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Abstract

A technique for the measurement of the residence time distribution (RTD) in microfluidic devices is presented. The measurements were
performed by an input-response technique monitoring a dye tracer concentration spectroscopically at the inlet and outlet of a microfluidic device.
The measurement setup ensures the interchangeability of microfluidic devices and thus allows characterising of many different devices containing
diverse mixing structures and microchannel geometries.

Since the experimental method is based on an external stimulus the measured RTD data show deviations from the actual RTD of the microfluidic
device. These deviations are caused by the connected capillaries and their contribution to the overall RTD of the whole system. Therefore, modelling
of the RTD is necessary. Two different models were applied in this study. The first one is the well-known axially dispersed plug flow model which
is often used for macroscopic reactors. Since this model was developed for plug flow processes, its applicability to the laminar flow regime of
microfluidic devices is strongly limited. Therefore, another empirical model was developed and applied in order to consider a wider range of
different microstructures and process parameters.

The RTDs of three different micromixers were investigated in a specified range of flow rates and modelled with the empirical model. Based on

these results the mixing performance and integral flow behaviour of the different reactors could be analysed and discussed.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Characterisation of the overall flow behaviour of a reactor
by means of residence time distribution (RTD) theory pro-
vides essential information from the viewpoint of chemical
reaction engineering. Knowledge of the RTD enables the exact
prediction of yield for first order reactions and allows close
estimation for reactions of order other than first. In addition,
the general reactor performance and mixing can be evaluated.
Since microreactors and micromixers are available in a great
variety of geometries using different mixing principles, the
selection of a suitable device for a given application becomes
more challenging. Among other characteristics (like mixing
efficiency) knowledge of the RTD of a certain microfluidic
device would be a useful help to identify the most appropriate
one.

RTD experiments are usually performed by introducing an
input signal (impulse, step, periodic, etc.) with an inert tracer
at the inlet of a reactor. By time resolved measurement of the
response at the outlet of the reactor the RTD can be obtained.
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Even though residence time distribution analysis is widely
used for the characterisation of macroscopic reactors, there are
no common techniques for microfluidic devices available. Guen-
ther et al. [1] presented a technique where a dye tracer was
injected by a T-shaped injection unit and the concentration of
the tracer was measured by a special transmittance sensor. The
further development of this approach is presented here. Other
work described in literature is based on the RTD analysis of
custom-made microdevices specially developed for this pur-
pose. Trachsel et al. [2], for example, presented a microdevice
with an integrated injection unit and a meandering microchan-
nel. The device was made of PDMS and due to the transparency
of this material fluorescence measurements can be carried out.
The advantage of this technique is that the input signal can be
introduced directly at the beginning of the microstructure. How-
ever, this technique is very much limited to this specific device.
Microreactors and micromixers are nowadays available in a great
variety of materials where in situ measurements are mostly not
applicable since the materials that are used for reasons of certain
chemical, physical or mechanical properties are often not trans-
parent. Moreover, the available microfluidic devices have very
different geometries and mixing structures. Therefore, a univer-
sal technique which can be applied to different microreactors
and micromixers is desirable. Accordingly the necessary sensors
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Nomenclature

c(t) concentration of tracer (mol/L)

dp hydraulic diameter

D,y axial diffusion coefficient (m?%/s)

E(iw) Fourier transform of E(¢), transfer function
E(®) normalized density distribution function

L length

M parameter of empirical model

N parameter of empirical model

Pe Peclet number (uL/D,x)

Re Reynolds number

s skewness

t time

1y defined by Eq. (11)

tmax maximum residence time in empirical model
tmin minimum residence time in empirical model
u linear velocity (m/s)

x(t) normalized input signal

(1) normalized response signal

Yealc(®) calculated normalized response (by Eq. (3))

Greek symbols

£ sum of squares of deviation
® normalized time (® =t/7)

v kinematic viscosity (m2/s)
0(®)?  variance

T mean residence time

w Fourier transform parameter

and actuators have to be connected externally even though this is
accompanied by some drawbacks, which will be discussed later.

2. Experimental

A scheme of the experimental setup is shown in Fig. 1.
Although different types of input signals are in principal pos-
sible, in this work only impulse experiments were performed
since the resulting time distribution density curves are the most
common basis for the subsequent data processing and modelling
[3].

In order to ensure accurate flow rates with low pulsation
a syringe pump (TSE Systems, Bad Homburg, Germany) was
used for the feed of the liquids. The pump was equipped with
two syringes (Hamilton, Bonaduz, Switzerland), one filled with
water, the other with an aqueous solution of the dye Basic Blue
3 (CAS No. 33203-82-63). This dye was used because of its low
molecular diffusion coefficient in water (3.78 x 1076 cm?/s) [4].
Moreover, in a previous study [5], the applicability of numerous
organic dyes was tested and most of them showed considerable
affinity to the inner walls of PTFE or PFA capillaries. As a conse-
quence a distinctive tailing of the measured curves is observed.
Basic Blue 3 turned out to be the best tracer for the present
application since it shows no affinity to PTFE and PFA.

syringe pump,
<——— equipped with two syringes
W: water, T: tracer

T

waste

&——— capillary

HPLC-valve

UV-Vis-flow-cell

§ micromixer

UV-Vis-flow-cell

!

Fig. 1. Scheme of the experimental setup.

The syringes filled with the liquids were connected to a HPLC
valve by using standard 1/16 in. HPLC capillaries with an inner
diameter of 1/32in. (0.8 mm). The fast cycling HPLC valve
which was used for the introduction of the input signal was
driven by a microelectronic valve actuator (Valco Instruments,
Houston, USA). The valve can be driven in different modes.
By switching once, a step signal and by switching twice an
impulse signal can be introduced. By using a valve with an inter-
nal sample volume (here 0.2 pL) an impulse experiment can be
performed by switching only once. All these different modes
were used to verify whether the switching and the accompanied
short flow interruption have an influence on the resulting curves.
The cycling time to switch from one position to the other (by
45°) was 85 ms. The inline measurement of the concentration
was realized by in-house made UV—vis flow-through cells which
were directly attached to the inlet and outlet of the micromixer
(Fig. 2).

The optical cells were pulled over the capillaries and the
concentration of the tracer (mean concentration over the cross
section) was measured spectroscopically perpendicular to the
flow direction inside of the capillary. Since the optical flow-

flow-through cell
optical fibre

micromixer made of glass

Fig. 2. Micromixer with attached UV—-vis flow-through cells.
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through cells provide no additional internal volume they have no
impact on the flow and no additional contribution to the overall
RTD. By using headless HPLC fittings (Upchurch, Oak Harbor,
USA) the distance between the optical cells and the micromixer
which causes a potential error in the raw RTD data can be mini-
mized to approx. 7 mm. Transparent PFA capillaries were used to
improve the spectroscopic signal. Only standard HPLC equip-
ment which is widely used in microreaction technology was
used for all connections and therefore many different microflu-
idic devices can be inserted into the experimental setup. Due to
the geometry of the optical cells it is also possible to use cap-
illaries of other diameter which ensures additional flexibility.
The optical cells were connected to a two-channel spectrometer
(Ocean Optics, Dunedin, USA) by optical fibres. The two sep-
arate spectrometer channels were calibrated by the supplier in
order to provide equal signals. However, in the present appli-
cation, minor discrepancies in the measured signals at the two
measuring points are possible due to fabrication tolerances of
the tailor made flow cells. To avoid this problem all measured
curves were normalized prior to further processing. Addition-
ally, the appropriate concentration range of the dye solution was
determined to be in the linear Lambert—Beer range. In order to
have a defined starting time for the measurement the spectro-
scopic acquisition was activated by a trigger signal provided by
the valve actuator.

2.1. Investigated micromixers

The RTD of three different micromixers was characterised at
flow rates ranging from 0.5 to 2.0 mL/min. Depending on the
channel geometry of the individual micromixer the Reynolds
numbers are ranging from approx. 3 to 80. All investigated
micromixers contain mixing structures which can be classified

(a) ST-Mixer

(b) G-shaped mixer
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as split-and-recombine structures. The mixing in split-and-
recombine mixers is based on a serial multilamination which
increases the contact surface and enables shorter diffusion times.
In the meantime it is commonly known, that mixing in most of
such type of micromixers is additionally enhanced by evolving
secondary flow patterns causing chaotic advection and improv-
ing radial mixing [6-8].

Pictures and drawings of the investigated micromixers are
shown in Fig. 3. The ST-mixer in Fig. 3(a) (Little Things Fac-
tory, [lmenau, Germany) is made of glass by a sandblasting
technique. The three-dimensional structure consists of 32 mix-
ing elements which are twisted by 90°. This micromixer has
been used for numerous chemical reactions and provides a good
mixing performance as it was verified by experimental char-
acterisation methods [9]. The “degree” of multilamination is
assumed to be lower than in the other investigated mixers. There
are flow-splitting units in the structure, but there are no spe-
cific, spatially separated rearrangement elements. Therefore, it
is assumed that in this device mixing due to secondary flows and
chaotic advection is prevailing.

Fig. 3(b) shows another micromixer that was tested. It con-
sists of 11 parallel channels each containing 7 three-dimensional
G-shaped split-and-recombine elements. Due to the definite
splitting and rearrangement based on three dimensions, the
split-and-recombine character is more distinctive than in the
ST-mixer. The inlet and outlet channels are shaped trapezoidal
to ensure uniformly distributed flow over the parallel channels
[10,11]. The microreactor is made of silicon and the typical
channel dimensions are 0.25 mm x 0.25 mm.

The third micromixer which was tested is shown in Fig. 3(c).
The so-called Statmix 6 mixer (IPHT, Jena, Germany) was build
up of three layers, one silicon layer in the middle with two covers
of glass on the top and the bottom. The mixer contains one

M e e O e e

Fig. 3. (a—c) Pictures and details of the channel design of the three micromixers characterised.
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channel with eight sequential split-and-recombine elements. The
channel widths are ranging from 0.2 to 0.7 mm [12].

All investigated microdevices have two inlet ports and one
outlet. In order to ensure the same time-scale for the input- and
the response-signal, only one inlet port should be used for RTD
measurements. Therefore one inlet was always closed with a
plug. To avoid dead volume in the plugged inlet channel the
device was filled with water prior to RTD measurements.

2.2. Data preparation

Two spectroscopic curves, one for the inlet and one for the
outlet of the micromixer were obtained by the described exper-
imental method. Each curve shows the fraction of fluid at a
certain residence time. In order to use the measured curves for
modelling, they have to be normalized. The normalized density
function as the response to an ideal Dirac delta function is given
by

c(t)
Jo~ ety dr

and can be calculated for the input and the response signal
by numerical integration. The first moment of the distribution
which represents the mean residence time can be accordingly
calculated by

0o Jo~ e dr
= Etdt = . 2
T /o (Ot dt e 2

The RTD of a specific micromixer cannot be calculated
directly from the measured data. The input signal is introduced in
front of the micromixer via a capillary of certain length between
the valve and the micromixer. Hence, the signal is not an ideal
delta and is further modified while flowing through the capillary
towards the inlet of the microfluidic device. Therefore, the mea-
sured response comprises both distributions of the periphery and
of the micromixer itself. Such a coupled system can be described
by the convolution integral which is known from linear system
theory:

E@®) = (1

t
y(t) = / x(t —)E()dr. 3)
0

¥(?) is the normalized response signal and x(¢) is a normalized
arbitrary input signal. E(#) represents the RTD of the considered
micromixer. y(¢) and x(¢) can be calculated from the measured
dataset by Eq. (1). Numerous methods were presented to acquire
E(#) when input and response are known [13—15]. Due to the fact
that convolution in time domain corresponds to multiplication in
frequency or Laplace domain, deconvolution can be carried out
in either domain. According to this, the transfer function (which
is E(?) in time domain) can be calculated from the measured
dataset, e.g. in frequency domain, by

fooo Cout e_i“” dr

Eliw) = —“5——.
(i) fooo Cin €71t dr

“

Inverse transformation of the transfer function from fre-
quency to time domain leads directly to the RTD of the

micromixer. Although this method is very fast and straightfor-
ward it is not appropriate to the measured RTD curve. Since
retransformation of transformed experimental data is always
accompanied by a drastic increase of noise, the results are not sat-
isfactory. Nevertheless, this method is useful to verify the results
obtained by another deconvolution technique and was used here
in this regard. Improvement of the results can be achieved by
noise filters and curve smoothing.

Other techniques to obtain the transfer function require the
prediction of a model for the RTD. A benefit of this approach is
that one gets not only the shape of the curve, but also a model
description of the RTD of the measured device. An essential
requirement, e.g. for time domain analysis is that an analytical
model in closed form can be applied to describe the RTD of the
considered microfluidic device adequately. Both models which
were used in this work allow time domain analysis. In this pro-
cess, amodel for the unknown E(f) was appointed and the model
parameters were successively modified in order to minimize the
sum of squares of deviation between the normalized measured
response and the predicted curve:

e= 3" D0 ~ Yeae®)] )

By applying Eq. (3), ¢ is calculated by numerical integration
of

00 t 2
&= [/ {y(t)—/ x(t — t)E() dt’] dt} . (6)
0 0

This integral is best approximated by applying the trape-
zoidal rule. All calculations in this work were accomplished
with the software package Mathematica (Wolfram Research,
Champaign, USA). The minimization of ¢ by means of non-
linear optimization was performed by using the unconstrained
quasi-Newton method. This method is useful when numerical
operations are involved in the objective function and the deriva-
tives have to be evaluated numerically [16]. Some completely
derivative-free methods were also applied. They converge much
more slowly and provide only good results when the initial esti-
mation is very good. The quasi-Newton method provides best
results even with poor initial estimations.

The approximation of the integral in Eq. (6) has to be done
in every iterative step. This is very time-consuming and compu-
tationally expensive. Several faster convolution functions using
matrix operations are not suitable. In particular, applying such
functions to very narrow signals often leads to scaling problems.

The time domain fitting procedure involves numerous steps
and numerical transformations. In order to verify the deconvo-
lution result obtained by the time domain fitting procedure, it
was compared to a curve obtained by direct deconvolution in
Fourier domain (Eq. (4)). In addition to a noise filter an expo-
nential decay of fourth order was applied to the considerably
scattered tail part of the curve. An example of a comparison for
a measurement at 1.0 mL/min is shown in Fig. 4.

Although the front part of the curve is still very noisy,
one can see that the two results are generally in good
agreement. Therefore, time domain fitting is suitable for the
analysis of the RTD in microfluidic devices. Furthermore,
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Fig. 4. Comparison of time domain fitting and direct deconvolution for an RTD
measurement at 1.0 mL/min, ST-mixer.

it provides much better results than direct deconvolution
procedures.

2.3. Modelling

Two fundamentally different models were applied to describe
the RTD of the considered split-and-recombine micromixers.
The first one is the well-known one-dimensional axial dispersed
plug flow model. It takes the form of the one-dimensional diffu-
sion equation with a convective term assuming a mean velocity:

oc Dy 9%c  dc

de _ Dax 0°c dc 7
ot uL ax2  ox @)

According to this description, this model applies best to turbu-
lent flow in an empty cylindrical tube. Nevertheless, it is widely
used for packed beds and can also be used in a more empiri-
cal way to approximately describe a variety of different reactors
operating in the laminar flow regime although it does not cor-
respond to the physical model description (e.g. in the present
application). The dispersion coefficient Dyx comprises all effects
causing deviation from plug flow. Hence dispersion, due to con-
vective distribution can be considered to a certain degree. The
flow in the considered microfluidic devices is characterised by
a velocity gradient due to the laminar flow and a counteract-
ing dispersion due to the split-and-recombine mixing structure.
Therefore, the axial dispersed plug flow model can be applied
if the micromixers are sufficiently long enough to ensure that
dispersion caused by the mixing structure can compensate the
spreading of the tracer as a result of the non-uniform velocity
profile in laminar flow.

The dimensionless group D,x/uL is usually replaced by the
Peclet-number:

1 Dax

Pe uL’ ®

Eq. (7) can be solved under “open” boundary conditions [17]
leading to

E®t) =

¢ exp{_iet (l—i)z}. )

4t

The model is characterised by two parameters, the Peclet
number and the mean residence time 7, which can be determined
by the previously described fitting procedure.

In the present application “open” boundary conditions were
chosen. However, the precise conditions at the boundaries of real
equipment cannot usually be exactly defined [3]. The differences
between the solutions for different boundary conditions diminish
for low values of Dyx and therefore high Pe-numbers, which is
the case in this study.

The axially dispersed plug flow model is based on a
physical description of the system. It is the simplest, only one-
dimensional form of the convective diffusion equation. As soon
as a two-dimensional velocity profile is considered, the equation
becomes generally insolvable [18,19]. Due to the strong laminar
flow regime prevailing in microfluidics, the appearance of a mul-
tidimensional flow profile can in most cases not be disregarded.
Therefore, convection-diffusion equations are not suitable to
model analytically the RTD behaviour of different microfluidic
devices in the whole range of different process conditions.

The second model used in this work is an empirical model
which was first published by Ham and Platzer [20]. The model
was developed following statistical distributions with main
emphasis on allowing certain skewness of the distribution. This
is highly useful for applying the model to microfluidic devices
concerning the multidimensional flow profiles mentioned above
and the resulting asymmetric distributions. The model takes the
form:

M—1
By — MNG' (L V- Wt N
N Imax tN fmax

with

tmin/;
f o= min’max (11

Imax — min

tmin and fpax are the minimum and maximum residence
time and can be estimated by the experimentally obtained RTD
curves. Since the curves for laminar systems show significant
tailing, this procedure is sometimes problematic in the case of
fmax. In such a case, it is more reasonable to choose a higher
value since for certain skewness the shape of the curve is only
weakly influenced. N and M in Eq. (10) are the model parameters
which can be determined by the described fitting procedure. N
and M are pure fitting parameters and correlations between the
values of N and M and the shape of the curve cannot be found
due to the complex composition of the parameters in the model.
A detailed study on the behaviour of this model can be found in
[20].
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Fig. 5. Normalized density distribution curves for the ST-mixer from a mea-
surement at 1.5 mL/min.

3. Results and discussion

The RTD of the three different micromixers were measured at
flow rates between 0.5 and 2.0 mL/min. The normalized density
distribution functions for all experimentally obtained input and
response curves were calculated by Eq. (1).

As an example, the RTD of one measurement (ST-mixer at
1.5 mL/min) is shown in Fig. 5.

The curve of the input signal shows a nearly vertical rise at
minimum residence time and a decreasing slope at lower flow
rates. The strong influence of convective dispersion due to the
laminar flow profile is evident. Consequently, a pure convection
model derived from the parabolic velocity profile was applied
to the input signal, in order to use the calculated input signal for
the convolution in the fitting procedure instead of the measured
input. The aim was to achieve faster calculations and easier mea-
surements since only the response signal would be necessary to
measure. Unfortunately, the deviation from the model was too
strong. Therefore, it is obligatory to measure also the input signal
and use it for the modelling.

A comparison of first modelling results obtained for the ST-
mixer at maximum and minimum flow rate is shown in Fig. 6.

Both the axially dispersed plug flow model and the empiri-
cal model were applied. Each diagram shows three curves. The
curves labelled with “fit” are the convolution products of the
input signal and the predicted model fitted to the response signal,
which is labelled with “response”. Hence, the predicted model
represents the RTD of the isolated microfluidic device. For the
higher flow rate both models fit very well. The deviation between
the calculated convolution product and the measured response,
by means of the sum of squares of deviation ¢ is 0.00724 for
the dispersion model and 0.00172 for the empirical model. The
better value for the empirical model is due to the asymmetry
which enables a steeper rise at the front part of the curve and a
smoother tail. The difference in the quality of the fit increases
at lower flow rates. At a flow rate of 0.5 mL/min the front part
and the tail part cannot be predicted satisfactorily with the dis-
persion model whereas the empirical model matches very well.

The difference in the sum of squares of deviation is nearly one
order of magnitude and counts 0.00028 for the empirical model
and 0.00200 for the dispersion model.

The modelling results for all three considered micromixers
at all flow rates are shown in Fig. 7. For a better comparability
the same model was applied to all measurements. Since it can
cover the whole range more satisfactorily, the empirical model
was used. It is also convenient to use the dimensionless time:

o=" (12)
T

for a better comparability of measurements at different process

parameters.

Generally, all micromixers show similar behaviour. At a flow
rate of 0.5 mL/min the distributions are broader and the tailing
and the skewness is more distinctive. With higher flow rate the
RTD becomes narrower and more symmetric.

The mixing in split-and-recombine mixers is based on
sequential multilamination. After m split-and-recombine steps
2" liquid layers could be formed. Of course, this is a theoret-
ical examination and is only valid for a limited extend since
it depends strongly on the geometry of the microfluidic struc-
ture. For example, splitting, reorganisation and recombination
is very well defined for the G-shaped mixer, whereas mainly
splitting and only poor reorganisation takes place in the ST-
mixer. However, it is nowadays known that in such micromixers
multilamination is always superimposed by secondary flows
causing chaotic advection and enhancing radial mixing [6,7].
Since the generation of secondary flows is highly dependent on
the Reynolds number, the radial mixing increases at higher flow
rates for all considered micromixers which can be confirmed by
the narrower RTD.

Apart from the visual examination, determination of the
central moments [19,20] provides an opportunity to study the
modelled distribution curves. As already mentioned the mean
residence time 7 can be calculated by the first statistical moment
in analogy to probability theory. The second central moment:

a(t)? = /0 - (t — 0)*E@)dr (13)

gives the variance which can be transformed to the dimensionless
form:

o(r)?
1-2

o(©)? = . (14)
The variance is a measure for the “width” of a distribu-
tion. With regard to RTD, narrower distributions are aspired and
therefore lower variance.
Another useful parameter for the present application is the
third central moment which is known as the skewness of a
distribution:

S a—oE@dt
 o(@)??

s s5)

The shape of the RTD in the considered micromixers at the
applied flow rates varies from very symmetric, when good radial
mixing is achieved to very asymmetric when radial mixing is
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Fig. 6. (a) Modelling result for the ST-mixer at 2.0 mL/min with dispersion model. (b) Modelling result for the ST-mixer at 2.0 mL/min with empirical model. (c)
Modelling result for the ST-mixer at 0.5 mL/min with dispersion model. (d) Modelling result for the ST-mixer at 0.5 mL/min with empirical model.

very poor and the influence of the parabolic flow profile is pre-

vailing. The skewness measures zero for symmetric distributions

(e.g. axially dispersed plug flow at high Pe numbers) and is going

towards infinity for pure laminar flow in a tube. Since the mea- Table 1

surements were performed at a pure laminar regime, decrease of Comparison of variance and skewness of the distribution curves with corre-

the skewness can provide an indication of a better radial mixing. sponding Reynolds numbers for the considered micromixers at different flow
Variance, skewness and corresponding Reynolds numbers rates

for all obtained distribution curves are listed in Table 1.

The moments were calculated by numerical integration (Eq. ST-mixer

(13)—(15)) of the RTD-curves which were obtained by the fitting 0.5 0.30 3.18 5

Flow rate (mL/min) Variance, (7(@)2 Skewness, s Re number

procedure. The Reynolds number was calculated by 1.0 0.10 3.13 11
1.5 0.08 3.06 17
uds, . 2.0 0.06 2.63 23
Re = Ty (16) G-shaped mixer
0.5 0.22 3.13 3
with the hydraulic diameter as characteristic length. ]'(5) 8'16 z-j; 6
The ST-mixer shows the widest range of different distribu- ; 0 0(1); P lg
tions which can be seen visually in Fig. 7 and also by means o ’ '
of the values in Table 1. At 0.5mL/min the ST-mixer has the =~ Stamix6
high . £ all mi . Iti iderabl 0.5 0.25 5.60 20
ighest variance of all micromixers. It improves considerably at 7 012 4,00 40
higher flow rates, resulting in a very low variance at 2.0 mL/min. 15 0.10 3.64 63
0.07 3.11 83

As expected, the skewness decreases as well and has generally 2.0
lower values than calculated for the other micromixers. This
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Fig. 7. RTD for the three investigated micromixers obtained by the modelling
technique: (a) ST-mixer, (b) G-shaped mixer, (c) Statmix 6.

behaviour is explained by the specific mixing structure that pro-
vides a high degree of chaotic advection. However, regarding the
fact, that the Re numbers are very low in the ST-mixer, it shows
very good mixing performance, mainly at flow rates higher than
1.0 mL/min.

Due to the parallelisation of microchannels in the G-shaped
mixer the Re numbers are lower although the channels are

smaller in diameter. Nevertheless, the variances are quite low
and in a narrow range. The values for the skewness are a bit
higher than those obtained for the ST-mixer. This can be due
to less developed secondary flows in the more ordered split-
and-recombine structure. A stronger tailing can also be caused
by the parallelisation and thus a slightly inhomogeneous flow
splitting. However, the parallelisation in the G-shaped mixer
performs very well since the variances and skewness are only
slightly higher than for the one-channel ST-mixer. The efficiency
of the trapezoidal inlet and outlet-structures was also proved in
previous works [10,11].

The Statmix 6 mixer provides the highest Re numbers at the
considered flow rates. The variances are in the same range as for
the G-shaped mixer. The values for the skewness are somewhat
higher. Again, this is explained by less developed secondary
flows and thus stronger generation of non-uniform flow pro-
files. In general, the other two micromixers are somewhat more
efficient by means of residence time distribution since the distri-
butions are narrower and more symmetric at lower Re numbers.

4. Conclusions

An experimental method was developed for the measurement
of the RTD in various micromixers. Since it is not possible to
obtain the actual RTD within the microfluidic devices directly
from the measured data, different possibilities for the required
deconvolution were applied and discussed. It was shown that
time domain fitting by predicting an algebraic model for the
RTD of the micromixers leads to the best results.

The widely used axial dispersed plug flow model was used
to fit the measured RTD data. It was shown that the results
with this model applied to the considered micromixers are only
satisfactory for higher flow rates (Re numbers) when the dis-
tributions become more symmetric. A wider flow range can be
made available by the use of empirical models which allow more
asymmetric distributions.

Three different micromixers based on split-and-recombine
mixing structures were characterised by means of RTD at dif-
ferent flow rates. The empirical model could be used in the whole
considered range, which allows a closer examination of the mix-
ing performance and integral flow behaviour of micromixers and
other microfluidic devices.
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