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Abstract

Modern development of computing systems and technologies allows to organize the con-
struction of a generalized computational experiment in modeling problems of computational
gas dynamics. The construction of such an experiment is based on numerical parametric
studies and the solution of optimization analysis problems. Solving such problems implies a
multiple solution to the direct problem of numerical simulation of a gas-dynamic process
with different input data, where different sets of defining parameters are used as input data.
The defining parameters of a class of problems, such as Mach number, Reynolds number, ge-
ometric parameters, etc., vary in certain ranges with a certain partitioning step. As a result,
the resulting solution is a multidimensional volume of data. To analyze this volume, visualiza-
tion is necessary. The paper attempts to systematize and briefly describe some types of visual-
ization problems arising from processing the results of a generalized computational experi-
ment. The aim of the work is to begin a broad discussion of the tasks of visualization and
methods for their solution in a generalized computational experiment.
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1. Introduction

The modern development of high-performance computing clusters and the wide distribution
of parallel computing technologies open up a number of new opportunities for solving prob-
lems of mathematical modeling in computational gas dynamics. These new features include
high-grade parametric research and solving optimization analysis problems. Parametric stud-
ies suggest multiple solutions to the direct problem of mathematical modeling with variations
in the defining parameters of the problem. The defining parameters of the problem include
characteristic numbers, such as the Mach number, Reynolds number, Strouhal number, etc.,
and the geometric parameters of the problem. Each of the defining parameters varies in a cer-
tain range of variation with a certain partitioning step. The tasks of optimization analysis are
more complex from a computational point of view. At each split point of the space of defining
parameters, such problems assume the solution of the inverse problem, which aims to find
the extremum of one or another valuable functional (optimal form, minimal drag coefficient,
etc.). Parametric studies and optimization analysis tasks are the basis of a generalized compu-
tational experiment. A generalized computational experiment allows one to obtain in discrete
form a solution not only for one single task, but for a whole class of problems. Here the class
of problems is determined by the ranges of change of defining parameters.

However, the discrete solution itself cannot provide an understanding of the results obtained.
It requires a wide and creative use of the tools of scientific visualization [1,3] and visual ana-
Iytics [8—12]. When visualizing the results of a generalized computational experiment, it is
necessary to combine the use of classical methods of visualization and animation of three-
dimensional scalar and vector fields with visual analytics tools designed for analyzing multi-
dimensional data. On the one hand, the task becomes much more complicated, but on the
other hand, in the future there is the possibility of obtaining a solution for a class of prob-
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lems. Many articles have been devoted to the development of scientific visualization tools, in-
cluding [1,3]. Various aspects of constructing a generalized computational experiment are
considered in sufficient detail in [2, 4—6, 14]. The development of procedures for analyzing
the results of a generalized computational experiment, presented in the form of a multidi-
mensional data volume, is considered in [7, 13, 15]. This article is intended to systematize the
tasks of visualization arising from the implementation of a generalized computational exper-
iment, and begin a broad discussion of such problems and methods for their solution.

2. Generalized computational experiment

A formal description of a generalized computational experiment is given in sufficient detail in
[2, 4-6, 14]. We give below a brief formal description, following [14].According to [14], a gen-
eralized computational experiment involves the splitting of each of the determining parame-
ters of the problem within a certain range. Thus, a grid partition is formed for a multidimen-
sional parallelepiped composed of the determining parameters of the gas dynamics problem
under consideration. For each point of this grid in the space of defining parameters, the prob-
lem is calculated. Formally, this can be written as follows.

Suppose that there is a reliable numerical method for solving two-dimensional and three-
dimensional non-stationary problems of computational gas dynamics. Then we can for any
point in the space of a countable region and at any time moment obtain a numerical solution

F(x,3,2,t, 4y, ., Ay)  where x, y, z are spatial coordinates, t is time, 41+~ An - defining pa-
rameters of the problem. As the defining parameters of the problem, we will keep in mind the
characteristic numbers describing the properties of the flow in question, such as Mach num-
ber, Reynolds number, Prandtl number, Strouhal number, etc., and characteristic geometric
parameters. Each of the characteristic parameters is limited in a certain range:

A;m’u < Ae Eﬂznnx , i= 1,...,N

We divide each of the parameters “: into k-1 parts, so we obtain for each parameter a parti-
tion consisting of k points. The volume of N - dimensional space formed by the set of defining

parameters 4 is filled with a set of X" points. Denoting a point from this set as (41 = 4x),
we arrive at the fact that for each point of the set it is necessary to obtain a numerical solution

of the gas-dynamic problem F (x,¥,2,t, AL, ., Ay) | This will require solving K gas-dynamic
problems, which is impossible without the use of parallel computing in multitasking mode.
Here we formulated the classical problem of parametric research. Parametric numerical stud-
ies allow one to obtain a solution not for one specific problem of mathematical modeling, but
for a class of problems specified in a multidimensional space of defining parameters. Also,
such a formal statement allows a numerical study of optimization analysis problems, when
the inverse problem is solved at each point of the grid partition of the multidimensional space
of defining parameters. Both types of similar problems are considered in the papers [2, 4-6,

14].

3. The problems of visualizing the results of a generalized
computational experiment
So, as a result of a generalized computational experiment, we obtain a numerical solution of
the gas-dynamic problem £(* 2.t 41, .. 4y) for each point of space at any time and for

each point of partition of the space of defining parameters (41 - 4x). Let's try to systema-
tize the emerging tasks of visual presentation of this data. In the course of systematization, we
will proceed from the types of data under consideration.



A) Here F is a vector of gas-dynamic functions, such as pressure, density, temperature, ve-
locity components. For each point of the partitioning of the spatial countable domain (x, y, z)
at the moment of time ¢ we have a whole set of solutions corresponding to each point of the
partition of the space of defining parameters. From a practical point of view, the usefulness of
such data is small, but such information can be very useful in assessing the contribution of

the determining parameter #: to the total variance at each point of the computational domain
and at any time moment. Here, for visualization at each point, it is advisable to use a classic
spider diagram with normalization to the range of change of the determining parameter.

B) For each split point of the space of defining parameters (41 4x) we have a calculated
flow pattern in the selected region of space (the calculated region). This makes it possible to
apply the entire rich set of scientific visualization methods and software [1, 3], developed ear-
lier for gas dynamics problems. Possible types of informative visual representations include:
- visualization of scalar and vector fields in parallel sections of the computational domain
and cross-sections;
- animation of scalar and vector fields in the constructed sections;

- construction of combined visual representations.
Figure 1 shows an example of a visual presentation using cross-sections of the process of
propagation of a low-velocity air jet in the computational domain [1]. Figure 2 shows an ex-
ample of a combined presentation - a combination of temperature distribution in parallel sec-
tions with surfaces “stretched” on the velocity vectors [1].

Fig. 1. An example of the use of cross-sections [1].
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Fig. 2. Combined representation - a combination of temperature distribution in parallel sec-
tions with surfaces “stretched” on the velocity vectors [1].

We can create similar representations in the most diverse combinations for each fixed point

of a partition of the space of defining parameters (41, -+ Ax),
Here we have a new opportunity to construct the boundaries of change of the defining pa-

rameters of interest from 4 to Ai " for each 4:. This can be useful, for example, in the
visualization of separation zones, where it is possible to single out the limits of the change in
the position of the separation zones, depending on the choice of the determining parameter.
It should be noted that such visual presentations for a particular class of problems can be cre-
ated on the basis of already existing methods and algorithms implemented in many software
systems, such as ParaView, Vizlt, TecPlot.

C) From a practical point of view, when solving problems of computational gas dynamics, the
primary interest to the user, as a rule, are valuable functionals calculated using the already
computed gas-dynamic functions in the computational domain. The role of such a functional
can be played by the total drag coefficient of a body in the flow or the friction drag coefficient
for viscous problems. When analyzing the conditions for the emergence and decay of space-
time structures in a flow field, such a functional can be the characteristic time of the struc-
ture's existence.

Here we come to the classical tasks of visual analytics [8-12], where the goal is to obtain max-
imum information about the multidimensional data array

O(Ay, - Ay) = O(F(xy,7,t, 4y, Ay)) and hidden relationships between its defining pa-
rameters. For these purposes, a sufficient number of approaches have been developed [8-10].
One of the possible approaches presented in [6,13-15] is dimension reducing of the studied
space of defining parameters to three, the visual representation of dependence obtained for
(A Ay) and approximation of this dependence using a set of geometric primitives. The

purpose of this approach is to represent the dependence of (A Ay) in an analytical form.
If successful, this makes it possible to construct the obtained results of mathematical model-



ing in the form of a physical law for the class of problems in question. This area of research
involves the development of a large number of approaches and software tools.

4. Conclusion

Modern development of computing systems and technologies allows to organize the construc-
tion of a generalized computational experiment in modeling problems of computational gas
dynamics. The construction of such an experiment is based on numerical parametric studies
and the solution of optimization analysis problems. Solving such problems implies a multiple
solution to the direct problem of numerical modeling of a gas-dynamic process with various
input data. The defining parameters of a class of problems, such as the characteristic Mach
number, Reynolds number, geometric parameters, etc., vary in certain ranges with a certain
partitioning step. As a result, the resulting solution is a multidimensional amount of data. To
analyze this volume, visualization is necessary. The paper attempts to systematize and briefly
describe some types of problems arising from processing the results of a generalized compu-
tational experiment. The aim of the work is to begin a broad discussion of the tasks of visuali-
zation in a generalized computational experiment and methods for their solution.
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