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Abstract
Continuous flow calorimeters are a promising tool in process development and safety engineering, especially for flow chemistry
applications to characterize the heat release and kinetic parameters of rapid chemical reactions. In this study, the digital accom-
paniment of an isoperibolic flow calorimeter for characterization of exothermic reactions is presented. To support experimental
planning and evaluation, computational fluid dynamic simulations are carried out for single-phase flow in the microreactor. The
residence time distribution is obtained and used for estimation of conversion and temperature profiles along the microreactor
channel. This leads to an integration of CFD simulations into the calorimeter’s software-guided workflow reducing the exper-
imental effort regarding the determination of thermokinetic data. The approach is tested for a highly exothermic test reaction,
which provides further hints for future investigations.

Article highlights
• Estimation of conversion and temperature profiles within a microscale calorimeter
• Combination of CFD simulations and reactor performance estimation
• Approach was tested for highly oxidation of sodium thiosulfate
• Estimated conversion and temperature profiles are in good agreement with experimental data

Keywords CFD simulation . Compartment Modeling. . Design of Experiments. . Digital Twin. . Flow Calorimetry. .

Microreactor.

Introduction

Flow calorimetry with software-guided workflow is a prom-
ising tool for fast and reliable characterization of highly exo-
thermic reactions with respect to their thermodynamic and
kinetic parameters. Traditionally, these parameters are deter-
mined by a series of experiments in batch reactors. Batch
experiments are not advantageous for both safety and

economy considerations, as comparatively large reactor vol-
umes are involved. This creates an urgent for methods to as-
sess thermokinetic data based on microscale experiments.
Experimental and numerical investigations of hydrodynamics
and chemical reactions in microstructured devices have been
widely published in literature. For example,Moore and Jensen
[1] presented transient flow experiments using residence time
or temperature ramps to accelerate determination of kinetic
data [2]. The steady state needs no longer to be waited for,
saving both long and material-intensive experimentation.
However, these experiments are linked to the connection of
process analytical technology tools to the microreactor to de-
termine conversion. The method has been applied with vari-
ous analytical procedures such as Ramanmeasurements [3, 4],
HPLC analysis [5–7] and FTIR measurements [8, 9].

Continuous flow calorimetry enables to estimate reaction
conversion from the heat released. Especially, spatially re-
solved reaction calorimetry, as developed by several groups
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[10–18], allows to follow the reaction progress along the re-
action channel and enables thermokinetic characterization of
chemical processes. Despite the recording of spatially re-
solved heat flux profiles, the calorimetric measurement data
were often only used for an energy balance of the system to
determine the enthalpy of reaction. Schneider and Stoessel
[19] presented a calorimetric method to determine global ki-
netics of exothermal reactions and their activation energy. The
conversion at the reactor outlet was estimated by setting the
measured heat flux in relation to the heat flux at complete
conversion.

To overcome challenges related to experimental measure-
ments and to optimize real processes, the systematical use of
simulation tools such as computational fluid dynamics (CFD)
is essential. The meaningful combination of CFD and exper-
iments to evaluate reactor performance has been described by
several groups [20–23]. To reduce model complexity for the
CFD models, the compartment modeling approach has been
applied and proved for different applications. A review on
compartmental modeling and its application in chemical engi-
neering is provided by Jourdan et al. [24] Cremer-Bujara et al.
[25] used the compartment modeling approach as a combined
approach between CFD models and axial dispersion models
for the simulation of polymer reactors. In their work, the com-
partments were determined based on the periodicity of veloc-
ity fields within a static mixer reducing model complexity and
computational effort.

In this work, the compartment modeling approach is used
combining CFD simulations and reactor performance estima-
tion. The focus here is put on the simplification and accelera-
tion of estimation of temperature and conversion profiles of
fast and exothermic reactions within microreactors. The cou-
pling of CFD and reactor performance estimation is shown for
the oxidation of sodium thiosulfate (NaTS) using hydrogen
peroxide (HP) as a test reaction and compared to experimental
data determined in our microcalorimeter [26]. This leads to an
integration of CFD simulations into a microcalorimeter’s
software-guided workflow reducing the experimental effort
regarding the determination of thermokinetic data.

Materials and methods

The investigated microreactor is presented with its geom-
etry and flow fields as they build the basis of the simula-
tions. The hydrodynamics with steady state simulations
are described with the meshes used for discretization of
the flow fields and their verification. The reactor perfor-
mance estimation is explained, which is based on the res-
idence time distribution (RTD) from the CFD simulations
and reaction kinetics. Finally, the investigated single-
phase liquid reaction and its thermokinetic parameters

are provided. The thermokinetic parameters are utilized
in the reactor performance estimation.

Microreactor

A commercially available microreactor from Little Things
Factory GmbH (Elsoff, Germany) is investigated in the simu-
lations. The LTF-MS reactor from the MR-Lab series is stud-
ied in this work, which is the scale-up version of the LTF type-
S reactor, which was employed in the microcalorimeter in
previous works [14, 15, 27]. A schematic representation of
reactor is shown in Fig. 1.

Khaydarov et al. [22] also investigated the LTF-MS reactor
regarding its mixing performance using CFD and experiments
for validation. Additionally, the reactor is currently employed
in the microcalorimeter enabling a validation with experimen-
tal data [26]. The reactor consists of two straight inlet chan-
nels, which merge in a Y-mixer, followed by a chicane mixing
geometry with eleven identical mixing elements. The outlet is
connected to a residence time channel with two 90° bends.
The total internal volume is 0.24 mL. The axial reactor chan-
nel length is approximately 260 mm.

Numerical modeling with CFD

Governing physical equations

In case of incompressible steady state liquid flow without any
sink or source, the continuity equation can be simplified to Eq.
1.

ρl ∇
!� u!¼ 0⇔ ∇

!� u!¼ 0 ð1Þ

The liquid’s density is represented by ρl and u! is the ve-
locity vector. Themomentum transport in continuummechan-
ics is described by the Navier-Stokes equation, Eq. 2.

ρl
∂ u!
∂t

þ ρl u!⋅ ∇
!� �

u!¼ − ∇
!
pþ ηlΔ u!þ f

! ð2Þ

Fig. 1 Schematic representation of LTF-MS reactor from Little Things
Factory GmbH. Reproduced with permission of LTF, Elsoff, Germany
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In addition to the definitions in Eq. 1, p describes the pres-
sure and ηl the dynamic viscosity of the fluid. Volumetric

forces such as the gravitational force are symbolized by f
!
.

In micro process engineering, gravitational forces can be
neglected compared to other forces in microchannels such as
surface tension [28]. Hence, the Navier-Stokes equations sim-
plify to Eq. 3 for incompressible steady state fluid flow in
micro channels.

ρl u!� ∇!
� �

u!¼ − ∇
!
pþ ηlΔ u! ð3Þ

The numerical solution of the simplified Navier-Stokes
equation is performed in ANSYS CFX, version 2021 R1.

Mean age theory

The so-calledMean Age Theory can be used to spatially derive
mean residence time within steady state flow fields. Thus,
computational effort for the mean age simulations is orders
of magnitude lower than for transient simulations. In addition,
a contour plot of the mean age visualizes size and locations of
flow regions such as short circuiting or dead zones more intu-
itively than RTD function or a velocity vector plot. The term
“age” is reserved for the elapsed time since entrance of a fluid
particle as a tracer, which still reside in the reactor. When a
fluid particle exits the channel volume, its age equals to its
residence time. The derivation of the age distribution is based
on the governing equations derived by Spalding, Sandberg,
Liu and Tilton [29–31]. Eq. 4 shows the transport equation for
a tracer species, where D is the molecular diffusion coeffi-
cient. With integration and use of spatial invariants, Eq. 5 is
acquired, which describes the conservation equation for mean
age for incompressible flows.

∂c
∂t

þ ∇ � ucð Þ ¼ ∇ � D∇cð Þ ð4Þ

u � ∇α ¼ ∇ � D∇αþ 1 ð5Þ

Since Eq. 4 has the same form as steady-state transport
equation for momentum, energy, and species, it can be solved
with the same CFD-solver.

To resolve local tracer concentrations spatially, one can use

the spatial age distribution function, given in Eq. 6. Here, ef
x;αð Þ is the frequency distribution of the age α of molecules
at the local point of interest x. The mean age can be described
by Eq. 7.

ef ¼ c x;αð Þ
∫∞0 c x; tð Þdt ¼

deF
dα

ð6Þ

α xð Þ ¼ ∫∞0 tc x; tð Þdt
∫∞0 c x; tð Þdt ¼ ∫

∞

0
tdt ð7Þ

A detailed description to implement the mean age theory in
ANSYS CFX is given in [32].

Numerical model

A computer-aided design model was generated using ANSYS
SpaceClaim. The model was divided into several compart-
ments. Since the compartments are much smaller than the
overall geometry, fewer grid elements are necessary for
discretization, too. In Fig. 2, the compartments of the LFT-
MS reactor are presented.

With the exception of the mixing geometry, the compart-
ments are chosen to match the areas of the heat flux sensors
used in our experimental setup [26]. Thus, experimentally
determined heat transfer coefficient can be used for those re-
actor parts. A symmetry plane in z-direction is used for the
entire microreactor reducing the model size by half and the
solution time by 25%. The chicane mixing elements were split
into parts of one and a half of an element to account for back
mixing in axial direction, as shown in Fig. 2.

All simulations share the same boundary conditions. Fully de-
veloped velocity profiles are set at the inlets as they showed more
accurate behavior than plug flow profiles [33]. The velocity is
calculated from the prescribed volumetric flow rate. At the walls,
no slip condition is set with zero flux. Symmetry regions are
assigned in the meshing process and are allocated in CFX-Pre.
The average static pressure is set to zero over the entire outlet to
force continuing flow to the next reactor compartment. A precur-
sor plane is embedded between the end of themixing element and
the beginning of the next element. From here, the boundary pro-
files at the outlet are obtained and reused in the next compartment
as inlet conditions, as shown in Fig. 3.

The process is repeated until the entire microreactor is rep-
resented for the numerical simulation. A mixture of two iden-
tical parts of water is used as a fluid, since aqueous solutions
are used in the experiments. The physical properties of water
are assumed with a density of ρl= 997 kg m−3, a diffusion
coefficient of D= 9.57∙10−10 m2 s−1 and a dynamic viscosity
of ηl= 8.899∙10−4 kg m−1 s−1.

The compartments were meshed by ANSYS Workbench.
Usually, tetrahedrons or hexahedrons are used to generate a
grid corresponding to the problem, since they are suitable to
approximate complex geometry. In general, grids can be struc-
tured or unstructured. Unstructured grids are built without a
fixed topology. Cells can have different sizes and forms,
which allows for local grid refinement. In complex geome-
tries, such as bends and curves, it is possible to obtain a higher
resolution and therefore a higher quality of results. In conclu-
sion, unstructured grids are flexible and can be generated au-
tomatically with most CFD software, which makes them an
interesting choice for complex flow fields. A disadvantage of
unstructured grids is the higher computational effort required
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to solve the flow field compared to structured ones, since the
matrix of algebraic equations is irregular and more difficult to
solve. Modern mesh generation tools allow the use of prism
layers near the boundaries of the solution domain. The mesh is
then unstructured along the wall but layered and almost or-
thogonal in wall-normal direction. Thus, boundary layers can
be calculated more accurate. [34]

An unstructured grid, consisting of tetrahedral elements
and prism layers at the walls is chosen as grid type to ensure
a higher flexibility for the simulation of the meandering chan-
nel. Prism layers are applied for an accurate description of the
gradients at the wall. The number and arrangement of ele-
ments on the edges is fixed. This is necessary for of the trans-
fer of boundary profiles between the reactor compartments.
The simulations for the grid independence were performed for

Fig. 2 Compartments of the flow
domain for the LTF-MS reactor,
designed with ANSYS
SpaceClaim

Fig. 3 Automation routine
visualized for the LTF-MS reactor

at V̇ = 12 mL min−1
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a volumetric flow rate of V̇ = 12 mL min−1 and three numer-
ical grids with the refinement steps of 100, 40 and 30 μm.
Danckwerts’ segregation intensity [35] after the second
mixing element was used for evaluation of grid independence,
as shown in Fig. 4.

It is evident that the segregation intensity converges for the
third grid with a cell size of 30 μm and nearly 7.4 million grid
elements. Doubling the number of elements from the second
grid to the third grid leads to a deviation of 5.77%. This is
considered small enough to treat the solution of the third grid
as converged. In addition, it is sufficient for the methods in
this work. However, a finer grid is recommended for more

accurate, quantitative calculations. The grid of the whole
LTF-MS reactor features nearly 32 million elements with an
element size of 30 μm. The corresponding grid is shown ex-
emplarily for the mixing element in Fig. 5.

The properties of the chosen grid and rating criteria for the
numerical grid are given in the supplementary information (SI).

Solver settings

The coupled solver in ANSYS CFX is used to acquire the
solutions of the isothermal, laminar and incompressible flow
system. In general, the computational effort for such solvers is
higher than with iterative solvers, but the solution is acquired
comparatively faster. The CFX solver runs in parallel mode to
reduce the simulation time. To obtain accurate results with
iterative solvers it is important to control the simulation errors.
The following solver control settings are used:

& high resolution advection scheme,
& residual type RMS smaller than 10−5,
& conservation target of mass, momentum, and mass frac-

tion of 0.01,
& residuals for the additional variable age of 10−4.

With these settings, the following results were achieved.

Reactor performance estimation

The aim of the reactor modelling is to predict reactor perfor-
mance to support experimental planning. If the reactor perfor-
mance is estimated, the number of experiments can be reduced to
set-points, where calorimetric measurements are suitable with

Fig. 4 Segregation intensity at the outlet of the secondmixing element for
three differently sized grids with 100, 40 and 30 μm large grid elements

Fig. 5 Numerical grid of a mixing
element of the LTF-MS reactor
with tetrahedral elements and
prism layers at the walls
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continuous reaction calorimeters. A prediction of reactor behav-
ior is possible with residence time data, a chosen reactor model
and the reaction kinetics [36]. Hence, the next step is the predic-
tion of reactor behavior using the obtained residence time data
from CFD linking it with a suitable reactor model. For irrevers-
ible reaction of first order, the conversion in a reactor can be
determined with known residence time, because only in this type
of reaction is the chemical behavior of a small fluid element
independent of what happens next to it. Thus, there is an undis-
turbed superposition of residence time behavior E(t) and the
course of the reaction X(t), as shown in Eqs. 8 and 9. Eq. 9
applies to the conversion for a first order reaction. [37, 38]

dX
dt

¼ X tð ÞE tð Þ ð8Þ
cA
cA0

¼ 1−X≈∑iE tið Þe−ktiΔti ð9Þ

Here, E(t) represents the residence time distribution and
quantifies the set of fluid elements leaving the reactor at time
t matching the frequency distribution of the age.

If the reaction order is non-linear (mi≠1), calculations based
solely on the RTD are not sufficient anymore. Here, mixing
effects play an important role and must be considered addition-
ally. Therefore, hydrodynamic reactor models need to be imple-
mented. In this work, the segregation model is used as it predicts
the upper bound of conversion for reaction orders greater than
one and less than zero [36, 39]. For total segregation, every
volume element in the reactor can be assumed as a small batch
reactor. Conversion and product distribution at the reactor outlet
are solely dependent on the time spent in the reactor. The prob-
ability of the age of a tracer is given by the RTD at the outlet.
With this, it is possible to calculate the mean conversion as the
integration of all volume elementswith different ages at the outlet
independent of reaction kinetics using Eq. 8.

Mean conversion

Fluids only react when they are contacted. Thus, the first lo-
cation of interest is the contact volume in the Y-mixing ele-
ment. The balance area of Y-mixer is visualized in Fig. 6a.

The balancing area is assumed as a plug flow reactor with a
diameter of 1 mm and a length of 1.75 mm. Since laminar flow

prevails in the microreactor, the Y-mixer is modeled as a laminar
flow reactor (LFR). The analytical solution for the mean conver-
sion a second order reaction in a LFR is given in Eq. 10. [38]

X ¼ Da 1−
Da
2

ln 1þ 2

Da

� �� �
ð10Þ

The dimensionless Damköhler number Da ist calculated
according to Eq. 11 [38].

Da ¼ τhkc0 ð11Þ

Mean conversion in the periodic mixing elements is esti-
mated using Eq. 9 with the segregation model due to the
complex channel geometries and the assumed deviations from
classic reactor models. The balancing scope is shown in Fig.
6b. The distribution function E(t) and the mean residence time
τ are derived from the mean age distributions. Next to the
distribution function, the conversion rate X(t) is implemented
by first order kinetics for the respective reaction with Eq. 9.
The conversion rate in a PFR can be calculated with Eq. 12 for
further reaction systems with second-order kinetics.

X tð Þ ¼ kcA0t
1þ kcA0t

ð12Þ

Numerical integration of E(t) and X(t) enables the calcula-
tion of the conversion profile along the microreactor channel.
Since exothermic reactions are investigated here and the heat
release depends on the conversion, the conversion profile is
used in the following to estimate the temperature in the
microreactor channel depending on a selected kinetics.

Heat effects

Since exothermic reactions are investigated with the microcal-
orimeter, heat effects must be considered. An iterative calcu-
lation method is applied to predict the mean conversion and
temperature profiles in each reactor compartment. For each
iteration, the results of the previous reactor element are
inserted into the calculations of the current compartment.
This process is repeated until the conversion and temperature
profile over the entire reactor is estimated. Figure 7 visualizes
this process with the example of a periodic mixing element.

Fig. 6 a Balance area of Y-
mixing compartment of LTF-MS
reactor b Balance area of periodic
mixing element of LTF-MS
reactor
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In the first iteration, a temporary value of X i;tmp is calculat-
ed at the outlet of the reactor compartment. The calculation
depends on the underlying model, as described in the previous
chapter. The conversion depends on the reaction rate coeffi-
cient for exothermic reactions. Therefore, k(T) is calculated
based on the inlet temperature of the compartment Ti − 1,
which is the outlet temperature of the previous compartment.

With the temporary value of X i;tmp, the adiabatic temperature
rise due to the reaction is calculated at the outlet of the reactor
compartment i with Eq. 13. To include the temperature in-
crease over the whole reactor compartment, the temperature
is averaged between the inlet temperature Ti − 1 and the adi-
abatic temperature Tad, i, as shown in Eqs. 13 and 14.

T ad;i ¼ T i−1 þ −ΔH rð ÞcA;i−1
cp

X i;temp ð13Þ

T ave;i ¼
T ad;i þ T i−1
� 	

2
ð14Þ

The specific heat capacity of water is assumed with a con-
stant value of cp = 4.1813 kJ kg−1 K−1 because it allows for a
direct calculation of the outlet temperature, while the errors of
neglecting the temperature dependency are considered as
small. Heat losses are implemented by applying Eqs. 15 and
16.

Q̇loss;i ¼ T ave;i−T ambient

� 	
kht;i ð15Þ

T i ¼ T ave;i−
Q̇loss;i

ρcpV̇
ð16Þ

Here, kht represents the respective heat transfer coefficient
multiplied by the corresponding heat transfer area of the reac-
tor compartment. The values of kht are provided by experi-
ments for the type-MS reactor and utilized for a more accurate
comparison to conducted experiments. In Eq. 16, the average
temperature Tave, i is used as it is also used in the heat loss
calculation to account for the mean temperature profile across
the reactor compartment. In the second iteration, the reactor

compartment temperature Ti is used in Eq. 17 to calculate the
reaction rate coefficient ki(T), which includes the effects of the
reaction over the reactor compartment resulting in a higher
accuracy.

k i Tð Þ ¼ k i−1 Tð Þe
EA
R

1
T i−1

− 1
T i

� �� �
ð17Þ

To accelerate the predictions of mean conversion and tem-
perature profiles over the entire reactor, the calculations are
performed and automated with a Python script. It enables a
quick variation of input parameters, such as inlet concentra-
tion and inlet temperature to further specify the suggested
range of suitable experimental settings.

Case study: Oxidation of sodium thiosulfate

The highly exothermic oxidation of sodium thiosulfate with
hydrogen peroxide is used as a single-phase liquid test reac-
tion. Despite the advantages such as non-poisonous, easy and
cheaply available components, the thermokinetics and reac-
tion mechanism are still not fully investigated. However, the
reaction mechanism with a constant pH-value, shown in Eq.
18, seems most likely and is sufficient for the development of
the performance estimation. [40]

2 S2O2−
3 þ 4 H2O2→S3O2−

6 þ SO2−
4 þ 4 H2O ð18Þ

The kinetic data for the reaction from several research
groups is given in Table 1, with the assumption of first order
kinetics respective to both components.

Experimental data measured with the microcalorimeter
based on the LTF-MS reactor from LTF’s MR-Lab series
are used to further validate the application of reactor power
estimation. The microcalorimeter itself consists of the com-
mercially available plate microreactor, twelve Seebeck ele-
ments (SEs), a temperature-controlled base plate, a sealing
block, a view glass, a top frame, and a stabilizing plate at the
bottom. The base plate forms the foundation of the

Fig. 7 Iterative calculation steps
for the estimation of mean
conversion and temperature in
periodic mixing element
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microcalorimeter and provides a reference temperature for the
SEs, which is required for accurate measurements. Therefore,
a meander-shaped cooling channel is milled into the bottom
side, through which a coolant is guided. A sealing block is
mounted to the base plate from below via a stainless steel
subplate to seal the cooling channel and provides boreholes
for connection ports for the in- and outlet of the coolant. The
horizontal dimensions of the sealing block and the subplate
math those of the base plate. On top of the base plate, the SEs
are sandwiched between the base plate and the microreactor.
The position of the SEs follows the course of the reaction
channel to obtain locally resolved heat flux profiles. In addi-
tion, the microcalorimeter is placed into a temperature-
controlled closed box to minimize environmental influences.

For the experiments, all desired temperature and flow rates
were set automatically, with certain waiting times to allow for
heating and cooling of the whole systems. Steady-state mea-
surements of the respective experimental settings were per-
formed and every measurement point was recorded in triplets.
Prior to the experiments, the SEs have been calibrated and
baseline signal of the SEs have been recorded. Further and
more detailed information can be found in [26] on the exper-
imental procedure and the calorimetric measurement method
itself.

Results and discussion

Hydrodynamic studies

The velocity-weighted mixing quality in the LTF-MS reactor
is calculated and discussed with focus on the corresponding
flow regimes, as shown in Fig. 8. The calculation of the
velocity-weighted mixing quality is given in the SI.

While stratified flow regime is observed for Reynolds
numbers between 0.01 and 1 mLmin−1, stable vortices appear

for V̇ ≥ 2 mL min−1. Symmetry breakup and engulfment flow

is reached for V̇ ≥ 4mLmin−1. The corresponding streamlines

are given in the SI for the flow regimes. For V̇ = 2mLmin−1, a
drop in the mixing quality occurs due to a switch in the ratio of
diffusive to convective mixing. Diffusive mass transfer dom-

inates in the retention volume for V̇ = 1 mL min−1, where no
vortices appear, due the microreactor’s geometry. Convective
mixing is not as strong as diffusive mixing in the retention

volume. For V̇ = 2 mL min−1, a shorter residence time is
available for diffusion. Thus, the mixing quality decreases
until larger vortices appear and the mixing process intensifies.

In Fig. 9, the RTD curves with the mean residence time and
the corresponding variance of the second periodic mixing el-

ement are presented for volumetric flow rates of V̇ = 0.03, 0.8,
2, and 12 mL min−1. The variance indicates the broadness of
the distribution functions.

High fluctuations in the residence time can be seen at V̇ =
0.03 mL min−1 (top left diagram in Fig. 9). In the stratified
flow regime, radial diffusion leads to deviations in the age at
the outlet and to fluctuations in the RTD. The largest variance
of 232 s2 indicates the broadest distribution in stratified flow.

With increasing convection for V̇ = 0.8 mL min−1 and stable

vortex flow for V̇ = 2 mL min−1 only small fluctuations are
evident in the tail. The distribution narrows due to laminar
flowwith less diffusion, higher convection, and low backflow.
With a narrow residence time distribution, the stable vortex
flow regime is favorable for parallel or serial chemical reac-
tions, which require a well-controlled system. In the engulf-

ment flow regime for V̇ = 12 mL min−1, small peaks are
present in the tail and the variance increases. Hence, the dis-
tribution broadens due to increased recirculation and back-
flow. However, the RTD curves do not indicate any spatial

Table 1 Thermokinetic data of
the thiosulfate oxidation by
different authors with the
assumption of a first order
reaction in respect to sodium
thiosulfate and hydrogen
peroxide

Author ΔHr [kJ mol−1] k0 [m
3 kmol−1 s−1] EA [kJ mol−1]

Cohen and Spencer [40] −552.3 6.85∙1011 76.68

Lo and Cholette [41] −586.2 2.13∙1010 68.50

Lin and Wu [42] −586.2 2.00∙1010 68.50

Grau, Nougués and Puigjaner [43] −586.2 8.13∙1010 76.13

Frede, Greive and Kockmann [26] −594.3 2.66∙109 62.20

Fig. 8 Velocity-weighted mixing quality in the LTF-MS reactor for vary-
ing volumetric flow rates in different flow regimes and corresponding Re
numbers
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positions of the recirculation zones or backflow regions.
Therefore, the corresponding mean age contour plots are
displayed in Fig. 10.

For V̇ = 0.03 mL min−1, higher values age values at the
walls and lower values in the middle of the channel indicate a
laminar flow profile. The diffusive flow is clearly visible by
the spread gradient in radial direction. Stagnation zones in the
meandering bends lead to a higher age and thus an increased

residence time. When increasing the flow rate up to V̇ =
0.8 mL min−1, these effects decrease. Still, the age is highest
at the walls in the stagnation zones, but the radial gradient is
less visible because convection is now dominating in

comparison to diffusion. Only in the stagnation zones diffu-
sive processes are indicated by the gradients. In the vortex

flow regime for V̇ = 2 mL min−1, strong gradients are not
visible anymore. However, vortices and recirculation zones
can be clearly determined by higher age values. In the engulf-

ment flow regime for V̇ = 12 mL min−1, the vortices are
perfectly visible and even the location of the vortex cores is
spatially resolved. The thin light stripes within the age contour
plot indicate the locations of backflow in the channel.

Besides the spatially resolved fluid effects, the run time of
the steady state simulation with the age variable was much
faster than a transient simulation with injected tracer material.

Fig. 9 RTD function with
calculated mean residence time
and variance after the second
periodic mixing element in the
LTF-MS reactor for varying vol-
umetric flow rate

Fig. 10 Mean age contour plot
after the second periodic mixing
element in the LTF-MS reactor
for varying volumetric flow rates
and with flow direction from left
to right
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A comparison for a volumetric flow rate of 8 mL min−1

showed that the solution time of one periodic mixing element
took 5–7 minutes on a workstation using 20 cores with an age
variable, while the transient test simulation took 40–
45 minutes on the same workstation. Therefore, the steady
state simulation was almost 9 times faster than the transient
one.

All in all, the mean age contour plots offer several advan-
tages in comparison to the RTD curves when investigating
flow behavior in micro channels. The contour plots do not
only provide similar insights into the flow effects like vortices,
recirculation zones or short-circuiting paths, but additionally
spatially resolve them. This is especially beneficial for design-
ing microstructured devices. Furthermore, steady state solu-
tions with an additional age variable are obtained much faster
than with transient simulations.

Reactor performance estimation

Prediction of conversion and temperature profiles

Conversion and temperature profiles for the oxidation of so-
dium thiosulfate are estimated using kinetic data provided by
Lo and Cholette [41] and Grau et al. [43]. These two kinetic
datasets are chosen as they differ the most in the newer
datasets, as shown in Tab. 1. Thus, the largest possible design
space is predicted. The same experimental parameters were
chosen as in the experiments performed by Frede et al. [26],

in order to further compare the prediction with experimental
data. The inlet and ambient temperatures were set to 25 °C and
concentrations of cNaTS = 1.0 M and cHP = 2.2 M were used.
Here, it is important to mention that it is assumed that the flow
profile does not change due to the reaction. The respective
conversion and temperature profiles are shown in Fig. 11 for
the LTF-MS reactor and varying volumetric flow rates.

In general, the conversion increases over the reactor length
as expected. For kinetic data by Lo and Cholette [41], full
conversion occurs for volumetric flow rates between 0.01
and 0.6 mL min−1. Increasing the flow rate leads to a lower

conversion as residence time is reduced, as can be seen for V̇ =
1 mL min−1. The corresponding temperature profiles show
that peaks appear at conversion rates higher than 80% for flow
rates with full conversion. With increasing flow rate, the tem-
perature peaks are higher, since more heat is released by the
reaction of more material. In addition, the peak shifts to the
reactor outlet due to the reduced residence time, which pushes

the reaction out of the reactor. For V̇ = 1 mL min−1, a contin-
uously increasing temperature profile can be observed without
a peak, as the conversion rate is below 80%. For kinetic data
by Grau et al. [43], complete conversion is not achieved with
any volume flow. The highest conversion of approximately
0.8 is achieved at the lowest flow rate with correspondingly
highest residence time. The corresponding temperature pro-
files feature a peak at conversion rates of 40%. For flow rates
with conversion rates below 40%, a continuously increasing

Fig. 11 Predicted conversion and
temperature profile in the LTF-
MS reactor with kinetic parame-
ters of Lo & Cholette [41] and
Grau et al. [43] for cNaTS, 0 = 1 M
and Tin =Tambient = 25 °C and
different volumetric flow rates
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temperature profile can be observed. The generally lower con-
version rates and temperatures compared to Lo and Cholette
[41] are due to the higher activation energy determined by
Grau et al. [43]. This leads to a lower kinetic coefficient and
consequently to lower conversion rates under identical condi-
tions. Moreover, heat effects have a minor role, which would
otherwise also accelerate the reaction due to the heat effects
considered within the prediction. Based on these observations,
volumetric flow rates in the range of 0.03 to 0.09 mL min−1

are of interest for calorimetric measurements to determine
thermokinetic data, since complete conversion according to
Lo and Cholette [41] or the highest conversion rates according
to Grau et al. [43] are expected there.

Comparison with data from microcalorimeter

In Fig. 12, the predicted conversion and temperature profiles
are compared to experimental data obtained in our microcal-
orimeter within the above mentioned range of 0.03 to
0.09 mL min−1.

The experimentally determined conversion profiles show a
very similar pattern to the predicted profiles with kinetic data
from Lo and Cholette [41]. However, some deviations can be
seen. In general, the conversion profiles are shifted to the right
towards the reactor outlet. In addition, full conversion is not

observed for V̇ = 0.3 mL min−1, as the reaction progress in-
creases only slightly after 150 mm. The same agreement is

observed for the temperature profiles with a shift to the right.
The shift was expected, as the kinetic data already showed a
small deviation. As with the conversion profile, a larger devi-

ation is observed for V̇ = 0.3 mLmin−1. At this point, it should
be explicitly pointed out again that the temperature in the
experiments is determined by local energy balances of the
individual Seebeck elements. These cannot replace a local
temperature measurement, since various assumptions e.g. re-
garding the heat loss strongly influence the results. Only a
rough estimation of the temperature is made. On one hand,
the deviation of the peak height is higher than for the other
volume flows and, on the other hand, fluctuations become visible
in the temperature profile after 150 mm. The fluctuations of the

temperature observed for V̇ = 0.3 mL min−1 were also observed
by Frede et al. [26] at a volumetric flow rate of approximately
0.2 mL min−1. There, heat flux profiles are measured, where a
fluctuating profile was observed after SE6. After SE6, the reac-
tion channel features a 90° bend above SE7. This results not only
in a higher projection area, which in turn results in a higher
measured heat flux, but can also result in improved mixing
[44, 45]. Therefore, the mixing structure along the reactor and
above the SEs should be as uniform as possible tominimize such
effects. Although the activation energy determined in our micro-
calorimeter is lower, the pre-exponential factor is also lower
resulting in a lower kinetic coefficient. In addition, the reactor
performance estimation evaluates in small reactor segments,
which generally increases the accuracy of the prediction.

Fig. 12 Comparison of
experimental data by Frede et al.
[26] and predicted conversion and
temperature in the LTF-MS reac-
tor with kinetic parameters of Lo
& Cholette [41] and Grau et al.
[43] for cNaTS, 0 = 1 M and Tin
=Tambient = 25 °C and different
volumetric flow rates
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Validation of reactor performance estimation

To validate our approach, we compared the predicted conver-
sion and temperature profiles with the determined kinetic data
in our calorimeter and the experimentally determined profiles,
as shown in Fig. 13.

Based on Fig. 13, it can be seen that the reactor perfor-
mance estimation predicts full conversion in the reactor for
the kinetic data of Frede et al. [26] for volumetric flow rates
up to and including 0.6 mL min−1. For the experimental data,
however, it is observed that complete conversion is no longer
achieved for volumetric flow rates of 0.3 mL min−1 and
higher. Of course, the fact that the reactor performance esti-
mation no longer considers the exact mixing behavior, but the
mean residence time, comes into play here. As shown in
Fig. 8, the mixing quality is below 0.9 for flow rates higher
than 0.1 mL min−1. Hence, complete mixing cannot longer be
assumed. This also explains the increasing deviation for vol-
umetric flow rates of 0.3 mL min−1 and higher.

All in all, the calculations of conversion and temperature
profiles lead to good agreement with experimental results with
this approach for volumetric flow rates up to 0.17 mL min−1

and enable predictions of suitable experimental settings for the
LTF-MS reactor. The kinetic data can be easily varied, since
only the reactor performance has to be recalculated, not the
flow behavior with residence time distribution. Hence, this
approach can be used to determine suitable experimental set-
tings when investigating exothermic reactions as it provides
an initial estimate of how the reaction is going to behave
within the reactor assuming different kinetics. The subsequent
comparison of the conversion and temperature profiles then
allows conclusions to be drawn about the kinetics without
having to determine them explicitly. In addition, inlet concen-
tration and temperature can be varied to predict suitable ex-
perimental ranges more accurate. The resulting sensitivity
analysis can also be used for first safety estimation of the
reactor or detailed design of experiments.

Conclusion

The investigation of the dynamic behavior within a reac-
tor in kinetic studies is a crucial step to increase efficiency
and effectiveness in chemical process development.
Hence, the use of simulation tools such as CFD is essen-
tial to accompany kinetic studies and to optimize them
with regard to their design. In this study, a hybrid model-
ling approach was presented, combining CFD simulations
with conventional reactor models, to predict chemical
conversion and temperature profiles of chemical reactions
within a microreactor employed in a reaction calorimeter.
The microreactor was divided into smaller compartments
with symmetry planes reducing the computational effort
and enabling simulations on conventional workstation in-
dependent of high-performance computing. The mean age
theory was implemented in ANSYS CFX with an addi-
tional variable enabling steady-state simulations to obtain
RTD data up to nine times faster than with transient flow
simulations. Automation scripts were developed to accel-
erate simulations, CFX-Post operations, data handling and
calculations leading to a total simulation time of one to
four hours depending on the volumetric flow rate on a
workstation with 20 cores. The approach was successfully
tested for the oxidation of sodium thiosulfate, comparing
experimentally determined conversion and temperature
profiles to predict those using two different kinetic data
sets given in literature.

If a higher precision of the developed method is desired, a
higher number of cross-sectional planes can be inserted, from
which concentration and age profiles are extracted. This leads
to a higher resolution of the temperature profiles over each
reactor compartment and a more accurate description of heat
effects with higher computational effort. The accuracy of the
predictions can be enhanced even further with a better descrip-
tion of heat loss by exact heat transfer coefficients for the
reactor compartments.

Fig. 13 Comparison of
experimental data by Frede et al.
[26] (exp.) and predicted
conversion reactor with kinetic
parameters of Frede et al. [26]
(pr.) in the LTF-MS
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However, the approach can provide useful information for
the design of experiments when investigating exothermic re-
actions, whose kinetic data have not yet been determined in
continuous flow and inmicroscale. In future work, wewill test
the reactor performance estimation for further reactions such
as esterification of acetic anhydride by methanol, which is
well documented in the literature. The decoupling of hydro-
dynamics and reaction kinetics enables the development of a
database for experimental planning. This enables the user to
target experimental parameters that are suitable for calorimet-
ric measurements without performing experiments in
advance.

Symbols

c [mol m−3] concentration

cA, 0 [mol m−3] starting concentration of limiting
component A

c0 [mol m−3] starting concentration

cp [J kg−1 K−1] specific heat capacity

D [m2 s−1] diffusion coefficient

E(t) [s−1] residence time distribution

EA [J mol−1] activation energy

F(t) [s] cumulative residence time distributioneF [s] cumulative spatial age distributionef [kg m-1 s-2] spatial age distribution

Hr [J mol−1] molar reaction enthalpy

k [(m3 mol−1)m-1 s−1] reaction rate coefficient

k0 [(m3 mol−1)m-1 s−1] pre-exponential factor in Arrhenius
kinetic

kht [W K−1] area specific heat transfer coefficient

m [−] reaction order

p [Pa] pressure

Q̇loss [W] heat loss

R [J mol−1 K−1] universal gas constant

T [K] temperature

Tad [K] adiabatic temperature rise

Tambient [K] ambient temperature

Tave [K] average temperature in a compartment

Ti [K] outlet temperature of the compartment

Tin [K] inlet temperature

Ti−1 [K] inlet temperature of the compartment

t [s] time

u [m s−1] velocity

u [m s−1] average velocity

u! [m s−1] velocity vector

V̇ [m3 s−1] volumetric flow rate

X [−] conversion

X [−] mean conversion

Xi, temp [−] temporary conversion during iteration

x [m] axial reactor coordinate

Dimensionless numbers

Da1 Da1 ¼ τh
tr

first Damköhler number

Da2 Da2 ¼ τD
tr

second Damköhler number

Re Re ¼ udρ
η Reynolds number

Greek symbols

α [s] age

α [s] mean age

α
V˙

� [−] velocity-weighted mixing
quality

η [Pa s] dynamic viscosity

ρ [kg m−3] density

τ [s] residence time

τh [s] hydraulic residence time

σ2 [−] variance

∇ [−] nabla operator

Abbreviations CFD, Computational Fluid Dynamics; FTIR, Fourier–
transform infrared spectroscopy; HP, hydrogen peroxide; HPLC, high-
performance liquid chromatography; LFR, laminar flow reactor; LTF,
Little Things Factory; NaTS, sodium thiosulfate; RMS, root-mean-
square; RTD, residence time distribution; SE, Seebeck element
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