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Abstract. In the computational simulation of complex turbulent flows, for instance, involving fluid-structure interactions
and/or turbulent combustion with detailed chemistry, the computational cost can be cumbersome, even using massively
distributed computing. Normally these detailed simulations are transient flows and as initial conditions, they retain
some kind of unperturbed uniform flow, hence, one must wait until the simulation reaches a state of statistical stability
in terms of statistical moments (normally up to the second). As a form of reducing this initial computational cost, we
proposed a tool that used recorded data from an existing simulation to start a new simulation, thus enabling methods
that required stabilized simulations to run from the beginning instead of waiting until a certain point. This process is
usual in commercial CFD software, however, to the best knowledge of the authors, this procedure does not exist for
software that relies on distributed dynamic adaptive meshes. Here, it is implemented with domain re-decomposition into
a structured-block adaptive mesh. The procedure is tested and validated for numerous cases using the MFSim platform.

Keywords: computational fluid dynamics, computational simulation, adaptive mesh refinement, complex turbulent flows,
simulation optimizations

1. INTRODUCTION

Computational simulations of complex turbulent flows usually start as statistically unstable simulations, requiring
processing time to reach a more stable state. This can take days, weeks, or even months. To allow a simulation to start
from the already stable state produced by a previous run of the same simulation, we developed a tool that allows a new
simulation to import data and mesh from another and start its run using this information.

Nearly all computational fluid dynamic (CFD) software provides a way to store the current state, a snapsheot, of a
simulation from time to time. In this snapshot is registered all data of interest and also the mesh state. Depending on how
the snapshot is built it can also be used for post-processing operations.

The computational framework employed to develop the present work is the MFSim (MFLab, 2023), a parallel CFD
software written mostly in Fortran with some modules in C/C++, developed by the Fluid Mechanics Laboratory of the
Federal University of Uberlandia, Brazil. This computational platform’s development started with the work of Villar
(2007), and has been continually developed through the years into a multi-disciplinary code. Nowadays, this platform
application allows simulating 3D problems involving: turbulent flow (Vedovoto et al., 2015; Damasceno et al., 2015),
fluid-structure interaction (Neto et al., 2019; Souza et al., 2022; Stival et al., 2022), multi-phase (Pivello et al., 2014; Barbi
et al., 2018; Pinheiro et al., 2019, 2021), gas-solid and gas-liquid flows (Santos, 2019), reactive (Damasceno et al., 2018;
Castro et al., 2021) and counts even with LES approaches considering isotropic and anisotropic modelings. Recently, the
MFSim code was used for the assessment of disposal operations of hypersaline solutions, as the use of local environmental
regulations is vital to minimize the impact on marine ecosystems (Mota et al., 2023).

MFSim framework also possesses the snapshot functionally, storing the data on files according to user configuration.
One possible configuration is to use HDFS5 files for that purpose. Usually, an HDFS5 file is generated from time to time,
again according to user configuration, containing the snapshot of a simulation.
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Since MFSim uses block-structured adaptive mesh with multilevel-multigrid as the main solver (Villar, 2007), with
virtual and physical levels composed of patches, the HDFS5 files generated are related to this structure. Hence the HDF5
files work as hierarchical containers with each physical level being represented on the file. All data for each level, from
all processes, are stored on the file as an array of bytes, a datastream. The boundaries for each data on the datastream
are stored in metadata, again, for each level. Additionally, data regarding the current mesh and the patches distribution
throughout the domain for each level, are also stored as metadata in the HDFS file.

The tool we present in this paper reads this HDF5 file and imports data and mesh from all physical levels that exist
both in the current and previous simulation. It also allows domain re-decomposition in a new process configuration.

2. TOOL FLUXOGRAM

Since MFSim generates one HDFS file as a snapshot we start the new simulation by opening this file. To make better
use of the HDF5 native API (which is written in the C language) and also the Operating System Filesystem API, we’ve
implemented this part on C++ (Conic, 2023). All needed structures to extract levels, data, and patches from the file are
allocated on demand.

After opening the HDFS file, we read the metadata regarding the levels, the variables (data), and the mesh stored on it.
Then, after checking that at least one variable and one physical level on the current simulation is also present on the file
we proceed to import the mesh.

Usually, MFSim creates the mesh shortly after a few initial checks. As we needed to import the mesh from the HDF5
file, we created a bypass. First, we create the mesh topology considering the current simulation process distribution
throughout the domain. Then we create the virtual levels required by the multigrid solver. After, we import the mesh from
all physical levels that are present both in the current simulation and the HDFS5 file, ignoring those that aren’t. This is
necessary because it’s possible to change this setting between simulations: the first run can have, for example, 5 physical
levels, and the second run, the one started with the HDFS5 file, can have 3 or 6 physical levels. In case of a reduction
in physical levels between simulations, the "excess" levels in the file (during the second run) are ignored and in case of
an increase (again, in the second run), the additional levels are created sequentially by a combination of the refinement
criteria and the level directly below.

If the physical level on the current simulation is found on the file, all metadata regarding the patches from that level are
then retrieved. If the current process distribution is the same contained in the HDFS5, then the patches are created on the
current simulation as they are described in the file. If not, the tool interpolates the patches redistributing them throughout
the new domain decomposition. Section 2.1describes this feature.

After the mesh is properly imported/created we proceed to the data. As occurred with the mesh, it’s possible to change
the variable settings between simulations. Since there is a large number of possible combinations of which variables can
be used in a simulation we make the availability test from the file to the simulation in opposition to what we did when
importing the mesh. Therefore, we read the metadata describing the variables (or datafields) contained in the file and
check if the current simulation is using the same variable. If it is, we import it. If not, we ignore it. As for the variables
existing in the current simulation but not in the file, we initialize them in the same way they would be when we are just
starting the simulation without the use of the HDFS5 file.
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Figure 1. Tool fluxogram
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Another important feature to describe here is how the variables from the HDFS5 file are managed. In MFSim all data
(variables) are defined in Fortran with references being shared with C and C++ code. This prevents double allocations for
data which ends up optimizing memory use. But, in this tool, we have implemented the majority of the code in C++ and
we need to share the data from C++ to Fortran. The use of C++ is not by mere choice, but because as explained before,
C++ provides better API to access both the HDFS file and the Operating System Filesystem. There’s another motive for
the use of C++ which is to take advantage of the language’s dynamic container structures like vectors (cplusplus, 2023).
Since we are going to import data of varying sizes stored in a datastream, dynamic containers like the C++ vector can
become very handy. So to optimize memory consumption we take the strategy already implemented in MFSim and share
with the Fortran code only the reference to the data stored in the C++ vector. A more detailed description of this feature
is provided in Section 2.2 For now we only need to know that the data is extracted in parallel from the HDF5, stored in a
C++ vector (in each process) and its reference is shared with the Fortran code.

The order used to store data in the vector (its iteration direction) coincides with the patch-filling order (its iteration
direction). This ensures that we can iterate over the vector reference in Fortran in the same way we iterate over the patch,
allowing us to inject the data from the vector directly into the patch without the need for additional operations. This
process is executed variable by variable, for all patches and levels that exist on the file and the current simulation. For
levels or patches that do not exist in the HDFS, the data are interpolated from the level immediately below.

After importing the data all structures allocated by the tool are liberated and the simulation is free to run its course as
summarized in the fluxogram shown in Figure 1.

2.1 MESH INTERPOLATION

To understand how and why the tool interpolates mesh we must first understand how multigrid levels and patches
work in MFSim. The simulation’s physical domain is represented as a grid of points and vertices, a mesh. This is the first
physical level. Inside it, there can be others sub-grids that represent refinement areas that compose the level above the
first and allow for more accuracy in whatever equations the simulation is trying to solve. Each one of those sub-grids can
have other sub-grids composing levels above and so on. Figure 2 shows an illustration with a 3-level multigrid mesh.

Figure 2. Levels on multigrid mesh

Each level is also composed of at least one patch considering the geometry of the problem solved and some rules
developed by Marsha Berger on her adaptive mesh refinement algorithm (Berger and Oliger, 1984). Below the first
physical level, are the virtual levels required by the multilevel-multigrid solver (Villar, 2007). This whole structure is
distributed amongst the process used in the simulation in such a form that all process has all virtual levels and the first
(physical) level, while refinement levels may or may not be present in all processes. The HDFS5 file reflects this structure.

Hence, when there is a change in process configuration on the simulation started with the HDFS, the mesh structure
stored in the file must be redistributed between the new processes of the current simulation. Therefore, all patches and
levels (from the HDFS file) must be remapped according to the new setting. Since we cannot remap patches (or levels)
to something that does not exist, we must first create the mesh topology of the current simulation, which will provide us
with the coordinate space for all possible levels contained in each process.

Following that, we read the mesh metadata contained in the HDFS5 file. This must be done by all processes as we
do not know yet which levels and/or patches are to be remapped. With this metadata, we create a tridimensional model
of the mesh contained in the HDFS5 file. This model is lightweight since only contains the coordinate space (two sets of
coordinates, where the space starts and where it ends) of each patch and level, and in what process they were originally
assigned to.

Since we now know the process distribution used when the HDF5 was generated (previous simulation) we can also
mount a map relating the old process distribution with the new one. Subsequently, we iterate over the levels and the
patches from the HDFS5 to test if they fit totally, partially, or not at all on the current process coordinate space. If they
do not fit they’re ignored. If they fit totally, then we create the same patch on the same level in the current simulation. If
they fit partially, we cut the patch considering the boundaries imposed by the current process coordinate space, effectively
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Figure 3. Mesh interpolation

creating a sub-patch that fits the process. As this is done in parallel, all patches contained in the HDF5 are remapped by
a direct copy or a split copy of the patch in the current domain decomposition. Figure 3 shows a graphical representation
of this whole process.

After all levels and patches in the file that could be retrieved have been interpolated to the current simulation, the tool
proceeds to import the data.

2.2 PARALLEL DATA RETRIEVAL

The data stored in the HDFS files are organized as an array of bytes, a datastream, for each physical level existing
in the file. This single datastream, per level, contains the data from all variables of interest from all processes on that
level and is generated part by part, by each process. Subsequently, metadata regarding the boundaries of each patch, per
process, are also stored on the file.

So, to retrieve this data we must first identify the variables. Then, calculate the boundaries for each patch in each
process (process information contained in the HDFS file, not the current simulation process distribution) which will serve
as boundaries for the variables as well. With those boundaries, we can calculate the shift required to extract each variable
data for each patch for each process from the datastream. Since this is a parallel operation, each process (the ones in the
current simulation) uses the process map mounted during mesh interpolation to discover which patches from the previous
simulation are now assigned to them (even those patches who was splitted). Once that is known, the shifts are properly
calculated and we can begin extracting the data from the file to the C++ vector.

datastream

patch P1 - proc 1

patch P3 - proc 2

Figure 4. datastream containing 4 variables and 3 patches distributed in 2 processes

Figure 4 illustrates how a datastream is stored in the HDFS5, exemplifying a datastream that contains patches P1 and
P2 belonging originally to process 1 and patch P3 originally belonging to process 2. As an exercise to understand the
procedure described before, let us assume process 1 is to be remapped in the current simulation to processes 1 and 2 and
the former process 2 is to be remapped to the current processes 3 and 4. When retrieving data, both current processes 1
and 2 are going to retrieve variables A, B, C, and D from former patches P1 and P2 while current processes 3 and 4 are
going to retrieve variables A, B, C, and D from former patch P3. The shifts for each variable A, B, C, and D are going
to be calculated considering the original patch and process distribution contained in the HDF5 file, and the variables data
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will be extracted from the file and put into the C++ vector. Then the reference for this vector is passed to the Fortran code
where the data are going to be assigned to the proper patch, level, and processes in the current simulation.

Since the vector can contain data that are not bound to the current setting of patches and processes, another shift must
be calculated separating the data that are bound to the current patch and process for those that aren’t. Taking the example
again, the datastream shown in Figure 4 was originally generated from 3 patches distributed in 2 processes and we are
now redistributing them to 6 patches in 4 processes. In that scenario var_A in patch P1 is to be now splitted between
patches P1_PROCI in process 1 and P1_PROC?2 in process 2. That’s why we need to calculate and use the second shift,
otherwise, data bounded for patch P1_PROC1 will be wrongly assigned to patch P1_PROC2.

After finishing this splitting the Fortran code proceeds to inject the data in the current patch and level in each process.
This procedure then is repeated for each variable in all patches in all processes stored in the HDFS5 file that are going to
be imported to the new simulation. That means a lot of loops and data structures been created, reused, or destroyed which
creates a need for a properly organized code.

Beyond that, to effectively extract data from a HDFS5 file we must dive into its internal structure. A physical level is
stored as a group while metadata are stored as attributes and variables data, as datasets. Combining this structure with the
structure the file represents, levels, and patches from the multigrid solver, we have a series of different objects that share
some characteristics and differ in others. That, combined with the execution flow already explained, brings the necessity
of design patterns (Erich Gamma and Vlissides, 2000) to properly organize the code, maximize code reuse, and avoid
waste in memory or processing time. In that regard we make use of two design patterns, the Abstract Factory and the
Facade.

We’ve used Abstract Factory (Guru, 2023a) in the objects that represent HDFS internal structure that shares some
characteristics, are of interest, and have the same execution flow, like groups, attributes, and datasets. For instance, they
all need access to the file. They also need iterators to access them as there are multiple instances of them in the file. At
the same time, they represent different information with different structures: attributes are containers-like structures while
datasets are datastreams. So we create an object to describe the common operations between those objects. This object is
inherited by the specialized objects that implement those common operations considering their specialty. Thus we provide
a single unified interface for all HDFS internal objects.

As for the Facade (Guru, 2023b) design pattern, we encapsulated all functions regarding the tool into a single interface
that MFSim can use without needing to know any details of it. For example, to discover which variables the HDF?5 file can
provide to the current simulation, we need to access the file, iterate over its groups and attributes, obtain the information
as it is stored, and then organize it in a way that can be used by MFSim later to request those variables. That’s a lot of
operations and procedures to get that, so we grouped all needed procedure calls to achieve that into a single procedure
that can be called by MFSim and return a list with the variable’s names. That is the Facade design pattern.

3. TESTING THE TOOL

To test the tool we run the flow past a stationary sphere test case described in MFSim’s user guide (MFLab, 2023).
This test case solves velocity, one per axis (x/u, y/v, z/w), and pressure, runs for more than two thousand timesteps, has
immersed boundary physics, and a turbulent flow been formed in the back of the sphere after the 500th timestep. Our
main objective is to take the simulation in a state where the turbulent flow is already happening and is statistically stable
and start a new simulation with this data.

To achieve that, we identified an adequate timestep where the turbulent flow is already happening in a state of statistical
stability. Since the turbulent flow starts being formed in the back of the sphere after the 500th timestep and remains in
that state at least to the 800th timestep, we decide to use the 1000th, as the turbulent flow is fully formed (as we needed)
and the simulation is somewhat half executed.

Then we proceeded to configure a new simulation using the same test case but this time, changing the start conditions
to use the data contained in the HDFS5 file generated in the 1000th timestep. We also changed the process distribution
from 4 processes to 8 processes, doubling the number of processes assigned to the x/u axis.

The test will be considered successful if the tool is capable at the start of the new simulation import both the mesh and
data from the previous one.

4. RESULTS

Figure 5 depicts how the flow past a stationary sphere test case usually starts (rendered on velocity in axis x/u). The
flow has not started yet, the sphere is inside the center of the boxes and there is no refinement area in the back of the
sphere, indicating there is nothing of interest happening there at that timestep.
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Figure 5. sphere test case start

That changes entirely when we reach the 1000th timestep as shown by Figure 6. Instead of a mostly stable velocity
gradient, we can see more velocity variability throughout the mesh. Also, there are more refinement areas in the back of
the sphere who wasn’t present when the case started. Since we are using adaptive refinement mesh, that indicates that
something is happening in that region.

Figure 6. sphere test case 1000th timestep

Now let us see if we can import this same state to the new simulation.

Je-U
Figure 7. Left: original mesh in hdf5; Right: imported mesh

As Figure 7 presents, the mesh from the 1000th timestep was properly imported into the start timestep of the new
simulation. Also, considering that we changed process distribution, we can see that the tool adequately remapped all
patches and levels to the new setting as expected.

Evaluation of the variable’s gradients can provide an additional check. If the imported variables can match or be very
close to the original ones, then the tool indeed imported the data as expected.
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Figure 8. Variables gradients in the 1000th timestep (left) and imported (right)

In that sense, Figure 8 shows side by side the velocities and pressure gradients present in the HDF5 and the ones
imported by the tool. We can see a small disturbance in one of the gradients which requires a more close inspection. With
that in mind, we presented the gradients separately, variable by variable, in Figures 9 and 10.
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Figure 9. Velocity gradient in axis x/u and y/v
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Figure 10. Velocity gradient in axis z/w and pressure

As shown by Figures 9 and 10 the velocity gradient for the x/u axis and pressure differs very little between the 1000th
timestep and the imported version while gradients for velocity in y/v and z/w axis shows a small disturbance in a portion
of the gradient. This disturbance is not caused by the process redistribution as we repeated the test without changing the
process distribution and the results were the same.

A more adequate explanation for this is the combination of interpolations from virtual levels, created anew on the
second simulation, and the data on the physical levels injected from the HDFS. In fact, we’ve implemented a restart
tool using the same mesh interpolation and parallel data retrieval code from the tool described in this work, but for a
restart propose instead of a start. Elaborating, this other tool allows the continuation of a simulation stored in a snapshot
with process redistribution (hence why this other tool uses parts of code from this tool). It differs from this tool though,
when it doesn’t allow for a change in the number of physical levels or variable settings, in other words, besides process
redistribution, everything isn’t changed between runs, which includes the retrieval of virtual levels. With virtual levels
being transported from one run to another, and with no changes on the physical levels, the disturbances in the gradients

disappear, providing good evidence that the disturbances observed here are caused by the changes in level, patches, and
process configuration between runs.
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On the other hand, the differences observed in the variables when starting a new simulation with data and mesh
recorded from another simulation weren’t enough to change the expected results. After the tool finishes its work, the
simulation runs its course as expected and MFSim’s subsequent operations (including remeshing and interpolations) fix
any disturbance found after importing data and mesh from the HDF?5 file.

5. CONCLUSIONS AND FUTURE WORK

We’ve demonstrated in this work that is possible to implement a tool capable of importing both data and mesh from
an HDF5 file and use that information as the start conditions of a new simulation. We tested our tool against the canonical
flow past a stationary sphere test case and as shown in Section 4. it appears to be working as was designed to. As future
work, we are testing this tool against more complex simulations, with more physics embedded, more complex meshes,
and process redistribution to assess the full capability of this tool.
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