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ABSTRACT

Efforts to reduce energy consumption and explore alternative energy sources are paramount in production process
research. However, a research gap exists regarding the evaluation of density fields in numerical analysis output of
solid carbon dioxide (CO,) extrusion. This study aims to address this gap by examining the density fields in the nu-
merical analysis output of the extrusion process for solid CO,, commonly known as dry ice. Dry ice, a by-product
of ammonia compounds production, requires efficient management due to its high sublimation rate. Ram pressing
is a commonly used method for compressing dry ice, but the resulting product often exhibits non-uniform density
fields, presenting challenges for process optimization. To bridge this research gap, an algorithm is verified for de-
termining the percentage share of density fields in the numerical simulation results. By comparing simulations us-
ing single- and multiple-cavity dies, the algorithm provides valuable insights into the distribution of density within
the extruded solid CO,. In overcoming the limitations of subjective comparative evaluation, this study offers
objective measures for assessing and comparing numerical analysis outputs. The findings contribute to a deeper
understanding and optimization of the solid CO, extrusion process, facilitating the production of high-density dry
ice products with reduced energy consumption. In conclusion, this research not only bridges the research gap in
evaluating density fields but also advances the field of solid CO, extrusion and waste materials management.

Keywords: FEM; image analysis; CO,; dry ice; extrusion; compaction.

INTRODUCTION

One of the topical issues in the area of pro-
duction process research and development efforts
are the methods allowing reduction of energy
input of the process [1, 2] and new alternative
sources of energy [3, 4]. These efforts are trig-
gered by limited availability of energy resources
[5] and increasing energy prices [6]. Tahmasebi et
al. 2011 pointed out that less energy consumption
in production translates to lower carbon footprint
of the end-product [7].

Also, a literature review shows efficient solu-
tions in the area of waste materials management
[8]. Management of biodegradable materials is
based on two principal technologies: composting
[9] and densification to solid fuel [10], if and as
appropriate. In the latter case, reduction of ener-
gy consumption is ever more important [11] due

to involvement of energy intensive processes of
compression [12, 13] and extrusion [14].

Carbon dioxide is an example of such waste
materials. Bicer et al. 2017 pointed that carbon
dioxide is generated in large quantities as a by-
product of ammonia compounds production pro-
cess [15]. In order to facilitate its management, it
is liquefied through compression to over 20 bar
[16]. During subsequent expansion, a part of the
material turns into crystals. The sublimation point
of solid carbon dioxide is -78.5 °C [17], i.e. it sub-
limates in normal ambient conditions. These two
above-mentioned properties resulted in it being
referred to by the common name “dry ice” (DI).

Dry ice has many applications, includ-
ing surface cleaning [18, 19] and conveying of
products at low temperatures [20]. However, for
efficient use, DI must be densified to reduce sub-
limation rate [21].
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Ram pressing is most commonly used DI
compression method. Berdychowski et al. 2022
described all the stages of the dry ice production
process in the machine whose working system is
shown schematically in Figure. 2 [22].

The dry ice extrusion process comprises com-
pression and extrusion stages [23]. The available
literature includes reports of numerical simula-
tion studies of this process [24]. It is worth noting
at this point that as it was demonstrated by Walesa
et al. 2023 and Berdychowski et al. 2022 the DI
compression stress and density fields vary along
the Z axis of the compression cavity and the prod-
uct of this process is not homogenous in terms of
density over the cross-section area [24, 25].

Note that for evaluation and comparison of
the numerical analyses outputs it is necessary to
have access to the input data bases containing
density, stress and strain values. Unfortunately,
simulation output are usually presented in co-
lour charts, with the different colours represent-
ing specific ranges of values. Thus we are lim-
ited to subjective comparative evaluation of the
respective areas sizes.

This article presents the output of verification
of algorithm determining the percentage share

of the fields representing the simulation results.
The reference value was the output of numerical
simulations of the DI extrusion process through
single- and multiple-cavity dies respectively.

METHODS AND MATERIALS

Materials

Both single- and multiple-cavity dies were
used in the numerical studies. In single-cavity dies
two parts can be identified: converging section
(CS) and cylindrical barrel section. The design of
converging cone cavity is shown in Figure 2.

The literature gives information on the influ-
ence of the convergent section geometry on the
magnitude of forces or stress during extrusion of
the material. Ternan et al. 2005, also pointed out
that the shape of the convergent section sides may
influence also the uniformity of the end-product
density [26]. Hence, in this research numerical
simulations were carried out for single-cavity
dies with three different convergent section ge-
ometries, i.e. conical (CS), convex (WP) and con-
cave/ convex (WKWP), as shown in Figure 3.

Fig. 1. Main parts of ram extruder: 1 — compressmn cavity, 2

i

3 — single-cavity die, 4 — loose dry ice, 5

e

—ram,
— compressed dry ice [22]

AL

@20

@16

Fig. 2. Extrusion cavity of single-cavity extrusion die: 1 — convergent section;
2 — cylindrical barrel section; h — convergent section length
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Fig. 3. Shapes of convergent sections in single-cavity die numerical simulation (a) conical
section (CS); (b) concave section (WP); (c) concave/convex section (WKWP)

Biszczanik et al. 2023 [27] demonstrated that
the final pellet density (p) depends on the conver-
gent section length /4, and thus this parameter was
varied in the study, as per the following tables
giving the geometrical characteristics of all the
dies used in the simulations (Table 1-3)

The above defined single-cavity dies feature
a circularly symmetric convergent section. This
allows us to assume almost full consistency the
field values distribution and their percentage
share for any cross-section plane rotation angle

Table 1. Geometrical characteristics of CS single-
cavity dies used in numerical simulation of dry ice
extrusion process, o — section convergence angle

Type D [mm] d [mm] h [mm] a [deg]
33.16 3
CS 20 16 22.86 5
16.29 7

Table 2. Geometrical characteristics of WP single-
cavity dies used in numerical simulation of dry ice
extrusion process

1
0,5x45°!

3a

18

0,5x45°

235,

13,24

a) 26,455

b)

S-90°

Fig. 4. Geometrical characteristics of multiple-cavity
die used in the numerical simulations: (a) cross-section
showing geometrical characteristics of die cavities; (b)
top view showing cavity layout and location of S-0°,

Type D [mm] d [mm] h [mm] R [mm]
30 226

WP 20 16 40 401
50 626

S-45° and S-90° planes

Table 3. Geometrical characteristics of WKWP single-cavity dies used in numerical simulation of dry ice extrusion

process
Type D [mm] d [mm] h, [mm] R, [mm] h, [mm] R, [mm]
15 113 15 113
WKWP 20 16 20 200.5 20 200.5
25 313 25 313
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about Z axis (Fig. 1). A different situation will
be observed when analysing the results related
to multiple-cavity dies. In order to investigate
the differences in the percentage shares of the re-
spective density fields a simulation of die extru-
sion process, as illustrated in the picture below,
was carried out. In addition to the basic geomet-
rical characteristics, the following three planes
are marked in the drawing, in which the numeri-
cal analysis results are illustrated: S-0°, S-45°
and S-90°.

Algorithm for analysing the
percentage share of colours

Computer raster images represented in a spe-
cific colour space such as RGB, HSV [28] are
made up of pixels with numerical colour codes. In
8-bit colour spaces, each pixel is represented by a
number in the 0-255 range. In RGB colour space
an image is represented by a 3D matrix of the fol-
lowing size: (image height, image width, num-
ber of die cavities). The respective cavities are,
in turn, represented by a D matrix (image height
and image width) representing a given colour:
R —red, G — green, B — blue. Having determined
the colour of a given pixel, it is possible to ascribe
it to an appropriate p range.

The key role of the developed algorithm was
to determine the percentage share of pixels of
a specific colour value. The applicability of the
pixel by pixel (PhP) method was excluded right
from the start due to the long calculation time re-
quired in the case of high-resolution images. The
proposed algorithm was based on the initial as-
sumption that a legend would be placed on the

left-hand side of the image, giving the p ranges
allowing determination of the image colours. The
pattern of colour areas is represented in Figure 5.

The algorithm is equipped with Optical
Character Recognition (OCR) feature to recog-
nise the numerical values of the ranges in the
Legend portion and thus generate a report. Al
based Tesseract engine [29], one of the most ac-
curate character recognition engines, was used
for this purpose.

In the first phase the Legend portion was anal-
ysed to determine the colour values present in the
simulation output image (Fig. 3 (2)). Black and
white colours were ignored in the colour analysis
of the Legend portion. Next the simulation output
portion of the image was converted to HSF colour
space and numerical ranges (upper and lower)
were determined for each determined colour of
the Legend portion of the image. The numerical
ranges were calculated as follows:

lower = [clip(H -1, 0, 180), 10, 10] )
upper = [clip(H + 1, 0, 180), S, V] 2)

where: H - value of HSV colour space hue;
S — value of HSV saturation;
V —HSVcolour space value.

For each colour range a bitmask was created
of the same resolution as the simulation output
image. Next the bitmask matrix was multiplied
with the simulation output image using bitwise
AND operation. This operation yielded an out-
put image composed of white and black pixels.
In each bitmask white pixels represented pixels
from the respective colour ranges. White pixels
were summed up for each range. The share of the

/ /

1 2

Fig. 5. Pattern of colour areas representing the output of numerical simulation, 1 — legend
portion; 2 — simulation output portion with the results represented by colour pixels
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Stage 1:
Read the colour
values in the
Legend portion

Stage 2:
Conversion to HSV and
determination of ranges

colorl :
RGB(255, 44, @)
color2 :
RGB (255, @, @)
color3:
RGB(46, 255, @)

colorl:

RGB (255, 44, @) —
HSV (5, 255, 255)
lowerl: [4, 10, 10],
upperl: [6, 255, 255]

Stage 3: Stage 4:
Generate the Calculate the ratio
bitmask and between pixels of a given

perform colour to the total number

multiplication of pixels
colorl:
maskl: (height, sum(resultl)
width) __sum_
resultl = maskl Pl = all_pixel oY

AND image

Fig. 6. Algorithm to determine the number of pixels of the same colour. Step 1: Read the colour values in the
Legend portion; Step 2: Conversion to HSV and determination of ranges; Step 3: Generate the bitmask and perform
multiplication; Step 4: Calculate the ratio between pixels of a given colour to the total number of pixels

respective colours in the entire simulation output
image was the product of sum of white pixels for
a given colour divided by the sum of all pixels for
a given simulation output image. This algorithm
is summed up in the diagram in Figure 6.

The program allows automatic analysis of
the dry ice extrusion process simulation output
through analysing the images stored on the hard
drive at a specific file path. The output analysis
is generated as a PNG and CSV file report. The
program code was written in Python.

Numerical analysis

The numerical model was developed in
ABAQUS and the simulations were carried out
in Explicit module. The process of extrusion
through a was simulated using a die model such
as the single-cavity conical-cylindrical die shown
in Figure 7.

This model is composed of three parts: single-
cavity die (1), ram (2) and extruded material (3).
For the purposes of this analysis the single-cavity
die (1) was integrated with the compression cavity
to allow simplification of the geometrical model,
yielding a more uniform distribution of the finite
element grid. Inside the top part of the die there
moves the ram (2), sliding without friction. The
extruded material (3) — dry ice — was modelled as
an axisymmetric solid having the outside shape
and dimensions defined by the shape of the hole
in the upper part of the die. Two reference points
have been defined, that play an important role in
the analysis:

e reference point of the integrated single-cavity
die (4), coupled to the solid element represent-
ing the die (1), located in the die base plane
and in its axis of symmetry,

e ram reference point (5), coupled to the ram
solid element (2) and located on its upper side
surface and on he axis of symmetry.

These points are used to set the ram and die
initial/ boundary conditions. The following as-
sumptions were made in the single-cavity extru-
sion process simulation:

L////////

/]

Fig. 7. An example of geometrical model of the
components before their assembly, implemented in
numerical calculations based on the process of extrusion
in a single-cavity extrusion die featuring a conical
convergent section: (1) integrated single-cavity die, (2)
ram, (3) extruded material (dry ice), (4) reference point
of the integrated single-cavity die, (5) ram reference point
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1. General:

a) The simulation was carried out in ABAQUS/
Explicit.

b) The analysis duration was 32 sec.

¢) The time step was 0.0001 sec., defined by the
Mass Scaling parameter.

2. Die model parameters:

a) The die was modelled as analytical rigid
shell.

b) The die was coupled with a cylindrical com-
pression cavity of a constant inside diameter of
D =20 mm.

¢) The model was discretized by R3D4 with cir-
cularly symmetric distribution about the Y axis
of the model (Fig. 8). Approximate distance
between nodes equal to 2 mm.

d) Total number of nodes was equal to 2408
and the total number of elements was equal
2380.

a) b)

Fig. 8. Example of finite elements distribution for a
single-cavity die: (a) in longitudinal section, (b) in
cross-section

a)

o

3. Ram model parameters:

a) The same as the die, the ram was modelled as
analytical rigid shell.

b) It had inside diameter D’ = 24 mm to avoid
conflicts when the extruded material would go
beyond the ram surfaces.

c¢) The finite element parameters were like those
used in die discretization and an example of fi-
nite element distribution is shown in Figure 9.

d) Ram and die had no defined contact, thus leav-
ing out any motion resistance of these models
in relation to each other.

4. Parameters of the extruded material model:

a) The extruded material model was defined as a
deformable body.

b) The model’s shape corresponded to the shape
of the die cylindrical section.

¢) The same element as in the previous models was
used for discretization, i.e. R3D4 with an approx-
imate distance between nodes equal to 2 mm.

d) Total number of nodes was equal to 7371 and
the total number of elements was equal 6080.
e¢) The model body was defined using two domains.

The first of them, initially located inside the 20
mm dia. cylindrical section was described by
means of Drucker-Prager/Cap model, using the
parameters obtained from the literature [22]. On
the extruded material section inside the die con-
vergent section, elastic-plastic material model
was applied with the mechanical parameters

consistent with the reported simulations [24].

Similar assumptions related to the description
of the respective model elements were applied for
the multiple-cavity die extrusion process simula-
tion. The main differences between the assump-
tions were:

1. General:
a) The analysis duration was 13 sec.
b) The Mass Scaling value was 0.001 sec.

b)

D'=24 mm

Fig. 9. Example of finite elements distribution for the compressing ram: a) overview, b) geometric features
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2. Parameters of the extruded material model

a) The material domain inside the die cavities was
modelled as elastic-plastic body

b) The material domain inside the cylindrical cav-
ity before the multi-cavity die was discretized
with the Smoothed Particle Hydrodynamics
(SPH) method to avoid conflicts during extru-

sion of the material to the respective die cavities.
The construction of the respective models is
illustrated schematically in Figure 10 and the SPH
discretized material model is shown in Figure 11.
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RESULTS AND DISCUSSIONS

The outputs of DI extrusion simulation us-
ing single-cavity dies are illustrated below. Fig.
12 shows the simulation output obtained for CS
convergent section dies, Figure 16 for WP con-
vergent section dies, and Figure 20 for WKWP.
Below the drawings there are bar graphs giving
the percentages of the respective p ranges.

The values were compared showing dif-
ferences between the distributions of values
on the numerical simulation images and those

Fig. 10. A discretized model implemented in numerical calculations based on the process of extrusion in a multiple-
cavity extrusion die featuring a conical compression cavity before assembly: 1 —ram, 2 — feed sleeve, 3 — multi-

cavity die, 4 — loose dry ice, 5 — dry ice after compression

a)

v

A

z *

Fig. 11. Example of finite element distribution for the loose dry ice domain before extrusion
(a) and example of SPH distribution during reading the output of the analysis (b)
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Fig. 12. Output of DI extrusion simulation using single-cavity dies featuring a
conical convergent section (CS): (a) a=3°; (b) a=5°% (c) a=7°
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Fig. 15. Bar chart of the percentage share of p values for CS die simulation of a. = 7°
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Fig. 16. Output of DI extrusion simulation using single-cavity dies featuring a
convex convergent section (WP): (a) h =30; (b) h =40; (c) h=50
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Fig. 19. Bar chart of the percentage share of p values for WP die simulation of h = 50
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Fig. 20. Output of DI extrusion simulation using single-cavity dies featuring a
convex convergent section (WKWP): (a) h =30; (b) h=40; (c) h=50
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Fig. 23. Bar chart of the percentage share of p values for WKWP die simulation of h = 50
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Fig. 24. Box plot of the general statistical data concerning differences
between populations of the percentage share of p ranges
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Fig. 25. DI extrusion process simulation output using multi-cavity die (MCD) for
three cutting planes tilted at different angles: (a) S-0°; (b) S-45°; (c) S-90°
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contained in the database. These differences
concern in particular the percentage share in the
extreme ranges.

For comparison of the respective single-cavi-
ty dies, the percentage share differences were de-
termined for each range. They are illustrated in
the following box and whisker plots representing
the main statistical parameters.

For the results obtained in the simulation us-
ing CS of a =3°, WP of 2 =30 and WP of &7 =50
dies the maximum difference of values exceeded
the 7% threshold. The percentage difference me-
dian, in turn, did not exceed the 1% threshold.

The differences between the database and the
values obtained through the image processing
are caused, inter alia, by the fact that the images
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Fig. 26. Bar chart of the percentage share of p values
for WKWP die simulation in S-0° cutting plane
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Fig. 27. Bar chart of the percentage share of p values
for WKWP die simulation in S-45° cutting plane
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Fig. 28. Bar chart of the percentage share of p values
for WKWP die simulation in S-90° cutting plane
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illustrate the values at the numerical grid nodes
located in the cutting plane passing through the
extruded DI model. Notwithstanding the use of
circularly symmetric models, there have still re-
mained grid elements for which p exceeded the
extreme ranges. Therefore, the number of left out
elements for the adopted p ranges was checked
giving for WP of & = 40 die 351 No. per the total
number of 3040 values contained in the process
simulation database. In the case of WP 3 No. ex-
treme values of the left-out elements were noted,
which justifies the Fig. 24 results.

The next step of the analysis concerned the
density field distribution in multiple-cavity die
extrusion process. For this purpose, numerical
simulation output images were generated on three
planes tilted at different angles, i.e. S-0°, S-45°
and S-90°. The output is illustrated in Fig. 25 and
in the bar charts in Fig. 26-28, same as for single-
cavity dies.

The bar chart comparing the results obtained
in S-0° features the consistency of results same
as for the charts of circularly symmetric models.
Conversely, in S-45° and S-90° planes there is a
clearly discernible difference in the percentage
share of the respective p ranges between the nu-
merical analysis data base and the data represented
on the plane. Therefore, considering these clearly
discernible differences box-plot was not generated.

In line with the initial assumption, the pre-
sented results show that visual representation of
the outputs of numerical simulations using circu-
larly-asymmetric models may feature high non-
consistency with the computed values database.
This being so, we would not recommend the use
of the proposed method for determining the per-
centage share of different colours on the numeri-
cal simulation output images.

CONCLUSIONS

The study result presented in this article al-
low determination of the performance of the ana-
lysed algorithm for analysing the distribution of
fields in the numerical analysis output images.
The difference between the values obtained with
the method under analysis reached up to 7%, not-
ing that in two out of three elements of the popu-
lation 11.5% of the data were not represented in
the model cross-section. The authors are of the
opinion that the magnitude of difference between
the database values and the values obtained from
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image processing has no significant bearing on
the simulation output interpretation in the case of
simulations using circularly symmetrical models.
The tool allows comparison of the respective val-
ues when data base values are not available in the
literature, as it is often the case.

However, in the case of models featuring high
variability of values depending on the cutting
plane location, i.e. the plane with the graphically
represented value in question, the accuracy of the
proposed method is low.

Still, we believe that while the proposed
method may be used to fill the gap in the numeri-
cal output analysis area there is still a need for
development of software for analysing the output
of simulation studies.
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