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1. Metivation and significance

Complex production processes are used for the intermedi-
ate handling or for the final manufacturing of the numerous
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products, from the processing of the iron ore and ending with the
production of pharmaceutical compounds. They often consist of
several transformation steps occurring in different apparatuses,
which are connected into a single chain by material or energy
streams. These complex structures are referred to as flowsheets.
Flowsheet simulation frameworks can be effectively used to de-
scribe the behaviour of such processes, optimize them, develop
control strategies or to design new products.

In flowsheet simulations, each apparatus or transformation
step is described using separate units that are connected by
material streams, whereby the output of one unit can be con-
nected to the input of another. From a computational point of
view, material streams are a general construct that describes the
flows of mass, energy or information and is applied to transfer
them between units. Depending on the input streams and the
current state of the unit, the transformations occurring in the
unit are calculated, which leads to changes in the output streams.
Such flexible and extendable approach makes it easy to define
various process configurations, modify process parameters, and
numerically investigate their behaviour.

There are numerous commercial flowsheet simulation tools
like AspenPlus [1], gPROMS Formulated Products [2], ChemCad
[3], etc. However, most of these programmes have been de-
veloped with a focus on liquid-vapour systems with simpli-
fied description of the solid phase. As a result, a comprehensive
numerical description of the particulate material cannot be ef-
fectively performed in them. Due to various aspects, such as
the description of the solid phase by interdependent multidi-
mensional distributed parameters, modelling of solids processes
requires specific treatment [4-6].

In this contribution, we present a new open-source simulation
framework Dyssol, which has been especially developed with a
focus on modelling solids processes. This framework has been
developed based on our previous research [7-9], in the scope
of the DynSimFP project [10]—a priority research programme
financed by German Research Foundation (DFG) from 2013 until
2020.

2. Software description
2.1. Methods

A sequential-modular approach [11,12] is used to perform
calculations in Dyssol. Compared to the equation-oriented (simul-
taneous) approach, modular simulation has a set of advantages
that play a decisive role, especially for treatment of solids pro-
cesses. The most important is that each single unit can be solved
separately using its own calculation strategy. This feature plays
a crucial role in the case of particulate materials, where single
process steps are often described with complex mathematical
models of heterogeneous nature. For example, coupling of several
units described with multidimensional population balance mod-
els (PBM) into one equation set can already make the application
of the equation-oriented approach unfeasible.

To perform data transfer between separate models and to
reach convergence, the waveform relaxation approach is applied.
This method can be effectively used for modular simulations
on the scale of the entire flowsheet and on the scale of indi-
vidual process units [13]. Furthermore, to improve overall effi-
ciency, several convergence methods (direct substitution, Weg-
stein’s [14] and Steffensen’s [15] approaches) and several extrap-
olation methods (nearest neighbour, linear and cubic spline) are
implemented [16].

In Dyssol, granular materials are described by discretized mul-
tidimensional interdependent distributed parameters. Each di-
mension corresponds to a specific particle property (size, shape,

etc.) and is divided into a set of intervals according to the dis-
cretization grid. A material is defined as a set of values, where
each one describes the mass fraction of particles with specific
combination of properties. An important aspect here is the correct
and efficient handling of these large datasets. In Dyssol, all mate-
rial streams are described with a sparse data format implemented
based on the hierarchical tree topology [16]. This significantly
reduces the size of stored data and the amount of calculations.
To describe changes in particle distributions, transformation ma-
trices are applied. They allow to avoid the loss of information
about the secondary distributions and significantly extend the
applicability of units [9].

The reader is referred to our previous works to obtain more
detailed information about the simulation algorithm and anal-
ysis of its efficiency [8,16], the importance and treatment of
distributed parameters [9], and the validation of the modelling
system [8].

2.2. Software architecture

The Dyssol framework was developed using an object-oriented
approach. Main software components can be divided into mod-
ules, which are schematically shown in Fig. 1.

The core of the system is the Flowsheet and Simulator modules.
The first one describes the structure of the simulated process and
all the parameters of the included models. The latter one is re-
sponsible for the execution of the main computational algorithm
and for the data transfer between units. Flowsheet contains a set
of Units, material Streams and information on the topology of the
simulated process. All units have access to the library of built-in
Equations solvers.

The most important of the Auxiliary modules are the following.
Material database that organizes access to materials and their
properties and allows manipulating them using graphical user
interface (GUI). Constant, temperature- and pressure-dependent
parameters are supported, as well as properties describing the
interaction of two different materials, such as interface tension.
For more details, see [16]. The Models manager module acts as an
interface between the simulation system and units and solvers
from external libraries. Finally, the Data storage subsystem orga-
nizes writing and reading of data on a hard drive and a runtime
data caching.

Models of solvers and units are organized as shared libraries
(*.dll or *.s0). They can be developed separately from Dyssol
and dynamically linked at runtime. To simplify the creation of
new models, the simulation system is equipped with a Models
creator tool. It includes templates of new modules, examples of
their implementation, and provides access to the programming
interfaces (API) necessary to develop a fully-functional units or
solvers.

The software provides a simplified Graphical user interface to
configure units and streams connections and to perform initial
results analysis. Moreover, there exist Command-line interface,
which can be used to run simulations in batch mode. More
detailed description of each module of the simulation system can
be found in [8] and [16].

2.3. Implementational aspects

Dyssol is implemented with C++ programming language using
several external libraries and tools. The graphical user interface
is based on the Qt library and Qt software framework [17]. The
storage subsystem uses the hierarchical data format HDF5 and
the HDF5 library [18]. This ensures portability of the simulation
framework and allows the use of external packages to analyse and
edit Dyssol files. Built-in equation solvers are implemented using
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Fig. 1. Simplified representation of the architecture of the simulation system Dyssol.

the IDA [19] and KINSOL [20] solvers from the SUNDIALS [21]
package. The KISS FFT library [22] is utilized to perform a fast
Fourier transform, needed in some units and solvers. The Dyssol
installation package for the Windows platform is assembled using
the Inno Setup [23] utility. The Models creator tool is based on
a preconfigured solution for Visual Studio 2015, which includes
projects with required API libraries and templates of units.

The main version of the programme is developed for Win-
dows, where the graphical and command-line versions of the
user interface are available. Microsoft Visual C++ 14.0 is used
to compile and build Dyssol for Windows. For Linux, only the
command-line version exists, which is build using g++-7 com-
piler.

2.4. Software functionalities

Dyssol allows to investigate the dynamics of complex pro-
duction processes applying extended description of granular ma-
terials with multidimensional distributed parameters and their
advanced treatment with the help of transformation matrices.
Solid, liquid and vapour phases are described by a set of overall
(mass flow, temperature, pressure), concentrated (phase fraction)
and distributed (compound fraction) parameters. For the solid
phase, it is possible to extend the description with additional
dependent distributed parameters, such as porosity, moisture
content or form factor.

Available standardized interfaces for implementing new mod-
els and solvers allow one to expand the system with new mod-
ules. The current installation package (version v0.10) includes a
set of the following steady-state and dynamic models: agglom-
erator [24], bunker, crushers (e.g. [9,25]), cyclone [26], granula-
tor [27], heat exchanger, mixer, screens [28-31], splitter, time
delay. In addition to the solvers from the SUNDIALS package, Dys-
sol contains three solvers of agglomeration population balance
equations: cell average [32], fixed pivot [33] and FFT-based [24].

It is worth mentioning that the current version has some
limitations compared to other commercially available products.
Therefore, in the next releases of Dyssol, the following challenges
are to be addressed:

- Improving GUI for visual configuration of flowsheets and
extended results analysis.

- Extension of the materials database by connecting to exist-
ing databanks and incorporating tools for thermodynamic
calculations.

- Adding the ability to handle multi-component particles.

- Extension of the model library with new relevant units.

- Simplification of the way of expanding the system with new
models.

Table 1
Main model parameters used for milling process.

Inlet 1 Inlet 2

Mass flow 0.1 kg/s until 4 h: 0 kg/s

after 4 h: 0.3 kg/s

Isize 200 mm? 350 mm?

Osize 20 mm? 30 mm?

Mmoisture 0.2 0.4

Omoisture 0.04 0.02
Screen 1 Screen 2

Separation diameter 268.1 mm3 143.8 mm?

Separation sharpness until 2 h: 10 until 2 h: 10
after 2 h: 35 after 2 h: 35
Mill 1 Mill 2

Hold-up mass 200 kg 100 kg

Xiim 520 mm?® 610 mm?

k 9.5 55

é 0.5 0.9

v 41 45

2 25 3.2

- Improving performance by introducing advanced paralleliza-
tion techniques.

3. Illustrative example

To illustrate the usage of Dyssol for complex processes, we
analyse the dynamics of the sieve-mill circuit. The flowsheet
structure is shown in Fig. 2 (left) and main model parameters are
listed in Table 1. Screens are calculated according to the steady-
state model of Molerus and Hoffmann [28]. Mills are dynamic
units, developed in [9], which apply Austin & Luckie [34] selection
S (x) and Austin [35] breakage B (x, y) functions in form

X k
S = (;) ) (1)
) 2 92
B(x,y>=¥-<§> +<1—b1)-§-<§) L@

where x and y are volumes of particles, X, is the maximum
particle size, and k, ¢, ¥ and ¢ are model parameters. Both units
implement the approach with transformation matrices [9].

Solid material is described by two interdependent distribu-
tions: 200 classes of particle volumes ranging from 0 to 500 mm?
and moisture content on interval O to 50% divided into 50 classes.
All distributed parameters are described with Gaussian function
with mean value w and standard deviation o. The first inlet
continuously supplies small dry particles during the whole pro-
cess. The second inlet is switched on 4 h after the start of the
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Fig. 2. Flowsheet of the milling process (left) and initial material distributions in the inlets and the mills’ holdups (right).

simulation and adds large wet particles to the system. Initial
holdup material in both mills has the same distribution as Inlet
1. Additional dynamics in the process arise due to a change in
the operating mode of screens, in which the separation sharpness
changes after 2 h of process time. During the simulation, it is as-
sumed that there is no drying and no moisture exchange between
the particles.

Fig. 3 shows the dynamic response of the process to changes in
process conditions. The steady state is almost achieved after two
hours. At this time point, the parameters of screens are modified
and, as a consequence, the material mass flows and the particle
sizes change rapidly. However, after an additional hour, a new
steady state is reached. Finally, at the time point of 4 h, the
second inlet begins to supply large particles to the system. As a
result, parameters of the material change again, and the process
stabilizes within the next hour.

The time-dependent change of particle distributions is shown
in Fig. 4. The size distribution responds to the variations in
the process parameters, and also changes with time due to the
operation of the mills. One can see large disturbances of particle
sizes at time points 0, 2 h and 4 h, when parameters of the process
change rapidly, followed by a gradual stabilization. At the same
time, changes in the dependent distributed parameter are caused
only by the additional supply of a new material at time point 4 h.
For the rest of the time, the moisture content remains constant.

The simulation results demonstrate that the approach with
transformation matrices implemented in Dyssol allows to avoid
the loss of information about secondary distributed parameters
that are not explicitly included in the model equations. Despite
the fact that the screens and mills were designed considering only
the particle size distribution, the moisture content was implicitly
handled and correctly calculated.

The calculation of this flowsheet with two-dimensional distri-
bution of material parameters (total 200 x 50 = 10000 classes)
until the first steady state takes around 1146 s. A total of 26011
time points is generated in 8 material flows, which corresponds to
44.1 ms per time point. Calculating the case but only with a one-
dimensional distribution (200 classes by size), takes about 48 s.

Totally 8896 time points are generated, which is 5.4 ms per time
point. All measurements were made on the computer equipped
with CPU i7-7700K. More information on Dyssol performance and
the effect of various parameters can be found in [8].

4. Impact

The main advantages and distinctive features of the Dyssol
framework are:

- Dynamic simulation of complex process structures, consist-
ing of interconnected heterogeneous units.

- Application of the sequential-modular approach that simpli-
fies extension of the system.

- Utilization of the waveform relaxation method supplemen-
ted by convergence and extrapolation methods for dynamic
calculations of process structures with recycling streams.

- Description of the solid phase with multidimensional inter-
dependent distributed parameters.

- Proper handling of granular materials using the transforma-
tion matrix approach.

- Possibility to efficiently process interdependent distributed
parameters with fine grids and a large number of classes due
to dynamic data caching and special data formats.

- General applicability for various dynamic and steady state
processes.

- Standardized interfaces for extending the system with new
units and solvers.

- High modularity and expandability of the system due to its
modular structure.

- Open-source BSD licencing.

Several research projects were already carried out using the Dys-
sol system. It was applied to numerically analyse the dynamics
of a chemical looping combustion [36,37]. To simulate the pro-
cess, dynamic models of a circulating fluidized bed, a bubbling
fluidized bed and a syphon, and a steady-state cyclone model
were developed. In this project, several simulation studies of the
transient behaviour of the process were conducted using Dyssol.
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Fig. 3. Response of the milling circuit to variation of process parameters.
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Fig. 4. Dynamic change in particle size (left) and moisture content (right) during simulation for the product and mills’ holdups.

It was found that all developed models are generally applicable
in a specific parameters range. The performed numerical calcu-
lations showed good agreement between the simulation results
and experimental data.

Dyssol was also used to study the processes of particle for-
mation during precipitation crystallization [38]. A confined im-
pinging jet mixer model was developed by combining a newly
proposed limiting time scale approach with a population balance
solver. This model was investigated in a combined framework
consisting of Dyssol, MATLAB, and PHREEQC [39] to study the ef-
fect of supersaturation and mixing on the precipitation processes.
Based on the data obtained during the work, several versions

of more complex stirred tank reactor models for precipitation
processes were developed and simulated in Dyssol.

In [24], a new approach to solving a one-dimensional PBM
for agglomeration process was proposed and investigated. The
new method assumes using of the separable approximation of the
agglomeration kernel and the subsequent fast Fourier transform
to speed up the calculations. Using Dyssol, the new method was
studied and compared with the well-known fixed pivot tech-
nique, and its applicability to dynamic modelling of continuous
agglomeration processes with complex structures was analysed.
Simulation studies have shown that the new method can provide
a more effective solution if certain restrictions are met.
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In [40], a generic flowsheet model for precipitation of spar-
ingly soluble salts was developed and implemented. Dyssol, cou-
pled with the PHREEQC hydrochemistry software, was used as
a model development environment and as a simulation tool. To
verify the model, a comparison was made between the modelling
and experimental precipitation of several compounds. Experi-
mental and model studies have shown good agreement between
the results for both simple unidirectional circuits and complex
schemes with recirculation of material.

New approaches to formulating transformation matrices from
population balance equations (PBE) for grinding and agglomera-
tion processes were proposed in [9]. The finite volume method for
spatial discretization and the second-order Runge-Kutta method
to obtain the complete discretized form of the PBE were used
to derive transformation laws. Applying the proposed approach,
dynamic units of a mill and an agglomerator were developed.
Using Dyssol, the resulting models were numerically investigated
applied to an exemplary production process.

Since several years, the Dyssol software is intensively used in
the educational process at Hamburg University of Technology. It
is applied to study the basics of steady-state and dynamic mod-
elling as part of the courses “Particle Technology” and “Multiscale
Simulation of Granular Materials”.

5. Conclusions

An open source platform for flowsheet simulations of complex
dynamic processes involving particulate materials, named Dyssol,
has been presented. Important features of the software are the
high flexibility, customizability and extensibility of the system,
which provides the widest application scope.

Thanks to the advanced description of the solid phase using
multidimensional distributed parameters, as well as the pro-
posed methods for their handling utilizing transformation ma-
trices, this system provides ample opportunities for studying
various processes involving granular materials.
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