can be 
attributed to two effects. At fi rst, the internal obstacles perma-
nently redirect the fl uid and generate vortexes which enhance 
mixing. Secondly, the obstacles partially reduce the channel 
width. Because of this, the lamellar thickness is reduced and 
the fl ow velocity is increased, leading to enhanced convection 
and decreased diffusion length resulting in a speed-up of the 
mixing process. 

 The mixing speed decreases slightly while increasing the 
ratio of monomer to initiator mass fl ow rates. This probably 
results from the reduced energy input. The before-mentioned 
circulations in the inlet zone do not contribute to faster mixing 
effi ciently. The pronounced decrease of the mixing time of the 
interdigital mixer at very high ratios of initiator to monomer 
mass fl ow rates is mainly attributed to numerical problems. 

 The chicane mixer and the Y-mixer show a similar perfor-
mance as the 1200  μ m caterpillar mixer. Obviously, this is 
due to the large channel dimensions. The lamellar thickness 
is too large to ensure suffi cient mass transport by diffusion. 
This especially holds true for the Y-mixer where the only 
convection results from vortex generating effects at the inlet. 
Despite the induced convection in the chicane mixer, the mix-
ing performance is low (compare with Figure 4B). Even for 
this device the degree of fl uid motion perpendicular to the 
fl ow direction is not adequate for fast mixing. This correlates 
with the larger channel width, as this is the reason for a lower 
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 Figure 7    Flow conditions and concentration profi le within the 1200  μ m caterpillar mixer for ṁ Init   =  0.03 g/s.    
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 Figure 8    Flow conditions and concentration profi le within the 
interdigital mixer for ṁ Init   =  0.03 g/s.    

done by using the above-mentioned mixing residuum and the 
corresponding mixing times, see Eq. (6). The time needed to 
achieve a 95 %  mixing quality was used for the assessment.  

  5.3.2. Comparison of the different mixers by CFD     In 
Figure  9   the time to achieve a mixing quality of 95 %  for each 
mixer is plotted against the ratio of mass fl ow rates. For all 
mixers where the quality target was not reached within the 
mixer the time was interpolated. This was possible because 
for all mixers the mixing residuum showed a linear trend in 
the last parts of the device. For a better comparison, the space 
time  t  R  of the mixer was calculated for all mixers. The results 
are summarised in Table  3  . 

 It was found that the interdigital mixer and the 300  μ m cat-
erpillar mixer outperform all other devices by approximately 
one order of magnitude in mixing time. This can mainly be 
attributed to the small channel dimensions compared to the 
other mixers. With this the diffusion lengths are drastically 
reduced and the mixing process is speeded up. Due to the 



220  D. Ziegenbalg et al.: Evaluation of different micromixers by CFD simulations

 Table 3      Space times, Reynolds numbers and mixing times for all investigated micromixers and highest and lowest initiator fl ow rate.   

     ṁ  Init /(g/s) 0.03 2.83  ×  10 -4 

 t  R /ms Re/1  t  M,95 %   t  R /ms Re/1  t  M,95 %  

Y-mixer ( d  h   =  1000  μ m)    766    174 4940 1799    88 2919
Chicane mixer ( d  h   =  1000  μ m) 1285    174    559 3016    88 3030
ST-mixer ( d  h   =  292  μ m)    195    469    95    458 237    346
Interdigital mixer ( d  h   =  106  μ m)    13 1293       3    31 652       1
300  μ m caterpillar mixer ( d  h   =  300  μ m)       8    456       9    20 230    26
600  μ m caterpillar mixer ( d  h   =  600  μ m)    67    228    79    157 115    239
1200  μ m caterpillar mixer ( d  h   =  1200  μ m)    357    114    852    838    58 2695

   The monomer mass fl ow rate is constantly   ṁ   Init   =  0.03 g/s. Reynolds numbers were calculated at the narrowest cross-section utilising the 
hydraulic diameter  d  h .   
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 Figure 9    Mixing times to achieve 95 %  mixing quality as a function of the ratio of initiator mass fl ow rate to monomer mass fl ow rate for all 
investigated micromixers.    

fl uid velocity and thus reduced transversal forces. The same 
also applies for the 1200  μ m caterpillar mixer. The discus-
sion of the fl ow patterns within the 1200  μ m caterpillar mixer 
showed that secondary fl uid motion and the SAR principle 
of this mixer work against each other. Mixing can be nearly 
exclusively attributed to diffusion.  

  5.3.3. Comparison with results from the literature     The 
CFD results were validated by comparison with the results of 
Falk et al. based on the results of the  v illermaux-Dushman test 
reaction [40]. For this purpose, the mixing time was divided 
by the square of the characteristic dimension of the mixer and 
plotted against the Reynolds number. The results are shown 
in Figure  10  . It can be seen that our data fi t seamlessly with 
the literature values. 

 As mentioned before, the results from Falk et al. represent 
the mixing performance for symmetrical fl ows. In our work 
both symmetric and asymmetric fl ow conditions were inves-
tigated. In the strict sense, only the results for symmetric fl ow 
conditions should fi t the literature results. Interestingly, our 
results blend in well with the recently published results, even 
for asymmetric fl ow rates. 

 The  V illermaux-Dushman test reaction is only capable of 
determining the magnitude of the mixing time. With this in 
mind, the comparison of our CFD data with the experimental 
data suggests that the resolution of our CFD results is high 
enough to evaluate different micromixers.  

  5.3.4. Experimental polymerisation results     As 
previously reported, the presented investigations were done 
to support experimental work by advising the best suited 
micromixer for the anionic polymerisation of styrene. 
Consequently, the acquired results of best suited types of 
micromixers for our specifi c task were implemented into 
experimental work. As the experimentally used process 
conditions were also applied for the CFD calculations, the 
performance order gathered by computations should match 
the experimental order. 

 Details on the experimental work will be given in a corre-
sponding publication, as the description of the resulting syn-
thesis protocols for rod-coil-copolymers is behind the scope 
of this article. 

 A vital part of ongoing research activities was to ensure 
a narrow molecular weight distribution of the resulting 
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semiconducting polymers with a PDI below 1.2. Following 
the argumentation that the molecular weight distribution 
depends on the mixing velocity, this substance property was 
used as an indicator to judge the mixing performance. 

 The experimental results (Figure  11   and Table  4  ) show that 
the chicane mixer provides a high PDI of 1.8 resulting from 
a very poor mixing performance whereby the chain growth 
started uneven. The PDI is even higher than the PDI obtained 
from batch experiments. This is in accordance with the 
numerical calculations. Interestingly, the PDIs achieved for 
the ST-mixer, the interdigital mixer and the 300  μ m caterpillar 
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istic fl ow dimension as a function of the Reynolds number. The results 
from this work (coloured symbols) were integrated into the results 
from Falk et al. (Reprinted with permission from Elsevier) [40].    

1.8
Batch

Interdigital mixer clogged
Caterpillar mixer

Interdigital mixer
ST- mixer
Chicane mixer

1.6

1.4

1.2

1.0

I

0.8

0.6

0.4

0.2

0
0.1 1

M/Mmax,i/1
10

 Figure 11    Normalised results from size-exclusion chromatography (SEC) for four investigated micromixers. The molar mass  M  is nor-
malised to the most frequent molar mass  M  max . The intensity  I  of the signal is plotted as measured. A number-average molecular weight of 
3000 g/mol was targeted. Achieved values of all samples were between 3000 and 6000 g/mol.    

mixer are identical. For these three mixers a very narrow PDI 
of 1.07 was achieved. 

 Based on this we concluded that a narrow molar mass dis-
tribution can be achieved under chosen process conditions 
when the mixing time is reduced down to a calculated thresh-
old value of approximately 200 – 400 ms. Further acceleration 
of mixing has no infl uence on the molar mass distribution. In 
addition to the mixing process another process seems to limit 
the overall reaction rate. The limiting process was not clearly 
identifi able yet, but there are some reasonable explanations. 

 One possible reason for the retardation of the process could 
be the behaviour of butyllithium in solution. N-Butyllithium 
tends to form hexamer clusters in apolar solvents such as 
n-hexane or cyclohexane. As polymerisation is induced by the 
monomeric organolithium compound, the butyllithium cluster 
has to dissociate before the actual reaction starts. With regard 
to resulting reaction control aspects, this can lead to following 
situation. As long as the butyllithium molecules are clustered, 
the probability that the initiation step proceeds is very high. 
This results, on the one hand, from the faster reaction rate of 
the initiation step and, on the other hand, from the high local 
density of the butyllithium molecules. After all clustered mol-
ecules had reacted with one styrene molecule, there is a high 
probability that all chains grow with an equal speed, resulting 
in a narrow molar mass distribution. This situation remains 
until the cluster breaks up and every reaction chain diffuses in 
the solution independently. 

 It is further known that apolar solvents slow down the reac-
tion rate of anionic polymerisations  [60] . Within the experi-
mental work, the initiator butyllithium was solved in hexane, 
whereas the monomer styrene was solved in THF. Against this 
background, it seems reasonable that the reaction is retarded 
as long as the active reaction chains are not solved in THF. 
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 During the experimental work it was also found that the 
interdigital mixer suffers from serious clogging problems due 
to the formation of inorganic residues. Experiments showed 
that clogging can cause very bad mixing performance with 
PDIs higher than in batch experiments (Figure 11 and Table 
4). In practice, this qualifi es the 300  μ m caterpillar mixer as 
the best suited device among the investigated micromixers. 
However, it should be mentioned that this is not a general 
result. The results only hold true for the investigated process 
including the specifi c process conditions.    

  6. Conclusion 

 One vital part for conducting anionic polymerisation reac-
tions, to prepare high quality polymers with narrow PDI, is 
mixing. To ensure a suffi cient reaction control, including fast 
mixing and heat removal, microstructured devices were cho-
sen for a specifi c synthesis task. With this choice the ques-
tion raised which microstructured device is appropriate for 
the intended polymerisation process. To decrease the experi-
mental effort and the resulting costs, a numerical approach 
was chosen as a decision support tool during experimental 
planning. Semi-quantitative CFD calculations were used to 
determine the best suited micromixer out of a collection of 
different devices. 

 For this purpose, different types of micromixers were 
evaluated. First, a simple Y-mixer and a chicane mixer were 
factored into the calculations. Further, an interdigital mixer 
and different split-and-recombine mixers, namely a caterpil-
lar mixer in different versions and a ST-mixer, were included 
in the assessment. 

 The mixing process was quantifi ed by a so-called mix-
ing residuum. To compare the different mixers, a mix-
ing quality of 95 %  was defi ned as the target and the time 
needed to achieve this target was used for comparison. The 
results show that the interdigital micromixer and the 300 
 μ m caterpillar mixer offer the best mixing performance. The 
ST-mixer and the 600  μ m caterpillar mixer show a similar 
mixing speed, whereas the Y-mixer, the chicane mixer and 
the 1200  μ m caterpillar mixer were found to be not suited 
for our purposes. 

 Using a collection of the numerical examined micromix-
ers for experimental investigations, the general order gained 
from CFD calculations could be confi rmed, although it has 
been found that other effects also had an infl uence on the 
resulting polymer properties. Additionally, it was found that a 

 Table 4      PDIs for different micromixers and process conditions.  

Mixer Comment PDI

Batch  – 1.43
Chicane mixer  – 1.8
ST-mixer  – 1.07
Interdigital mixer  – 1.07
Interdigital mixer Clogged 1.42
300  μ m caterpillar mixer  – 1.07

calculated mixing time of approximately 200 – 400 ms is suf-
fi cient. Faster mixing has no experimental advantage. 

 With this it could be shown that CFD calculations can 
benefi cially be used to rank micromixing devices for specifi c 
process conditions. This enables the scientist to reduce exper-
imental effort and the costs involved with it.   
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