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dynamics and temporal changes of intense events individually. We analyzed the
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1 Introduction

The development of scramjet brings urgent need for visualizing time-varying turbulent
combustion flow. Interaction between combustion and turbulence can be complicated.
Turbulence is sufficiently intense, and filamentary structures can appear. On the other
hand, turbulence itself is a complex phenomenon in fluid mechanics simulation involving
time and space scales [1]. Therefore, it is critical to understand turbulent flow and its
behavior.

However, how to efficiently display turbulent combustion and its inherent charac-
teristics has always been an important issue. Visualization and analysis of turbulent
combustion provide a powerful way to understand it. Thanks to the great advance-
ment of super computing and numerical theories, computational fluid dynamics (CFD)
methods, including direct numerical simulation (DNS), large eddy simulation (LES),
Reynolds-averaged Navier-Stokes equations (RANS), have become a promising and nec-
essary method to understand the intrinsic characteristics of the turbulent flow [2]. Many
scientists have focused on visualizing turbulent flow. For example, Hin et al. [3] visualized
turbulent flow in 3D using particle visualization. Mynett et al. [4] used particle tracing
technique presented in turbulent flow to combine both mean and fluctuating velocity
vectors. Johnson et al. [5] proposed an interactive visualization system for the interactive
exploration of large-scale datasets. Visualization provides an opportunity to explore the
strong structure and evolutionary dynamics. Understanding these structures provides an
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important way to fully understand turbulence and other detailed engineering applications
[6]. The ultimate goal is to understand and control the mechanism of turbulent jets [7].
To describe and understand the characteristics of the time-varying turbulent flow struc-
ture, we have developed a method for visualization and analysis of turbulent combustion
simulations, and proved the analysis relevance through related theories of information
theory. For the turbulent combustion process, we visualized the time series volume, and
analyzed the changes of enstrophy during different periods of combustion. Our main

contributions are summarized as follows.

e Apply a novel pipeline to extract intense features in turbulent flow and visualize them

e Analyze a large turbulent combustion simulation, and discuss the evolution of
structures and statistics of turbulent fluctuations

e Analyze the visualization of enstrophy through information entropy and mutual
information

2 Related work
We reviewed the topics related to our work in turbulent flow and scientific visualization.

2.1 Turbulent flow

The application of turbulent flow has been widely discussed in the field of engineering.
The mechanism of interaction between combustion and turbulence is a trending topic
in recent years. Luo et al. [8] developed a fully compressible solver for direct numerical
simulation of supersonic combustion and applied it to investigate a three-dimensional
spatially-developing supersonic turbulent jet flame. Papamoschou et al. [9] focused on
growth rate and turbulent structure of the compressible, plane shear layer, and they
defined a compressibility-effect parameter where convective Mach number is used. Li et
al. [10] studied the influence of turbulence intensity on flame local structural and local
propagation characteristics. Wacks et al. [11] investigated the distribution of flow topolo-
gies of turbulent combustion. Rao et al. [12, 13] conducted experiments on a reference
conical nozzle of Mach number 1.8 to study far-field flow structure of supersonic free jets
from complex nozzles. Bogey et al. [14] applied LES on researching the influences of dif-
ferent Reynolds numbers on jet self-similarity. Zhou et al. [15] visualized the flame front
structures in swirl-stabilized lean premixed methane/air flames. The results showed that
the investigated flames exhibit various flame front structures distinctly in space. Slessor et
al. [16] proposed a new shear-layer growth-rate compressibility-scaling parameter as an
alternative to the total convective Mach number. And Boersma et al. [17] considered the
direct numerical simulation (DNS) of a spatially developing free round jet at low Reynolds
numbers. However, there are few papers visualizing the influences of the combustion on
turbulence characteristics and evolution.

2.2 Flow visualization

Effective analysis of vector fields plays a fundamental role in many scientific disciplines,
such as aerodynamics, climate, and computational fluid dynamics. Flow visualization has
been a significant topic in scientific visualization for three decades. Integration-based [18]
methods extract geometric objects such as streamlines from the data for visualization.
Associated methods focus on identifying streamlines with unique geometric features, as
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the shape of streamlines is often related to some underlying property of the field. Han et
al. [19] applied a recurrent generative model for generating temporal super-resolution of a
volume sequence data. Then Guo et al. [20] extended the work to spaital super-resolution,
where they used the generative adversarial network to generate high-resolution time-
varying volumes. Chaudhuri et al. [21] introduced box counting ratio to quantify the
geometric complexity of streamlines. Recently, Lu et al. [22] used the distribution of fea-
ture measures over a streamline to measure the similarity between streamlines. He et al.
[23] applied deep learning on the visualization images from the simulation and view-
ing parameters to support parameter exploration. To our knowledge, there is no relevant
work on performing spatial-temporal super-resolution on vector field to improve the
data reduction rate and post-hoc visualization results, which is our focus. Recently, many
techniques focused on the special meaning of the visualization. Feature-based flow visual-
ization brings the visualization to a higher level of abstraction by extracting and showing
only those meaningful parts to researchers. Wilde et al. [24] presented a formal approach
to the visual analysis of recirculation in flows by introducing recirculation surfaces for 3D
unsteady flow fields. Tao et al. [25] introduced semantic flow graph (SFG), a novel graph
representation and interaction framework that enables users to explore the relationships
among key objects of a 3D flow field.

3 Background

Turbulent flow is the most common phenomenon of fluid motion and physical simu-
lation. Understanding turbulence is critical in many applications such as aerodynamics,
combustion processes and climate. Turbulent flow can be characterized by nonlinear
stochastic fluctuations. DNS can compute instantaneous velocity and pressure fields
according to the Navier Stokes equations. The conservative three-dimensional compress-
ible Navier-Stokes equations together with the conservation equations of species are

given as:
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where 0 is a partial derivative, p is the density of mixture, u; is the fluid velocity, P is the
static pressure, and py is the density of species k, which can be expressed as px = pY%. E
and Qg are the total energy per unit volume and heat release rate. @y is the production rate
of species k. Dy, is the mixture diffusion coefficient of species k. 7;; is the viscous stress
tensor, and Yy is the mass fraction of species k. In present simulations, standard forms of
polynomial fits used by NASA chemical equilibrium code [26] are employed to calculate
the thermodynamic properties. Numerical simulation of high Reynolds number turbu-
lence is still a great challenge in high-performance computing since it demands speed and
memory. The simulation we study is three dimensional spatially-developing supersonic
round turbulent hydrogen jets, which contains chemical reaction.
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To analyze the chemical reacting flows, our group develop a high order finite difference
solver, OpenCFD-Comb, used for DNS cases. The inlet condition of the round jet flow
is the same as [8, 27-29], where the volume of the supersonic jet consists of 85% hydro-
gen and 15% nitrogen, and the jet has a temperature of 305 K and a jet velocity of 900
m/s. The ambient air velocity is 20 m/s and the temperature is 1150 K. The jet exit diam-
eter, denoted as D, is 1.44 mm. The Reynolds number based on the jet exit diameter and
hydrogen jet velocity is 22000 and the jet Mach number is Ma = %’ = 1.2. Note, U; is the
hydrogen jet velocity and 4; is the sound velocity of jet exit. A large enough computation
domain is designed in a Cartesian coordinate system as 0 < 15D, —7D <y <7D,—7D <
z < 7D. The total structured nodes number is 670 x 459 x 459, and the size of each cell
is about 0.03 x 0.04 x 0.04 mm?. The dataset consists of 14 time steps.

4 Methods

In order to perform a visual analysis of combustion turbulence, we mainly calculated
enstrophy, visualized the contour of the component, and quantified the properties of the
component, and then performed a statistical analysis of the component. In addition, we
also carried out tracking analysis for turbulence.

4.1 Enstrophy

The analysis of turbulent-flow mostly focuses on enstrophy, a quantity directly related to
the kinetic energy that corresponds to dissipation effects in the fluid flow. Researchers
seek to explore the shape and structure of dissipation around high-enstrophy areas. Given
avector field u € 2, where Q2 represents the entire combustion domain, enstrophy can be
computed as:

Ew) = / |Vu|%dx 2)
Q

where |Vu|? = ZZ/’=1 \a,-u/’ |2. In the case of incompressible flow, the enstrophy can be
described as the integral of the square of the vorticity. Regions of high enstrophy require
further study since they can demonstrate valuable features. We apply volume render-
ing visualization to isolate areas where enstrophy is higher than a fixed value, which is
suggested by domain experts. In this work, we isolate areas with enstrophy greater than
10000. Since we are managing large-scale dataset, we look into how high-activity regions
look like in space and how they evolve over time. Thus we also use contouring visualiza-
tion technique to extract the components where the enstrophy value is greater than 30000
and to track their behaviors. We call the components extracted in this step as high enstro-
phy area and the rest as low enstrophy area. To this extent, we can count the number of

components and calculate their attributes like centroid or number of cells.

4.2 Tracking features

Tracking features is not a new concept [30]. For example, eddy tracking has always been
a hot topic in eddy visualization [31, 32]. For time-varying turbulent flow, we can also
characterize the components and analyze their properties like volume and location. A
connected component is a set of connected cells in space. For every time step, we cal-
culated a distance matrix from one component to each other at the same step. Then we
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recorded their properties and locations. We then computed the neighbors of all compo-
nents for the next time step, and found the most similar component to themselves at every
property as their next location. We have a threshold value to compute the neighbors of
the components. It is based on the components distance matrix across all the time steps.
We set it by their distance distribution.

4.3 Information entropy and mutual information

Information entropy is a statistical form of 2D/3D features that reflects the average
amount of information in the image or volume. It can be calculated as follows, where P;
represents the frequency of occurrence of event i among m events of random variable X.

HX) = - P;logP; 3)
i=1

On the basis of information entropy, mutual information is a measure of the degree of
interdependence between random variables. The calculation method of mutual informa-
tion is as follows. P(x) and P(y) are marginal probability distributions. P(x, y) is the joint
probability distribution of random variables X and Y. It can be further simplified using
information entropy. The simplified formula can directly explain the meaning of mutual
information, that is, the amount of information reduced by the initial random variable X
after knowing fact Y.
P(x,y)

IXGY) = Z Z P(x,y) log PaBl) " HX) — HX]|Y) (4)
yEY x€X X)P(y

5 Visualization

To better understand the insight of the massive flow fields, we use enstrophy to extract
attractive components and potential regions. By using properties of components to track
their behavior across time, we visualized the volume of all the large components to show
the trend of components’ shapes and sizes with time-varying simulation. The mutual
information visualization provides the correlation between combustion velocity field and
the enstrophy of the combustion turbulence.

5.1 Enstrophy analysis

By visualizing the enstrophy at different value, we analyzed a large turbulent combustion
simulation, and discussed the evolution of structures and statistics of turbulent fluctua-
tions. As shown in Fig. 1, we visualized the components with high enstrophy over time
(color highlight parts), and we can see that during the first time step, small components
form up a circle at the front, then it dissipates and disappears in the following process.
The high enstrophy part begins to aggregate in the middle region of the turbulent flow
over time. The figures (outside the color highlight parts) also refer to components with
low enstrophy value, where the components connect together and form a larger shape.
For example, they have a complete circular ring in the head of the jet combustion. At the
very beginning, the scattered components form a donut winding in the middle region, and
then they move backward and amalgamate with posterior components. We can see that in
the middle area, some small components grow larger and become one larger component.
In the rear area, we can observe that there are some large flat structures at the beginning,
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(a)

(b)

©
Fig. 1 Volume visualization of enstrophy and overtime for all the large components (parts of color highlight).
Most components have a volume of 20 cells to 30 cells. a the start time step of the combustion simlulation. b
the middle time step. ¢ the end time step

but they disappear at the end time, and the components also move to the middle area and

amalgamate into fusiform structure.

5.2 Components trace
Other than visualization of the contouring of the components, we wanted to quantify the
property of the components. Thus, we calculated the volume of the components for high

enstrophy value and low enstrophy value. Then we visualize them as frequency histogram.

Page 6 of 12
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Fig. 2 The frequency histogram for the volume of the components at different levels of enstrophy value
during different time of combustion. a Start time. b Middle time. ¢ End time

As the volume distribution ranges of low and high enstrophy components are different,
we define the total number of bins of the histogram to be 64, which is larger than the
actual number. As we can see in Fig. 2, at all time, high enstrophy components tend to
have smaller volume, since the distribution of volume at high enstrophy aggregates at low
values. However, the volume of low enstrophy components is relatively large. The maxi-
mum volume of the high enstrophy components is about 7 cells, while the low enstrophy
components can reach 13 cells.

At the start time of the combustion process, high enstrophy components tend to have
smaller volume, and over time, the percentage of small volume components decreases.
But for low enstrophy components, this kind of trend doesn’t appear.

We also performed statistical analysis on the components. For example, in Fig. 3, we
calculated the total volume, the max volume for the components at high enstrophy value
and low enstrophy value over time separately. After visualization, we can see that the
total volume of high and low enstrophy components tends to increase over time and then
decrease at the end of the combustion. And the volume of low enstrophy components is
larger than the high enstrophy components. For the max volume of the components, the
low enstrophy components have smaller fluctuation range, but we can still observe that
it first rises to a high level and then falls. For high enstrophy value, the trend is more
obvious.

Then we isolated high enstrophy components and tracked them over time. The number
of components is enormous, which makes it hard to isolate them from each other and
classify the components. Thus, we filtered the components with a total volume below a
fixed value. In this manner, we reduce the number of components and focus more on

Volume  —mhi —_ Volume Volume ——hi J—
(high ?,fi“‘,’;w, high enstrophy(total) ——low enstrophy(total) i g‘wgnm high S‘;xéow high enstrophy(max) ——Ilow enstrophy(max)
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36,000 365,000 /\/\/_/\/\/\

33,000 360,000
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345,000
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3,00 340,0 0 3 = 7 z . 314
280004533 5 g 7 8 9 d0 i1 12 13 14 340000 1 2 4 5 6 7 8 9 0 11 12 13 14

(a) Volume(total) (b) Volume(max)

Fig. 3 The line plot for the volume of the components at different enstrophy value during different time of
combustion. The left is the total volume of the components, and the right is the max volume of the
components. The blue line indicates high enstrophy value, and the red line indicates low enstrophy value
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the salient, connected structures, which makes it easier to track them. We determine a
center coordinate of each component based on the coordinates of its boundary points.
At every two adjacent time steps, we treat the two components whose center coordinates
are closest to each other as the same component. For each component tracked, we set a
distance range, and if there are no new components in the range at the next time step, the
evolution of the component is considered finished.

To track the evolution of the component in the turbulent combustion process, we use
the turbulence generated by the unstable spherical burst simulation process to track the
high enstrophy components. Through the above component tracking method, we visual-
ized the visualization results of the high components of the surface at several consecutive
time steps when turbulence was generated, as shown in the figure. As shown in Fig. 4,
yellow, blue, white, and red are the evolution of the high component of turbulence in 4
consecutive periods. It can be seen that it gradually decreases and dissipates in the pro-
cess of outward diffusion. Among them, the ring structure of the high component of
turbulence at the fourth time step (red) has begun to dissipate.

We then visualized the volume at every time step for each component. In Fig. 5, we can
observe that the volume of components ranges from 17 cells to 35 cells, but mostly from
20 cells to 30 cells. The change in volume from time to time follows consistent trends
over the whole time, which makes the track process more valid. We can see a global trend
that the volume for most components increases initially and decreases afterwards. The
volume reaches its peak at middle time of the simulation of combustion.

5.3 Mutual information

To further illustrate the effectiveness of our visual analysis system, we evaluate the results
of visualization of enstrophy by calculating the mutual information between enstrophy
and velocity field and performing normalization calculations. As shown in Fig. 6, the first

Fig. 4 Evolution of the high component of turbulence in 4 consecutive periods
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Fig. 5 Volume overtime for all the large components. Most components have a volume of 20 to 30

and second rows of the figure respectively visualize the distribution of the data veloc-
ity field and the corresponding enstrophy distribution. The value of mutual information
is 0.999 throughout the simulation process. It can be seen that the enstrophy distribu-
tion and the velocity field distribution have some similarities in the visualization results.
The calculation results of mutual information show that enstrophy and the combustion
velocity field have a very high correlation, which can better deal with the analysis and
visualization of combustion turbulence.

6 Conclusion

In this paper, we proposed a visualization pipeline for turbulent-flow of combustion,
which provides a better understanding for the insight of the massive flow fields and allows
user to better comprehend the physical processes of the jet combustion. Using enstrophy
to extract components which may have intense behaviors allows us to find the potential
region that may be worth paying attention to.

Through our system, experts used properties of components to track their behavior
across time. They set a threshold value for tracking features based on their distance
distribution and visualized the volume of all the large components. Experts found that
in turbulent combustion, the volume of most components initially increases and then
decreases, and the volume reaches its peak in the middle of the simulated combustion. In
addition, the mutual information between the combustion velocity field and the enstro-
phy of the combustion turbulence performed a visual comparison and analysis. Through
the analysis and comparison, experts obtained the following conclusions:

e The jet combustion will create many thin turbulent flow components. Some circular

winding structures will appear at first, then break into pieces and disappear.
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Fig. 6 Distribution of the data velocity field and the corresponding enstrophy in different time steps. a the
start time step of the combustion simlulation. b the middle time step. ¢ the end time step

e Compared to low enstrophy components, higher enstrophy components are more
scattered and they will not last for a long time.

e The sizes of enstrophy components will increase first and then decrease. It reaches its
peak at the middle time of the combustion process.
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