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ARTICLE INFO ABSTRACT

Keywords: Micro- and millistructured reactors offer significant advantages compared to conventional batch reactors in
Process intensification terms of heat and mass transfer as well as process safety. Especially in case of fast and exothermic reactions, the
Millireactor

space-time-yield of batch reactors is often limited by poor heat transfer and slow mixing. The use of milli-
structured reactors, such as the ART plate reactor PR37 of Ehrfeld Mikrotechnik, can overcome heat and mass
transfer limitations and significantly extend applicable process windows, while providing sufficient capacity for
industrial applications. Previous investigations showed that the reactor offers high heat transfer coefficients as
well as short micromixing times at moderates Reynolds numbers. In order to further characterize the perfor-
mance of the reactor and the possible operating window, the current work provides a thorough study of the
residence time distribution on the basis of pulse experiments and a model-based evaluation of the deviation from
ideal plug flow on the basis of the axial dispersion model. The results demonstrate that the reactor closely re-
sembles the ideal plug flow even for Reynolds numbers of just about Re =~ 100. Due to its meandering, peri-
odically diverging/converging process channels, the formation of secondary flow is promoted resulting in an
increased cross-mixing and thus a considerably reduced axial dispersion compared straight channels. For further
analysis, as well as model-based assessment and design of the reactor, a correlation for the axial dispersion
coefficient is derived which is applicable for a wide process window.

Residence time distribution
Axial dispersion model

conditions [6], allowing operation at higher temperature, pressure, and
concentration close to the physico-chemical optimum [5]. The reduced
reactor hold-up volume enhances process safety by minimizing the risk
of thermal runaway, while improved mass transfer due to shorter
diffusion paths ensures rapid mixing [7]. Furthermore, the well-defined
process conditions enable near plug-flow behaviour [8,9], eliminating
transport limitations and ensuring reactions proceed according to
intrinsic kinetics [10]. As a result, micro- and millistructured reactors
are well suited for strongly exothermic [11] and fast, mixing-sensitive
reactions [12], leading to improved selectivity, lower separation costs
and reduced environmental impact [13].

In addition, the modular design of the reactors offers a straightfor-
ward scale-up from laboratory to production scale, where the contin-
uous operation allows to achieve production capacities which can
effectively match and exceed that of conventional discontinuous batch
reactor [14]. The modularity provides a high degree of flexibility, which
effectively allows to address market dynamics and increasingly shorter

1. Introduction

Climate change and the energy transition are key challenges of the
chemical industry in the 21st century [1]. Process intensification is an
essential lever to address these challenges by developing more sustain-
able, smaller, cleaner and more energy and resource efficient processes
[2]. Addressing the center piece of chemical processes, micro- and
millireactors offer an important technology for process intensification
[3] that is considered a key technology for the transformation from
batch to continuous processes for the production of fine chemical and
pharmaceuticals, which can bring significant benefits under economic
and ecological aspects [4]. Micro- and millistructured reactors further
allow to realize novel process windows beyond the limits of conven-
tional batch reactors [5].

Due to the high surface-to-volume ratio, micro- and millistructured
reactors facilitate precise process control under nearly isothermal
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Nomenclature

Latin letters

c ([mol/ms]) Concentration

Dax ([m?/s]) Axial dispersion coefficient

dh ([m]) Hydraulic diameter

E(s) ([-1) Frequency-discrete residence time distribution
E(t) ([1/s]) Density function of residence time distribution
F(t) ([1/s]) Sum function of residence time distribution
L ([m]) Length

Q (ImL/min]) Flow rate

s ([Hz]) Frequency

t ([s]) Time

t ([s]) Mean residence time

u ([m/s]) Mean velocity

Rc ([m]) Curvature radius

\Y% (Im®]) Volume

X(s) ([-]) Time-discrete input signal

X(®) ([1/s]) Frequency-discrete input signal

Y(s) ([-1) Time-discrete output signal

Y(©) ([1/s]) Frequency-discrete output signal

z ([m]) Relative length

Greek letters

a ([-1) Aspect ratio of rectangular cross-section
0 ([-D) Dimensionless time

133 ([-D) Fast Fourier Transformation

%’1 ([-D) Inverse Fast Fourier Transformation

m ([-D Moments of the residence time distribution
r ([kg/m?’]) Density

t ([sD Residence time

€ ([-1) Sum of square error

n ([Pa s]) Dynamic viscosity

c ([s?]) Variance

X ([-]) Dimensionless Cartesian coordinate

Dimensionless quantity

De Dean number (De = Re g—;'c)
Pe.x Axial Peclet number (Peqc = 49)
Bo Bodenstein number (Bo = L%)
Re Reynolds number (Re = &9)

product life cycles in the fine and pharmaceutical industries. The great
potential of micro- and millistructured reactors for process intensifica-
tion has already been successfully demonstrated on industrial scale. For
example, Corning® Advanced-Flow™ Reactor (AFR) Technology has
successfully accomplished the first use of the G5 reactor in industrial
production of agrochemicals with a throughput of 10,000 tons/a. The
advanced reactor enables a 100 times enhanced mixing and 1000 times
improved heat transfer compared to a conventional batch reactor [15].
Additionally, the Miprowa® reactor from Ehrfeld Mikrotechnik has
successfully replaced 20 conventional batch reactors in a large-scale
production plant of a highly exothermic alkoxylation reaction with a
production capacity of 10,000 tons/a, while reducing the reaction vol-
ume from 50 m> to 40 L [16].

Despite these promising results and the high potential, the industrial
application remains yet limited due to the lack of standardized reactor
selection criteria, operational knowledge, and systematic evaluation
methods. Experts from BASF highlight the need for reference applica-
tions and reliable performance models to facilitate technology transfer
and implementation [17]. Overcoming these challenges is essential to
maximize the benefits of micro- and millistructured reactors and to
achieve a paradigm shift from batch to flow reactor for more sustainable
and safer production processes.

A crucial parameter for evaluating reactor performance is the resi-
dence time distribution (RTD), which directly influences reactant con-
version and product selectivity [13,18,19]. The RTD characterizes the
flow behaviour inside the reactor, determining whether fluid elements
experience uniform residence times or significant variations that may
negatively impact reaction control [20]. Ideally, a narrow and sym-
metrical RTD, close to plug-flow, is desired to improve conversion and
selectivity [21,22]. Under this condition, each molecule exhibit a con-
stant residence time, leading to homogeneous concentration and ve-
locity profiles and allowing for precise reaction control [23]. In contrast,
broad RTDs, caused by axial dispersion, result in inefficient fluid con-
tact, leading to reduced conversion and selectivity [18]. This can inhibit
reaction rates and limit the intrinsic reaction kinetics and affect process
performance.

Due to the predominantly laminar flow associated with small chan-
nels, micro- and millireactors often exhibit broad RTD resulting in
increased axial dispersion and limiting their suitability for many appli-
cations [24]. However, molecular diffusion and secondary flows in
structured reactors can enhance radial mixing, breaking the parabolic

velocity profile of the laminar flow and thus reducing the axial disper-
sion [25]. For example, Dean vortices, generated by centrifugal forces in
curved microchannel geometries, can improve mixing and reduce axial
dispersion, achieving plug flow like behavior already at relatively low
Reynolds number [26]. Several studies have demonstrated that the
generation of secondary flow allows micro- and millireactor to reduce
axial, leading to RTDs that closely resemble ideal plug flow [21,22,24,
27-31].

However, the majority of the RTD studies focus on simple coiled tube
reactors at laboratory scale, which are limited in the scale-up to indus-
trial application. Maintaining equivalent mixing and heat/mass transfer
performance is the key challenge for scale-up [14]. In contrast, the
present study focuses on the RTD characterization of the ART plate
reactor, a millistructured reactor specifically designed for straightfor-
ward scale-up to production capacities of kilograms per hour [38]. This
work aims to fill the gap in RTD characterization for scale-up relevant
reactor systems, providing a deeper understanding of axial dispersion in
a scalable millistructured reactor.

To enable a model-based evaluation of the ART plate reactor, process
engineers require quantitative models for mass and heat transfer, mix-
ing, and pressure drop. While previous studies have extensively char-
acterized the hydrodynamics [32], the heat transfer [33] and the
micromixing [34] of the reactor, a systematic assessment of its RTD is
still lacking. The ART reactor has demonstrated high heat transfer co-
efficients (~5 kW/(m?K)) at moderate Reynolds numbers, making it
highly suitable for strongly exothermic reactions [33]. Additionally,
micromixing times below 0.1 s for Re > 150 indicate its excellent suit-
ability for fast, mixing-sensitive reactions [34]. Under optimal condi-
tions, the meandering structured milli channels of the reactor enable
close to ideal plug flow conditions [22,28,31]. However, it is essential to
accurately characterize and quantify deviations from ideal plug flow, as
these impact reaction performance, selectivity, and scale-up.

This study aims to address this gap by analysing the residence time
distribution (RTD) of the ART reactor using the axial dispersion model
(ADM), which quantifies deviations from plug flow [35]. Combined with
the established models for heat transfer and micromixing, the charac-
terization and modelling of the RTD, also referred to as macromixing
[36], will enable a more robust reactor performance assessment, facili-
tating its design, scale-up and optimizations.
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2. Residence time distribution

Prior to the description of the specific reactor and the applied
methods, the current section first gives a brief overview about the fun-
damentals of the residence time distribution, as well as the experimental
characterization and analysis by means of the axial dispersion model.

2.1. Characterization of the RTD

The residence time distribution characterizes the flow behavior in a
reactor and is defined by the density function E(t) according to Danck-
werts [42]:

E(t) = 2D o

with c(t) for the time-dependent concentration. The cumulative function
F(t) represents the fraction of fluid that has exited by time t:

F(t) = / E(t)dt, @

To allow comparison across different systems, the dimensionless
time is introduced as 6 = t/r, with 7 as the hydrodynamic residence
time, enabling normalization of the RTD:

E(6) = 7E(t), 3)

In order to characterize the residence time distribution, the input-
response technique is applied, according to [37]. Therefore, a defined
disturbance signal is injected at the reactor inlet and its change is
recorded as a response signal at the reactor outlet. The relationship
between the input and output signals is used to derive the residence time
distribution, which is equivalent to the transfer function of the system.
This relationship is defined according to system theory using the
convolution integral [38].

(1) = / E(t)x(t —t) dt )

The input signals are usually tracers injected into the fluid flow at the
reactor inlet in the form of pulses, steps, periodic or even random signals
[20]. The injected tracer signal propagates through the reactor and is
measured as a response signal at the reactor outlet. The tracer should not
affect the fluid dynamic behavior in the reactor and must therefore
match the chemical and physical properties of the process medium [39].

The injection of the tracer should be implemented by approximating
a defined function in order to establish a mathematical relationship
between the input signal and the response signal. The most common
disturbance signals are step and pulse functions [20]. In this work, im-
pulse experiments are used to investigate the RTD. For pulse experi-
ments, it is important to inject a high concentration of tracer in the
shortest possible time. The aim is to achieve an approximation to the
so-called "Dirac pulse", which is infinitely short and high with an integral
of one. In practice, an ideal Dirac pulse is impossible to realize. In order
to obtain a good approximation, the injection time should be as short as
possible in relation to the hydrodynamic residence time of the process
[40].

The signals are analyzed with the principle of system theory by
assuming linearity and time invariance. Fig. 1 shows the relationship
between the input (x,X) and output functions (y,Y) in the time (t) and
frequency domain (s).

The input and output signals are linearly related to the residence
time distribution by the convolution integral

w0 ()
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X(t) ———— E(t) —> y(t)
FFT 1‘ IFFT FFT
X(s) ————> E(s) —> Y(s)

Fig. 1. System theory of the residence time distribution [41].

The Fast Fourier Transform (FFT) is used to deconvolve the integral,
which requires a transformation of the signals from the time domain into
the frequency domain. By transferring the functions to the frequency
domain, a simple division of the input and output signal can be applied,
which can be transferred back to the time-discrete domain by applying
inverse Fast Fourier Transform (IFFT) [38]. In the scope of this work,
Matlab is used to deconvolute the signals. In addition, filters are used to
smooth the noise of the signals. The explicit procedure for signal pro-
cessing using Fast Fourier Transform is described in Section 3.3.

2.2. Axial dispersion model

The experimentally determined residence time distributions are
analyzed using simplified models in order to characterize the flow
pattern in the reactor. Past studies have shown that the dispersion model
is particularly suitable for modelling the residence time of milli and
microstructured reactors [42]. The axial dispersion model is based on a
strong simplification of the general convection-diffusion equation. The
one-dimensional model is an extension of the ideal plug flow model
taking into account real mixing effects. Within the axial dispersion
model, the material balance of the transient plug flow model is extended
by a disperse transport term, which is equivalent to the diffusion term of
Fick’s second law [43].

The corresponding differential equation is defined as follows [20]:
dc  dc Pc

E* _ua'i_Dax@ 6)

The material balance consists of a transient term <%> , a convective

transport term <u%> and a disperse transport term (Dax%). The

disperse term includes convective mixing in the direction of flow, caused
by vortex formation and turbulence, different residence times of fluid
elements moving along different streamlines, caused by a non-uniform
distribution of flow velocity across the channel cross-section and mo-
lecular diffusion, and is characterized by the axial dispersion coefficient
Dy, [36]. The dispersion coefficient has the same unit as the diffusion
coefficient, but is significantly larger in case of significant cross-mixing
effects. The magnitude of the dispersion coefficients characterizes the
deviation from an ideal plug flow. Consequently, small dispersion co-
efficients result in a negligible effect of the disperse term such that the
differential equation approaches that of an ideal plug flow [44].

By introducing the dimensionless residence time (¢ =t /7) in Eq. (7),
a dimensionless form of the differential equation is obtained

ok 1 dc ac
ge_1oc o @)
00 Bo dy?> Oy

which builds on the relative reactor length (y =z /L) and velocity (u =
L /7) and the definition of the Bodenstein number
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L uL

Bo = Peg,- i~ E ®
The Bodenstein number characterizes the degree of dispersion [36].

It is directly related to the axial Peclet number (Pe,,) via the ratio of the
actual reactor length (L) and the characteristic length (d) describes the
intensity of back-mixing in the reactor and serves as a representative to
analyze the plug flow behavior of contactors and reactors [45]. It needs
to be stressed that this definition is not consistent in literature. The
current definition of the right-hand side in Eq. (8) as Bodenstein number
is coherent with the textbooks of Emig and Klemm [36], Behr et al. [46]
and Darvas et al. [45]. While Hill [47] refers to the term as the Peclet
number, Levenspiel [20], argued that the term should neither be
referred to as the Peclet, nor the Bodenstein number, and rather referred
to it as inverse intensity of axial dispersion or vessel dispersion number.
We acknowledge this controversy, recently discussed by Bremer and
Turek [48], but keep the definition as Bodenstein number in accordance
to the previously mentioned textbooks. As outlined by Levenspiel [20],
the reactor approaches ideal plug flow for Dﬁ—»O (Bo—0) and resembles
a fully mixed flow, as in a perfect continuously stirred tank reactor, for
increasing dispersion when 22—co (Bo—0). The analytical solution of
the dispersion model in Eq. (9), assuming open boundary conditions and
considerable  deviations from an ideal plug flow at

Bo <100 <Dﬁ‘> 0.01), is in accordance with Emig and Klemm [36]

given by

Exom(0) = ,/%exp[ - %(1 - 9)2} , Bo < 100 ©

For low axial dispersion with Bo > 100 (Dﬁ < 0.01> this equation

can be approximated with sufficient accuracy by the Gaussian normal
distribution:
Bo { Bo

EADM(H) =1\/—€xp 2

e (1- 9)2], Bo > 100 (10)

According to heuristics in literature, Bo > 100 leads to sufficiently
narrow residence time distributions for which the performance in the
real reactor can be approximated by an ideal plug flow. With decreasing
Bodenstein number, the deviations from an ideal plug flow become
stronger, resulting in a wider, more asymmetric distribution.

For modelling the axial dispersion, Taylor [49] and Levenspiel [20]
established correlations for the axial dispersion coefficient in laminar
and turbulent regime of tubular pipes. In laminar regime (Re < 2100),
Taylor proposes the following equation of the axial dispersion coeffi-
cient in relation to the molecular diffusion coefficient Dp,, the hydraulic
diameter dj, and the average velocity u [49]:

2
u? dh

Dy =D,
= '"+192Dm

(1)

Levenspiel established a correlation for turbulent regime (Re >
2100) in tubular pipes with the axial dispersion coefficient as function of
the Reynolds number [20,50]:

Do 3€7 1.35
ud, Re%! ' Re0125

(12)

While these two models are constrained to simple geometry with
limited velocity or length [23,51], micro- reactors are designed with
complex channel patterns to enhance heat and mass transfer already at
laminar flow conditions. Therefore, Moreau et al. [23] developed an
empirical correction for axial dispersion in micro- reactors with the axial
dispersion coefficient as function of the Reynolds number, Dean number
(De) and aspect ratio (a) of the rectangular cross-section:

Doy

u_dh — 47 5~Rel‘38De’l'68a’0‘53 (13)
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The Dean number is defined as function of the Reynolds number and
the square root of the diameter (d;) and the curvature radius (R.) [52].
The aspect ratio a is defined as the ratio of the minimum value of height
(h) and width (w) to the maximum value [32].

— dh
De = Re\/; 14

__min (h,w)

¢ = max (h,w) (15)

The correlation from Taylor [49] for the turbulent regime as well as
the correlation from Moreau [23] established specifically for micro-
reactors are used in this work to establish a correlation for the axial
dispersion in the specific type of reactor, which is further described in
the subsequent section.

3. Material and methods

After describing the fundamentals for the definition and investiga-
tion of the RTD, the specific reactor design, as well as the experimental
set-up and the procedures for the analysis of the experimental in-
vestigations are described.

3.1. ART plate reactor PR37

The ART plate reactor PR37 from Ehrfeld Mikrotechnik GmbH is
designed as an integrated heat exchanger and reactor that pursues
process intensification by providing improved heat and mass transfer.
The reactor features a modular design that allows the integration of up
to 10 reactor plates. The plates are characterized by the meandering,
periodically diverging/converging structure of the process channel
milled in the upper side, which promotes the formation of secondary
flow and intensifies transport processes. The utility channel, used for
temperature control, is located below the process channel and contains a
turbulator grid to enhance the cross-mixing and therefore the heat
transfer. Four different plates (PL37/37-08, PL37/37-3, PL37/37-6 and
PL37/37-12) are available with different hold-up volumes but similar
geometry and characteristics. The plates only differ in the depth of the
process channel and the respective cross-sectional area. Only plate
PL37/08 is additionally differing in the width of the channel. This en-
ables a straightforward scale-up of the process, which is even transfer-
able to the ART PR49 plate reactor on a production scale [32]. The
modular design of the reactor allows to realize different plate configu-
rations, which are stacked up together in a frame and sealed with tension
rods ensuring an even distribution of mechanical stress. The robust
reactor design made of stainless steel (SS 316 L) or Hastelloy (C-22)
allows a working pressure of up to 20 bar on the process side and up to
10 bar on the utility side, as well as temperatures between —60 and 200
°C. Fig. 2 shows the design of the reactor plates with the meandering,
periodically process channel equipped with side ports for temperature
control and/or multiple injections.

Furthermore, Table 1 summarizes the geometric dimensions of the
four different process plates as well as the nominal volume flow rate and
the corresponding hydrodynamic residence times.

3.2. Experimental setup

The RTD of the ART plate reactor PR37 is determined through pulse
experiments using UV/VIS spectroscopy as a fast and accurate means for
online analysis. For the RTD measurements, flow cells are installed at
the inlet and outlet of the reactor which are connected with an Avantes
spectrometer (AvaSpec-ULS2048CL-2-RS-EVO). The experimental setup
of the RTD studies is further shown in Fig. 3. The RTD is investigated for
the three larger plates PL37/3, PL37/6 and PL37/12 using different
water-glycerol mixtures and flow rates ranging from 50 - 400 mL/min in
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utility channel outlet

' p2 Process channel
y outlet

Fig. 2. Structure of a plate displaying the process channel and the ports of the process and utility channel [33].

Table 1
Geometric dimensions of the process channel of the four plate types [19].
PL37/37/08 PL37/3 PL37/6 PL37/12

Height [mm] 0.8 2.3 4.3 8.3
Width [mm] 1.0-2.0 1.5-3.0 1.5-3.0 1.5-3.0
Cross-sectional area [mm?] 0.8-1.6 3.4-6.9 6.4-12.9 12.4-24.9
Aspect ratio [-] 0.8-0.4 0.7-1.0 0.4-0.7 0.2-0.4
Hydraulic diameter [mm] 0.9-1.2 1.9-2.7 2.3-3.6 2.6-4.5
Volume [mL] 3.53 13.6 24.9 47.7
Specific surface [m? m™] 3170 1786 1470 1287

order to investigate a wide range of Reynolds numbers (50 < Re <
1000). The flow rates are controlled by a gear pump (Reglo-Z Digital,
Cole-Parmer Instruments Company LLC.) equipped with a Coriolis mass
flow meter (Proline Promass 80, Endress+Hauser Flowtec AG). The
considered experimental design space of the three individual plates is
summarized in Table 2.

For each individual experiment, a dye (Basic Blue 3) is injected into
the flow at the inlet of the reactor using a 100 pL-syringe from Agilent
Technologies. During each experiment, repeating injections are per-
formed with an injection volume of about 25 pL. At the inlet and outlet

of the reactor, the absorbance maximum (Apax = 654 nm) of the injected
dye is measured with the flow cells in order to determine the dispersion
of the dye in the reactor. The absorption signals are detected with a
sampling frequency of 20 Hz and recorded via the AvaSpec software.
The input and output signals of the injected dye are transformed into
RTDs using frequency-discrete deconvolution with the additional use of
signal filters. For this purpose, the Fast Fourier Transformation is
applied. Subsequently, the result of the axial dispersion model is fitted to
the Fourier-transformed RTD data by adjusting the Bodenstein number
as sole adjustable parameter. A detailed description of the signal pro-
cessing is provided in the subsequent section.

3.3. Signal processing

The transformation of the raw data from the spectroscopic mea-
surements into residence time distributions is based on frequency-
discrete deconvolution using FFT. Individual absorption intensity data
is recorded by means of the Avantes spectrometer as a function of time
and wavelength for the input and output signal in the flow cells. These
signals are recorded time-discretely with a sampling frequency of 20 Hz
and form the basis of the data analysis. The schematic structure of the
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Fig. 3. Experimental setup of the residence time distribution study.
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Table 2
Experimental design space of RTD studies in the ART plates PL37/3, PL37/6 and
PL37/12.

PL37/3 PL37/6 PL37/12
Water Q [mL/min] 50-140 40-200 50-375
Re [-] 350-1000 200-1000 150-1000
50 % Glycerol Q [mL/min] 30-125 50-175 100-400
Re [-] 30-150 30-175 40-175
25 % Glycerol Q [mL/min] 50-125
Re [-] 150-350

four-step approach for signal processing and analysis using Matlab. is
shown in Fig. 4. The first step involves the data preprocessing where the
different injection signals are extracted, filtered and normalized. After
the data preprocessing, the extracted input and output signals are
transferred into the frequency domain using FFT, for the estimation of
the frequency-discrete RTD. By application of the inverse FFT, the time-
discrete RTD is obtained from the frequency-discrete RTD (cf. Fig. 1).
Finally, the estimated RTD is fitted to the ADM by adjusting the Bod-
enstein number.

The individual steps of the signal processing approach are further
illustrated for a selected example. All experiments in the current study
are analyzed in analogy to this example. During each experiment,
multiple injections were performed at each specified flow rate. Based on
the correct match of the injection intervals of each individual experi-
ment the individual input and output signals are extracted and illus-
trated for the considered example experiment in the ART plate PL37/6
with water at a flow rate of 100 mL/min using four different injections in
Fig. 5.

Fig. 5 shows the absorption intensity over time at the wavelength
Amax = 654 nm, corresponding to the absorption maximum of Basic Blue,
for the input and output signals. As evident from the illustration, the
sampling frequency of about 20 Hz is sufficient to capture all essential
features of the signal distribution. The individual injections are further
highlighted with different colors to ease identification of the related
input and output signals. All input signals show a sharp shape with a
high absorption maximum and a very short injection time. Note that all

Start

A

RawData
.dat-files

A 4

Data Preprocessing

A

Fast Fourier
Transformation

E(s)
A

Inverse Fast Fourier
Transformation

E(t)

Fitting of ADM

Eaom(t,Bo)

A
End

Fig. 4. Schematic structure of signal processing using Matlab.
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Fig. 5. Input and output signals as function of time for four different injections
of ART plate PL37/6 with a flow rate of 100 mL/min.

absorption maxima are below one, which is an essential prerequisite for
the linearity between absorption and concentration of the dye [53]. The
output signals show a broader distribution with slight tailing to the right
with lower absorption maxima.

For further data processing, a moving average filter is used to smooth
the output signal in order to improve the signal-to-noise ratio. In
contrast to the output signal, filters are not applied for the input signal,
because the signal intensity is very short and high resulting in a low data
resolution. Therefore, the use of filters is not suitable, otherwise infor-
mation may be lost [54].

After the filter application, the signals are normalized giving the
density functions of the input and output signals. By normalizing the
signals, time-discrete functions are created which are directly related to
the residence time distribution via the convolution integral from Eq. (4).
These provide the basis for further data processing.

The deconvolution of the integral for the determination of the resi-
dence time distribution is an inverse problem that cannot be directly
solved in the time domain [24]. By transferring the time-discrete signals
to the frequency domain, the inverse problem can be transformed into a
direct problem. In the frequency domain, a simple multiplication term is
obtained from the convolution integral by the following equation:

Y(s) = E(s)-X(s) (16)

The transformation of the time-discrete signals into the frequency
domain is performed using the Fast Fourier Transformation. In the fre-
quency domain, the residence time distribution is determined by simply
dividing the frequency-discrete input and output signals according to
the following equation:

Y(s)
E(s) = XGs) a7

By retransformation using the inverse Fast Fourier Transformation,
the time-discrete residence time distribution is derived. The final rela-
tion between the residence time distribution and the time-discrete input
and output signals is given in Eq. (25):

E() = & EG) = 5! {;g%} 18)

Fig. 6 shows the residence time distributions for the introduced
example in Fig. 5, determined using the described data processing pro-
cedure, highlighting the improvements derived by the individual pro-
cessing steps. As evident from the illustration, the residence time
distributions of the four different injections estimated directly from the
raw data do overlap but show a generally high noise level (cf. Fig. 6a).
The moving-average filter applied on the output signal prior to the FFT
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Fig. 6. Residence time distribution extracted from raw data (a), estimated with filtered output signal (b) and smoothed with additional filter on Fourier-transformed

RTD (c).

processing lowers the noise level of the RTD significantly (cf. Fig. 6b). By
applying an additional moving-average filter on the RTD estimated by
IFFT, the noise is further reduced, showing a smooth RTD for all four
injections, with a very high agreement (cf. Fig. 6¢), confirming the
reproducibility of the results of the tracer experiments.

As the final step after deriving the RTD from the experimental data,
the axial dispersion model (Eq. 9+10) is fitted to the filtered RTD in
order to characterize the deviation from an ideal plug flow. For this
purpose, a simple optimization problem that minimizes the sum of
squared errors between the experimentally determined RTD and the one
resulting from the dispersion model, by varying the Bodenstein number
as the sole adjustable parameter:

tmax

ng]n [E(¢) — Eapm(Bo, t)]”
0

(19)

The respective optimization problem is solved in Matlab by means of
the fminsearch function with the Nelder-Mead simplex algorithm. Fig. 7
shows the result of the regressed axial dispersion model in comparison to
the experimentally determined RTD for the given example of the unfil-
tered and filtered RTD. Comparing the unfiltered and filtered RTD, it is
evident that the smoothing filter is slightly truncating the RTD with a
deviation of <10 % for Epqy (t). Despite the slight underprediction of the
RTD with the filter, it was decided to treat all signals equally with the
same filter, regardless of the signal-to-noise ratio. The axial dispersion
model shows the symmetrical form of a Gaussian distribution around the
maximum of the RTD, resulting in a good representation of the majority
of the RTD. However, there are notable deviations at the left and right
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side of the RTD, caused by inherent limitation of the one-parametric
model to represent asymmetric curves for larger Bodenstein numbers.
Besides the tailing, the resulting Bodenstein numbers determined for the
RTD from the different injections show only a small deviation with a
mean value of Bo = 278 + 23 indicating a good reproducibility of the
RTD. The recognizable effect of tailing typically occurs in millireactors
due to the increased influence of frictional forces caused by the small
hydraulic diameter [24]. Tailing may also result from tracer adsorption
on the reactor material [40] or from inlet effects before entering the
reactor, where laminar flow in the inlet tube causes premature disper-
sion, leading to a so-called “mixing-cup” problem [55]. To better capture
the asymmetry of the RTD, alternative empirical models like those
proposed by Ham and Platzer [56] or Poulesquen et al. [57] could be
applied. Furthermore, since tailing effects of the tracer cannot be
excluded, an extended dispersion model named PDE-model (‘Plug flow
with axial dispersion and exchange with dead zones’) could be consid-
ered for further refinement of the RTD [58]. However, the axial
dispersion model provides a sufficient approximation of the residence
time distribution in the plate reactor providing valuable insights into the
axial dispersion characteristics.

4. Results and discussion

Based on the experimental and analytical approach described in the
previous sections, the following two subsections present the results of
the RTD measurements and the analysis of the results based on the ADM,
providing some insight on the favourable operating window of the ART
PR37 reactor. The derivation of specific correlations for the axial
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Fig. 7. Residence time distribution and fitted axial dispersion model for injection 1 of plate PL37/6 at a flow rate of 100 mL/min of water for the unfiltered and

filtered RTD.
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dispersion coefficient further enables a prediction of the RTD for the
design and scale-up of the reactor, in order to tailor the design to certain
applications.

4.1. RTD analysis of the ART PR37

Based on the described experimental procedure and the data pro-
cessing approach, the resulting RTDs of the three investigated plates
(PL37/3, PL37/6 and PL37/12) are further analyzed at different Rey-
nolds numbers by adjusting the flow rates and water-glycerin compo-
sitions according to the experimental conditions stated in Table 2.

Prior to analyzing the overall results of the RTD measurements on the
basis of the Bodenstein number as a function of the Reynolds number,
some specific features of the ART PR37 are first analyzed on the basis of
selected examples. The possible scale-down and scale-up to adjust the
operation of the reactor for varying throughput through selection of
different plates is first analyzed by comparing the measured RTD’s for
different plates at approximately constant mean residence times. These
are adjusted by the respective flow rate. The RTD of the three different
plates is first analyzed at an approximately constant mean residence
time of about 10 s considering pure water as solvent. The specific flow
rates and the hydrodynamic residence times of the specific plates as well
as the mean residence time obtained from the RTD analysis are listed in
Table 3. Comparing the hydrodynamic and the mean residence time
obtained from the RTD analysis, small deviations are noticeable
increasing with decreasing plate volume. The plate PL3 shows the
highest deviation with about 5 %, while the deviation for the bigger
plates is decreasing. The deviations are caused by inlet effects of the
tracer at the reactor periphery due to additional piping between the
reactor and the flow cells. With increasing volume, the influence of these
inlet effects decreases, and the mean and hydraulic residence times
become align.

Fig. 8 shows the unfiltered, filtered and normalized RTD determined
from the raw data of the spectroscopic measurements for the three plates
with the respective flow rates with four different injections, in accor-
dance to Fig. 6 and the previous description in Section 3.3. All unfiltered
RTD’s show a noisy signal with overlapping distributions for the four
injections. It is interesting to note that the noise level is mitigated with
bigger plates. The higher flow rate for the bigger plates mitigates the
signal broadening and results in a higher output signal and higher
signal-to-noise ratios. By application of the additional smoothing filter,
the noise of the signals is considerably reduced providing an improved
visibility of the RTD. It becomes even more apparent that the RTD
resulting from each individual injection for the plates show a good
agreement. Furthermore, the filtered RTD emphasize that an increased
flow rate at bigger plates leads to an even narrower and RTD with a more
prominent peak, despite the comparable mean residence time. Each of
the RTDs can be described with high accuracy on the basis of the ADM
after determining the optimal Bodenstein number.

After analyzing the RTD of the three different plates for a comparably
similar mean residence time, they are analyzed for a constant flow rate
of 100 mL/min. At such constant flow rate, the residence time increase
with the individual plate volume as listed in Table 4.

Fig. 9 shows the filtered RTD determined for the different plates and
the results of the adjusted ADM for an individual injection. The exper-
imentally estimated RTD is shown in black, while the results of the
adjusted ADM are shown in red. In accordance with the volume and

Table 3
Flow rates and residence times of different plates for comparison of constant
residence time with water.

PL37/3 PL37/6 PL37/12
Q [mL/min] 80 140 275
T [s] 10.2 10.67 10.41
t[s] 10.84+0.05 10.98+0.02 10.54+0.04

Chemical Engineering and Processing - Process Intensification 213 (2025) 110295

cross-sectional area of the plates the PL37/3 has the shortest residence
time, with a narrow RTD with a high peak is formed. With increasing
plate volume, the residence time is increasing shifting the RTD to the
right, but also resulting in a broadening of the RTD. Therefore, the
maximum of the RTD is decreasing with residence time and plate
volume.

After showing the effect of the flow rate and residence time on the
RTD of the different plates, also the influence of the material properties
of the reacting fluid on the RTD is analyzed by comparing three different
process media at a constant flow rate of 100 mL/min in the smallest
plate PL37/3. Table 5 lists the density (p) and viscosity () and the
resulting Reynolds number for the different fluid mixtures investigated
in the specific experiment. By increasing the fraction of glycerol not only
the viscosity is increasing significantly, by a factor of 7, but also the
Reynolds number is decreased accordingly by the same factor.

Fig. 10 shows the RTD of PL37/3 for water, 25 % glycerol and 50 %
glycerol for the first of the four injections. The experimentally measured
RTD is again shown in black and the result of the adjusted ADM is shown
in red. With higher glycerin fraction and decreasing Reynolds number,
friction and wall effects are increasing leading to a more parabolic ve-
locity profile and pronouncing back mixing. With higher Reynolds
numbers the increasing turbulence leads to a high degree of radial and
axial mixing resulting in a homogenization of the velocity profile and
narrow RTD.

The results of all remaining RTD experiments are summarized in the
Supplementary Material.

4.2. Application of the axial dispersion model

After analyzing and discussing the RTD of the specific examples the
results of the ADM based analysis is discussed on the basis of the full
dataset for all three plates. The key parameter for this analysis is the
Bodenstein number that is determined from the adjustment of the ADM
results in the regression of the experimentally determined RTD.
Furthermore, a correlation to describe the axial dispersion in the ART
PR37 reactor is established, which is based on the introduced correla-
tions from Levenspiel (Eq. (12)) and Moreau (Eq. (13)). The correlation
relies primarily on the basic structure of the correlation for turbulent
flow in tubular pipes proposed by Levenspiel [20], extended by an
additional factor for the aspect ratio, similar to the correlation for micro-
reactors proposed by Moreau [23]. The resulting correlation of the axial
dispersion coefficient for the ART reactor plates established within this
work

Dj _ 1.5e3
ud,  a-Rel3

a-42.1

Re0-255 ’ (20)

defines the dispersion coefficient as function of the Reynolds number
and the aspect ratio with four additional fitting parameters. The corre-
lation consists of two terms, each including a constant, an exponential
factor for the Reynolds number and the aspect ratio. Table 6 lists the
correlation parameters and their corresponding c-confidence intervals
(CIp).

In order to analyze the results of the ADM for the totality of the ex-
periments, Fig. 11 plots the Bodenstein number in relation to the Rey-
nolds number for the three different plates. The individual data points
represent the mean Bodenstein number, while the error bars indicate the
standard deviation based on four injections per experiment. Addition-
ally, the correlation of the axial dispersion fitted to the experimental
data is shown in dashed lines, which is introduced in Eq. (20).

Fig. 11 shows a general trend that reflects an increase of the Bod-
enstein number with increasing Reynolds numbers for all three plate.
Obviously, this dependence is not linear and the slope of the curves of
the fitted correlations decreases with an increase in the Reynlods
number. The relationship between the two dimensionless numbers can
be divided into two sections separated at around Re = 200, at which the
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Fig. 8. Results of the RTD experiments with approximately constant mean residence time according to the flow rates in Table 3 for the plates PL37/3 (left), PL37/6
(center) and PL37/12 (right), showing the non-filtered RTD data (top), the filtered RTD (center) and the results of the ADM model fitted to the filtered data (bottom).

Table 4
Residence times of specific plates for comparison of constant flow rate of 100
mL/min with water.

PL37/3 PL37/6 PL37/12
T [s] 8.16 14.94 28.62
t[s] 8.67+0.04 15.324+0.05 28.29+0.23

Bodenstein number of the three plates intersect with an approximately
equivalent Bodenstein number of around 200.

For Re > 200, the slope of the correlation curves for the Bodenstein
number further depart for the different plates, with the steepest slope for
the biggest plate, PL37/12, which reaches a Bodenstein number of
around 650 at the highest investigated Reynolds number of about 1000.
In contrast to that, the increase of the Bodenstein number is lowest for
the smallest plate, PL37/3, reaching a maximum Bodenstein number of
around 325 at similar Reynolds numbers. The medium-sized plate,
PL37/6, has a moderate slope compared to the other plates, with a
maximum Bodenstein number roughly between the other two. While

these differences are important for the design and scale-up of the reactor
it is important to highlight, that all plates exceed the critical Bodenstein
number of 100 already for much lower Reynolds numbers, showcasing
that the ART PR37 approaches ideal plug flow for a wide range of
operating conditions.

For Re < 200 the trend shifts slowly, whereas the Bodenstein number
of the smallest plate initially increases the fastest and exceeds the critical
Bodenstein number of 100 already for Reynolds numbers of about Re =
60. For the largest plate, PL37/12, the slope is initially the lowest
exceeding the critical Bodenstein number of 100 at Reynolds numbers of
about Re = 130. The medium-sized plate, PL37/6, shows a moderate
increase, but also exceeds the critical value of Bo =100 with an
approximately linear slope at Re = 90.

While Re < 200 appears to indicate a transition regime to laminar
flow, for Re > 200 the convection forces are predominant over the
frictional forces. With an increasing Reynolds number, the proportion of
convection forces increases, which reduces axial dispersion. Addition-
ally, the periodic deflections in the channels lead to an intensified for-
mation of secondary flows, resulting in an enhanced cross-mixing which
in return reduces axial dispersion. Comparing the different plates, the
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Fig. 9. Residence time distribution from the filtered experimental data and the adjusted axial dispersion model for a constant water flow rate of 100 mL/min, for an
individual injection for plate PL37/3 (left), PL37/6 (center) and PL37/12 (right).

Table 5
Reynolds number of PL37/3 for water, 25 % glycerol and 50 % glycerol constant
flow rate of 100 mL/min.

water 25 % glycerol 50 % glycerol
p [kg/m3] 1000 1065 1130
n [Pas] le-3 2.58e-3 7.17e-3
Re [-] 700 272 97

bigger plates result in higher Bodenstein numbers and hence a lower
dispersion at comparable Reynolds numbers. This effect is likely caused
by the lower cross-section aspect ratio of the bigger plates, which leads
to a low ratio of maximum velocity up.x to the mean velocity uy, creating
a more evenly distributed velocity profile and therefore reducing the
axial dispersion. Similar effects have been reported for a laminar flow in
straight microchannels [25,59]. An increasing aspect ratio results in a
higher ratio of upax/uy and hence a higher axial dispersion. In this re-
gion, the reduction of the Bodenstein number relative to the maximum
Bodenstein number increases with increasing plate size until Re = 200,
where the Bodenstein number of the plates intersect. The steeper
gradient of the correlations for the Bodenstein over Reynolds number for
low aspect ratios might therefore be explained by the bigger difference
between the laminar and turbulent velocity profiles in more rectangular
channels.

Moving from higher to lower Reynolds numbers it can be concluded
that the small plate can maintain an ideal plug flow characteristic longer
than the bigger plates in the transition range Re < 200, for which a
parabolic velocity profile is developing. As convection forces decrease,
cross-mixing, caused by tangential forces at the channel’s deflections,

the reduced axial dispersion [23]. In comparison to that, low aspect
ratios produce less effective cross-mixing which is in laminar regime the
main factor for reduction of axial dispersion. This results in an
increasing axial dispersion for the bigger plates with low aspect ratio
and allows the smaller plate to maintain an ideal plug flow characteristic
even at lower Reynolds numbers.

Fig. 12 compares the results of the Bodenstein number estimated
through the ADM analysis from the experiments and predicted values
estimated by the introduced correlation in Eq. (20) in a parity plot. The
results of the predictions on the basis of the correlation are generally in
good agreement with the analytically derived Bodenstein number form
the experimentally determined RTD. The majority of the data are in the
range of 25 % relative error, with even higher accuracy for higher
Bodenstein numbers, indicating a very good accuracy of the correlation.
However, at low Bodenstein numbers, the correlation should be used
with caution due the higher relative uncertainties and the lack of data
for viscous media.

Additionally, Fig. 13 shows a comparison of the actual values for the
axial dispersion coefficient estimated from the Bodenstein number of the
experiments and those calculated by the correlation, plotted on a loga-
rithmic scale. Equivalent to Fig. 12, the experimental and the modeled
values show an excellent agreement, with somewhat larger deviations
for higher axial dispersion coefficients. Overall, it is evident that the
ART PR37 reactor provides low axial dispersion with coefficients be-
tween 0.001 m2/s < Dy < 0.01 m?/s across the full spectra of the

Table 6
Correlation parameters and corresponding confidence intervals.

becomes the main driver for the reduction of axial dispersion. In case of ¢1 =+ Clp [-] ¢z + CIp [-] 3 + CIp [-] ¢4 £ CIp [-]
high aspect ratios, cross-mixing has relatively a bigger impact on the Parameter 1488 + 40.2 42,1 +£237 1.433+4.8%  0.255+ 14.5
total cross-section and the velocity profile which may be the reason for % % %
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Fig. 10. Residence time distribution and fitted axial dispersion model at constant flow rate of 100 mL/min for injection 1 of PL37/3 with water, 25 % glycerol and 50

% glycerol.
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investigated wide process window. Again, the deviations between cor-
relation and experimental data increase at high dispersion coefficients,
indicating that the correlation should be used cautiously at high
dispersion outside the identified plug flow regime.

Finally, the macromixing characteristics of the ART PR37 reactor are
compared with those of circular pipes as described by the two correla-
tions for the laminar and turbulent regime derived by Taylor [49] and
Levenspiel [20]. For this purpose, the Bodenstein numbers derived from
the ADM analysis of the experimental data and the ones calculated with
the correlations in Eq. (11) and (12) are illustrated in Fig. 14 as a
function of the Reynolds number, with the parameters described in the
Figure caption. Additionally, the correlation of Moreau, applied for the
parameters of the mean plate (PL6), is shown for comparison. The dia-
gram demonstrates that the ART reactor exceeds the laminar flow
regime at low Reynolds number, exhibiting similar macromixing char-
acteristics as experienced at turbulent flow in the circular pipes at
significantly higher Reynolds numbers. This results from the
meandering, periodically diverging/converging structure of the process
channels inducing secondary flow which intensifies cross-mixing and
reduces axial dispersion. Compared to Moreau’s correlation, which
follows a fixed power law relationship between the Bodenstein and the
Reynolds number—evident from its linear trend on the log-log scale — it
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Fig. 14. Bodenstein number as function of Reynolds number for experimental
results of PL37/3, PL37/6 and PL37/12 and for the correlations of laminar and
turbulent flow regime as well as the correlation of Moreau et al. (L =3 m, dj =
2.3 mm, D, = 6e-10 mz/s, v=1e-3 m?/s).
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only aligns with the results for the mean plate (PL6) at Re > 200, indi-
cating the transition to turbulent regime, but shows significant de-
viations at lower Reynolds numbers. For the other plates, the deviations
are even higher, likely because their hydraulic diameter and aspect ratio
fall outside the calibration range of the correlation (dy(PL3) < 2 mm,
a(PL12) < 0.25). In contrast, the turbulent correlation, whose basic
structure was used for the established correlation (Eq. (20)), demon-
strates better adaptability across the entire range of Reynolds numbers,
making it more suitable for describing the RTD characteristics of the
ART reactor. Most importantly, the structured design of the ART plates
enables an early transition out of laminar flow regime, resulting in plug
flow characteristics.

5. Summary and conclusion

This work performed a detailed analysis of the residence time dis-
tribution (RTD) of the millistructured ART plate reactor PR37 on the
basis of pulse experiments using UV/VIS spectroscopy. The RTD of the
ART reactor has been investigated for the three plates PL37/3, PL37/6
and PL37/12, which provide different volume and cross-sectional area.
Furthermore, a broad process window with Reynolds numbers between
30 < Re < 1000 has been analyzed, changing not only the flowrates, but
also the processed fluid and its properties. Based on a robust method for
signal processing implemented in Matlab, the time-discrete input and
output signals of the injected dye were transformed into RTD based on
frequency-discrete deconvolution using Fast Fourier Transformation. In
order to analyze the Fourier-transformed RTD, the axial dispersion
model (ADM) was applied with the Bodenstein number as the key
parameter to describe the deviation from an ideal plug flow. The ADM
was adjusted to the estimated RTD by minimizing the sum of square
error, adjusting the Bodenstein number as single variable.

One of the key findings is that the ART PR37 exceeds Bodenstein
numbers of 100, indicating an accurate approximation of ideal plug
flow, for all of the three investigated plates (PL37/3, PL37/6 and PL37/
12) at remarkably low Reynolds numbers. The smallest plate, PL37/3,
exceeds the critical Bodenstein number of Bo = 100 already at a Rey-
nolds number of only Re = 60. The two bigger plates surpass Bo = 100 at
Re = 90 for the medium-sized plate, PL37/6, and Re = 130 for the
biggest plate, PL37/12. Based on the results, two flow regimes are
identified with a transition at approximately Re = 200. The fast transi-
tion to an ideal plug flow characteristic results from the meandering,
periodically diverging/converging process channels which promote the
formation of secondary flow and lead to an intensified cross-mixing
reducing the axial dispersion. The reactor is therefore an excellent
example for the process intensification by means of structuring.

Based on the experimental results and analysis, a correlation for the
axial dispersion coefficient was established which accurately resembles
the whole set of experimental data by adjusting just four empirical pa-
rameters. The correlation builds on the correlation for the turbulent
regime in tubular pipes as described by Levenspiel [20] and enables
further prediction of the axial dispersion coefficient as function of the
Reynolds number, further considering an extension for the aspect ratio.
The current results demonstrate that this correlation is applicable in a
wide process window for different reactor plates of the ART PR37 from
Ehrfeld Mikrotechnik GmbH. It can therefore be used to evaluate the
applicability and support the design and scale-up of the reactor. At low
Reynolds numbers for viscous fluids, the correlation should nevertheless
be used with caution due to the increasing uncertainty and limited data.

In summary, the ART reactor offers low axial dispersion with
dispersion coefficients in the range of 0.001 m?/s < Dy < 0.01 m?/s,
ensuring a good approximation of ideal plug flow for a wide range of
operating conditions. Most importantly the currently derived correla-
tion allows to evaluate if ideal plug flow can be assumed and can be
directly integrated in the ADM in case this is not feasible. Alongside with
the excellent heat transfer [33] and the fast micromixing [34] that have
been demonstrated in preceding work, the ART PR37 reactor provides
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well-defined process conditions which allow nearly ideal operation over
a wide range of process conditions and the exploration of new process
windows to exploit intrinsic reaction kinetics, which are not constrained
by limitations of heat transfer, dispersion or mixing. Future work will
aim at exploitation of these characteristics and the proving the excellent
suitability of the reactor for fast and mixing-sensitive, highly exothermic
reactions as well as complex reaction networks with instable in-
termediates and undesired by-products.
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