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Abstract - The paper investigates an approach for optimizing the placement of complex-shaped
parts during thermal energy treatment to ensure a uniform distribution of specific heat flux across
the part's surface. The study demonstrates that the problem of sparsest packing can be addressed
by aligning the centers of gravity and the principal central axes of inertia of thin shells, representing
the outer surface of the part and the inner surface of the working chamber. For scenarios where
complete alignment is unfeasible, the proposed method suggests determining the part's position by
partially aligning selected principal axes of inertia and specific coordinates of the centers of gravity.
The research advances the equivalent chamber method, enhancing modeling accuracy by reducing
the principal central moments of inertia of the shell of an equivalent part. This is achieved using an
inversely proportional relationship between its area and the area of the original part. The proposed
approach proves effective in achieving uniform heating of complex-shaped parts during thermal
energy treatment.
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EFFICIENT PART'S SHAPE AND ITS PLACEMENT IN CLOSED SPACE

Equivalent Part’s Shape.

1. Introduction

The trend toward miniaturization in precision
mechanisms has led to tighter tolerances in the fric-
tion and engagement pairs, necessitating higher
accuracy in the parts that form them [1, 2]. As a re-
sult, edge finishing and surface cleaning technologies
play a critical role in ensuring the reliability of these
mechanisms. While abrasive techniques such as
various flow abrasive processes [3, 4] and ultrasonic
washing [5] have been widely used, they can lead to
secondary contamination, especially in hydraulic and
pneumatic components, where micro-abrasive parti-
cles can cause wear or jamming of friction pairs. This
has spurred interest in deformation-free edge-
finishing methods, such as electrochemical [6], elec-
troerosive [7], and laser [8, 9] processing. However,
these methods are complex, difficult to automate,
and often require additional cleaning steps to re-
move residual particles.

The Thermal Energy Method (TEM) offers dis-
tinct advantages, particularly in the field of mechani-
cal engineering for edge finishing [10, 11]. This
method utilizes the energy produced by the combus-
tion of lean gas mixtures. The parts to be processed

are placed in a sealed chamber filled with a fuel mix-
ture. After combustion, the burrs formed during
machining heat up and burn away when exposed to
excess oxygen. Due to the significantly larger volume
of the part compared to the burrs, the body of the
part only experiences minimal heating (usually un-
der one hundred degrees). The processing cycle
duration in TEM equipment typically does not ex-
ceed two minutes. TEM outperforms other edge
finishing methods in productivity, as it can simulta-
neously process multiple parts [12]. Since the com-
bustion products come into contact with all surfaces
of the parts at once, no additional mechanisms are
needed to control the deburring process, offering
significant opportunities for automation based on
relatively simple CNC systems.

However, as noted in [13], the basic version of
TEM does not allow for the simultaneous edge finish-
ing and surface cleaning. Microparticles of abrasive
materials, typically oxides, nitrides, or carbides of
the metal, remain on the surface and cannot be re-
moved by the combustion products of the fuel mix-
ture. Additionally, due to prolonged contact with the
hot oxygen-rich gas, the surfaces may develop an
oxide layer. To remove these metal oxides, washing
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[14] or pickling [15] is necessary. The Impulse
Thermal Energy Method with Shock Waves
(ITEMSW) generation represents a significant ad-
vancement in thermal processing techniques, specif-
ically for deburring and cleaning precision parts.
This method exploits the unique thermal character-
istics of shock waves generated during the explosive
combustion of fuel gas mixtures. Unlike TEM meth-
ods, which rely on steady combustion processes,
ITEMSW utilizes a dynamic and highly controllable
environment where the introduction of hot combus-
tion gases can be precisely managed. This controlled
supply of combustion products allows for a more
flexible approach to thermal treatment, particularly
for materials that are sensitive to overheating or
have low melting points, such as thermoplastics [16].
A key feature of ITEMSW is its use of shock waves,
which are created by the detonation or volumetric
explosion of gas mixtures within the chamber. The
rapid displacement of gases during these events
leads to a dramatic increase in heat flux, with values
that can exceed those observed during traditional
deflagration combustion by factors of 10 to 100 [17].
This elevated heat transfer intensity is critical for
enhancing the effectiveness of the thermal treatment
process. The ability to rapidly transfer heat to parts
allows for more efficient removal of burrs and other
surface contaminants, making ITEMSW highly effec-
tive for precision cleaning and finishing applications.
Additionally, ITEMSW’s ability to generate localized,
high-intensity heat fluxes makes it particularly use-
ful in industries such as additive manufacturing (3D
printing) [18], where complex-shaped parts often
require cleaning from non-sintered powder particles
without damaging the material [19].

Despite its advantages, ITEMSW faces challenges
related to the non-uniformity of heat fluxes within
the treatment chamber [20]. Due to the explosive
nature of the shock waves, heat distribution across
the chamber can be uneven, with certain areas re-
ceiving higher heat concentrations than others. This
uneven distribution may lead to overheating of sen-
sitive parts or inconsistent thermal effects, which
can compromise the quality of the thermal treatment
process. In some cases, this could even result in the
deposition of metal oxides on part surfaces, poten-
tially affecting the parts' performance or aesthetic
quality. To mitigate these issues, it is essential to
optimize the placement of parts within the chamber
to achieve a more uniform distribution of heat. One
effective strategy to address this is the concept of
sparse packing, which involves positioning parts
within the chamber as distantly as possible from
each other [21, 22]. Sparse packing seeks to mini-
mize the influence of thermal zones that could lead
to overheating by reducing the proximity of adjacent
parts. This technique is particularly valuable in situa-
tions where the thermal effects of the shock waves
could result in excessive heat accumulation or ther-
mal gradients across the parts. By ensuring that the

parts are spaced out appropriately, sparse packing
can help reduce the likelihood of temperature dis-
crepancies and improve the overall effectiveness of
the thermal treatment process. The aim of the paper
is to develop a method for optimizing the uniformity
of heat fluxes during the ITEMSW by employing
sparse packing techniques in the deburring chamber.
This approach seeks to improve heat distribution,
minimize overheating, and enhance the overall effec-
tiveness of the thermal treatment process.

2. Part Optimal Layout Problem Formu-
lation

To ensure stable quality during thermal energy
treatment, it is crucial to maintain consistent pro-
cessing conditions across all surfaces and edges.
Since the primary factor influencing the outcome of
thermal energy treatment is the heating of processed
parts through contact with combustion products,
stabilizing the treatment quality requires achieving
uniform specific heat flux across the surfaces of the
processed parts.

For thermal energy treatment under the influ-
ence of shock waves, the intensity of specific heat
fluxes is determined by the frequency of their inter-
action with the processed parts. If the parts are not
optimally arranged within the chamber, the specific
heat fluxes acting on their surfaces can vary signifi-
cantly (by several orders of magnitude) [20], making
it impossible to achieve consistent quality in thermal
energy treatment. Therefore, ensuring uniform pro-
cessing conditions is a critical objective in the design
of technological devices for thermal energy treat-
ment.

In practice, when positioning individual parts
with relatively simple shapes, they are typically
placed near the axis of the working chamber. For
group processing, they are arranged with cyclic
symmetry around this axis [23]. However, these
approaches are not suitable for processing non-
symmetrical parts with complex shapes, such as
those produced by 3D printing methods [18]. These
parts often require additional machining to achieve
the specified accuracy [24].

As noted in [20], during the development stage of
a technological process for thermal energy treat-
ment, the primary factor considered is the specific
heat flux averaged over the surface of the processed
part. To ensure consistent processing conditions
when determining the position of parts during ther-
mal energy treatment, it becomes essential to mini-
mize the root mean square deviation of the specific
heat flux on the surface from its mathematical expec-
tation.

[da-M(q) ds
_\|| Jqds

o= — min, (D
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where g is the value of the specific heat flow on the
surface of the processed part with the surface §;
M(q) = [.q dS/[.dS is a mathematical expectation

of the specific heat flux.

The problem under consideration has not been
addressed in any known studies related to thermal
energy treatment. It significantly differs from the
well-established issues associated with optimal lay-
out. Consequently, solving this problem necessitates
the development of novel approaches.

3. Sparsest Balancing Packing Problem

This problem was first formulated in [25] as the
problem of the sparsest packing. As noted in the
review [26], previously known optimal packing
problems can be classified into the following catego-
ries:

o optimal cutting and minimization of undercuts;

o hopper packing, double packing, strip packing,
and knapsack problems;

¢ loading problems, such as vehicles, pallets, and
containers;

e separation, composition, nesting, and partition-
ing problems;

o capital budgeting, line balancing, memory allo-
cation, and multi-processor scheduling problems.

The task of placing objects as densely as possible
within a given area is typically addressed in such
problems. In some cases, additional constraints are
imposed on the solution. For example, in balanced
layout problems, the placement must also account
for requirements concerning the location of the cen-
ter of mass of the objects. In thermal energy treat-
ment methods, such as ITEMSW, the problem of
locating the processed parts can be formulated as
the task of positioning three-dimensional objects
within the camera, ensuring uniform spacing be-
tween the objects and maintaining a consistent dis-
tance from the camera's surface. This hypothesis was
introduced in paper [25]. This approach is motivated
by the fact that, during the occurrence of shock
waves following the detonation or thermal explosion
of a fuel mixture, the heating of the processed parts'
surfaces is influenced by the frequency of these
waves. Furthermore, this frequency is determined by
the distances between surfaces that reflect such
waves.

Such problems can be categorized as optimal lay-
out problems. Typically, when addressing these is-
sues, three-dimensional objects are approximated by
simpler geometric shapes for which well-established
methods of optimal placement exist. To apply this
approach, it is necessary to define a method for such
approximations. To formulate the problem, consider
the optimal placement of a material point o, within a
specified domain 2. As the criterion of optimality,

the minimization of the expected value of the square

of the distance between ¢; and the boundary points
of the domain 12 is proposed: M (||o; — 0,]|?) — min.

In a two-dimensional formulation, this criterion
can be expressed as:

M(|loy — 0g]|*) =
_ ¢ (rog7%0,)"+(v09-v0,)
Tn Lp

where ', represents the curve forming the boundary
of the placement area, and L, denotes the length of
the T, curve.

If the axes 0OX and OY are chosen to pass through
the center of gravity of the curve T';, condition (2)
can be rewritten as follows:

2

Tp—min, (2)

2y _ JE+IY 2 2 :
M(|loy— 0g|*) = ?4— (x5, +¥5,) = min, (3)

where J2 and J{ represent the axial moments of

inertia of the I'y;, curve concerning the corresponding
axis.

Considering that the sum of the axial moments of
inertia of an arbitrary body with respect to axes
passing through its center of gravity is a constant
value, it follows from (3) that the minimum sought is
achieved at x, =y, = 0. This corresponds to the

point located at the center of gravity of the curve
that bounds the placement area.

Similarly, the same conclusion can be drawn for
the problem of positioning two-dimensional or
three-dimensional objects if we consider that their
surfaces consist of a set of points. This result is not
new and was first obtained in [27], where the ICP
(Iterative Closest Point) algorithm was proposed for
point cloud alignment problems, minimizing the sum
of squared distances between the nearest points of
the clouds. Various versions of the ICP algorithm
have been developed in numerous studies, particu-
larly in relation to virtual localization problems [28,
29]. However, the basic idea of the algorithm - su-
perimposing the centers of mass of the combined
point clouds at the first step - has been preserved in
all versions. The disadvantage of such approaches is
that they do not allow for the determination of the
orientation of the placed object relative to the 0X
and OY axes. To address this shortcoming as an op-
timization criterion, the minimization of the differ-
ence between the squares of the radii of inertia of
the curves defining the boundary of the area (I'y)
and the placed object (I'y) relative to the principal
central axes of inertia of the curve I';; can be used
[25].

This approach, without losing generality, can be
illustrated using the example of a two-dimensional
problem. Suppose that the maximum principal cen-
tral moment of inertia of the curve limiting the

placement area & _. corresponds to the moment of
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inertia about the OV axis, and the minimum ,fﬁu-n

corresponds to the moment of inertia about the 0X
axis. To determine the optimal orientation of the
object in relation to the placement area, we will re-
quire the following conditions:

2 2 _
Thaxn — Ty =

A1 T 2 T san 2
=_J‘;|;umx_};u;|mx505 81+ Iimin 50”6,

—=min, (4)

L Ly
2 2
Tming — 7=
A1 T 2 T .-
=-'r:l;ln':lz _-'r:l;ln':lz cos 91+_,|‘”mxsz:rt 91 = max, (5)
Ln Lt

where JT . and JT . are the principal central mo-
ments of inertia of the curve I'y, which defines the
boundary of the object being placed.

Both criteria are satisfied when 8, = 0, which re-
sults in the requirement for the coincidence of the
main central axes of the curves I'; and T',. Therefore

n T
min(rfgeq —nfy) = 2o — e, (6)
max(rz _ TZ ) — -'r;-l?zin _-'r;}:l-zin (7)
min x T4 — Lo L;—'

Expressions (6) and (7) can be used to solve two
problems related to the development of thermal
energy treatment technologies. First, they help de-
termine the shape of equivalent parts when calculat-
ing surface-averaged specific heat fluxes. From a
methodological perspective, this completes the for-
mulation of the equivalent chamber method de-
scribed in the previous chapter. Second, they assist
in determining the positioning of the processed parts
by replacing the original parts with geometric ob-
jects of a simple form, which are derived through
operations with geometric primitives. In both cases,
when the object T placed in the domain £2 is replaced
by a body of simple form T;, we will require the con-
ditions: min(riaen — i r,) = idem and
max (13, o — 1 1.) = idem, which leads to the fol-

lowing dependences:

T T Ty T
"r;u:';; — -'r;-:lzi;-z -'r;;mx — Jr:l:lmx
) I

LT:‘ Ly LT:‘ Ly

In the three-dimensional case, these conditions
are formulated for thin shells that are stretched over
the outer surface of the original part and the body it
is replacing:

T; T T; T T; T
L'l Ly Iy L _ Iz (8)
) ) )

here 0X, OY, and OZ are the principal central axes
of the shells of bodies T and T;, and Sy and Sr, are the

areas of their external surfaces.

Let's proceed with formulating the problem of the
sparsest balanced packing to determine the optimal
placement of parts during thermal energy treatment.
For simplicity in explanation, we will consider the
problem in a two-dimensional formulation. We con-
sider the set of objects T;cC R%Z,  where
iel,={1,...,n} placed in the container 2. We
assume that each object Tj, for i € [,,, can be repre-
sented as T; = U.L, T;;, where T, is either a circle or
a polygon. This choice of object forms does not limit
the generality of the problem, as any arbitrary object
T can be reduced to the form T; = UL, T, as de-
scribed above [21].

Each circle is defined by its radius, and each poly-
gon is defined by its vertices in the local coordinate
system associated with the object T;. The problem at
hand involves optimally positioning objects T;
where i € I, and allowing them to move and rotate
continuously. We define the motion vector of object
T, as u; = (v;,8;), where v, = (x,,y,) is the transla-
tion vector, and &, is the angle of rotation, for i € [,..
The center of gravity of the curve Ty, which is the
boundary of the object T}, coincides with the origin of
its local coordinate system. The rotation of object T;
by angle 8; and translation along vector w; is defined
as
Ti(u) ={pER*p=v;+3(8;) - (p°),vp° € T},
where TE-U is the original, untransformed object, and
Z(#,) is the rotation matrix corresponding to angle
8 .

i

_ cos 8. sin 8
=(6) = (— sin é’f cos 6'2)

The vector u; = (v;,0;) determines the location
of objects T;, where i € I, in the Euclidean space RZ.
Here, v = (vy,...,v,) and 8 = (8,,...,8,). The curve
I'r,, which defines the boundary of each object T;, has
a weight determined by its length L, where i € ..
The weight of the boundary curve I',, which defines
the boundary of the container 12, is denoted by L.
We assume that, in the coordinate system of the
container, with the main central axis of inertia of the
curve Iy, , the center of gravity of each object T;(u;)
located at the point v;, coinciding with the origin of
its local coordinate system. Therefore, the center of
gravity v = (x.,y.) of the system of objects placed
inside the container is determined as:

xc(v) = E?:l?xi' ve(v) = Ezn:lf}’z" (9)

where L =¥, L,

We will require that the deviation of the center of
gravity v = (x.,y.) from the origin (0,0) be within
the following limits:
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el =8, |vel =6, (10)

where § = 0 is the specified positioning error.
Assume that

dwt(T{u),T{ ]) [l — &l

represents the Euclidean distance between T (u;)
and T;(v;), and dist (T; (1), 2) = [|t; —t]|

min
& €T, (u;).t;€TT; (u5)

{u ) telp
is the distance between the ob]ect T;(u;) and the
container 2. The packing of objects T; inside the
container {2 will be considered the most sparse if it
maximizes the minimum distance between each pair
of objects T; and T;, as well as the distance between

each object T; and the container 1, i.e.,

dist (T,(u;). Ty (1)) > 0,

Tmin i<j=1,..n;
dist(T;(u;), 2) = 0,
i=1,....,n

—=max. (11)

The problem of balanced sparsest packing in-
volves determining the sparsest arrangement of
objects T;, i € I,, under the condition described in
(11), while also taking into account the balancing
conditions outlined in (10). In the three-dimensional
case, the problem of the sparsest balanced packing is
formulated similarly. However, in this case, the ex-
pressions of type (9) do not include the lengths of
the curves, but rather the areas of thin shells
stretched between the objects T; and the inner sur-
face of the container £2. In accordance with the con-
ditions in (10), a constraint is added for the coordi-
nate z.. We now consider how the formulated prob-
lem can be applied to derive the method of the
equivalent chamber.

3. Numerical Experiment

The verification of the hypotheses formulated in the
previous section was carried out through a numeri-
cal experiment. The primary objective was to esti-
mate the error in determining the values of the spe-
cific heat flux averaged over the surfaces of objects
with sufficiently complex shapes when an equivalent
part replaces them. The experiment was conducted
under the following conditions: (i) the centers of
gravity of the thin shells stretched over the surfaces
of both the original and equivalent parts are identi-
cal; (ii) the main central axes of inertia of the thin
shells stretched over the surfaces of the original and
equivalent parts coincide; (iii) condition (8) holds
for both the original and equivalent parts.

In the course of numerical experiments, heating
under shock wave conditions was simulated. For this

purpose, a heat exchange problem in a chamber
filled with gas at a specified temperature and pres-
sure was considered. The calculation scheme for the
test problem is shown in Fig. 1. The combustion of
gases was modeled based on a set of equations that
describe the conservation of mass, momentum, en-
ergy, and species. These equations, excluding mass
forces, baro-diffusion, and thermal diffusion, are de-
tailed in [30].

The SAS SST turbulence model was employed for
the calculations [31]. Kader's solution was applied
[32] to determine the convective heat flux. For the
combustion simulation, the Premixed FGM (Flame-
let-Generated Manifold) model was utilized in Reac-
tion Progress Variable Space. This model solves a
transport equation for the mean reaction progress
variable, which is defined as a normalized sum of the
product species mass fractions. The equations gov-
erning premixed flames can be transformed from
physical space to reaction progress space, assuming
negligible differential diffusion [33, 34]. In this study,
the combustion process was simulated using hydro-
gen as the fuel gas and air as the oxidant. The numer-
ical simulations were performed with the commer-
cial software ANSYS Fluent. The chemical reactions
were modeled using the GRI-Mech 3.0 mechanism
with thermodynamic properties of all species ex-
pressed as fourth-degree polynomial functions [35].

Figure 1: Schematic diagram for calculating the
specific heat fluxes in a spherical high-pressure zone

The computational grid near the walls was con-
structed in accordance with the y* spacing recom-
mendations for the SST turbulence model. The simu-
lations were conducted using transient analysis to
capture the time-dependent behavior. To address
the high gradients of pressure and velocity, a time
step of 105 seconds was employed with the pres-
sure-based solver. A summary of the solver parame-
ters used in this study is provided in Table 1.
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Table 1: Summary of solver parameters

Parameter Value
Solver Pressure-based (segre-
gated)

Pressure -Velocity COUPLED
coupling

Spatial discretization =~ Second-order/second-
order UPWIND
Temporal discretiza-  Second-order implicit
tion

Gradient discretiza-
tion

Least-squares cell-based

The original and equivalent parts were placed in
the chamber where conditions (i) and (ii) were satis-
fied. The chamber was assumed to be filled with gas
at pressure P; and temperature T,. In this way, the
conditions for a thermal explosion of a portion of the
fuel mixture were simulated, which represents one
of the regimes in the thermal energy treatment of
metal parts. In the middle of the chamber, for both
cases, a region of increased pressure P = F; + AP
was created in the form of a spherical region with
the same diameter. The problem of shock wave
propagation and attenuation was then solved.

The condition for stopping the simulation was
specified by the expression max(P)/min(P) < 1.05.
The time when this condition was satisfied was con-
sidered the time of shock wave attenuation. During
the simulation, the specific heat fluxes on the surfac-
es of the parts were determined.

The temperature of the part walls was kept con-
stant, and the chamber wall was treated as adiabatic.
This formulation was chosen because the aim of the
calculations was not to determine the exact values of
the specific heat fluxes, which would require consid-
ering the heat losses of the combustion products in
heating the chamber walls. Instead, the focus was on
evaluating the errors caused by replacing the origi-
nal part with an equivalent one, as well as the related
computational resource requirements.

Two variants of constructing an equivalent part
were considered. In the first, taking into account the
symmetry of the original part, it was constructed as
follows.

1. The part was fitted into a cylinder with a height
equal to the height of the original part (Fig. 2). Then,
the resulting cylinder was compressed by scaling
along the OX axis so that the ratio of the principal
central moments of inertia of the thin shell stretched
over its surface matched the corresponding ratio for
the original part:

(b)
Figure 2: Creating an equivalent part from a geomet-
ric primitive: (a) Original part; (b) Stage of construct-
ing the equivalent part

A
eq — P
b Iyl (12)
5
a0

where J39 J29, J29 are the principal central moments

of inertia of the thin shell stretched over the outer
surfaces of the equivalent part, and [}, J7, J are the

corresponding moments for the original part.

The shape of the geometric primitive into which
the original detail will fit should be selected based on
its shape. Depending on the specific case, it can be a
cylinder, parallelepiped, prism, or other appropriate
form.

2.In the second step, the equivalent part is scaled
along all coordinates to satisfy the conditions in (8).
Specifically, taking into account the notations intro-
duced in (12), the following conditions must be ful-
filled:
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for this, the geometric primitive modified in the pre-
vious step is scaled by the factor k = /S, /S,.

3. If the original part contains developed holes or
internal cavities, similar steps are taken to create an
equivalent part for the internal volume of the origi-
nal. For this purpose, it is useful to employ filling
tools, which are available in most CAD systems, in-
cluding the geometric modules of ANSYS Design
Modeler and SpaceClaim. The final shape of the
equivalent part is obtained by performing a Boolean
subtraction of the equivalent part for the internal
volume from the equivalent part for the outer shape.

Figure 3 shows the results of the calculation of
the average specific heat flow over the surface of
both the original and equivalent parts (for the case
shown in Fig. 1) during shock wave damping. The
specific heat flux estimates the error averaged over
the surface and the processing time

LT .J]rquds\ 1 _r;q"J'_g-qudS‘
5 g_lu ( 5 ] _r;ﬁh ( Seq ] ;
B 1 oI5, 945 »x 100%, (13)
?J" ( Sp ]

where 77 and 73 represent the shock wave damping

times for the original and equivalent parts, respec-
tively.

For the case under consideration, the calculation
error according to expression (13), caused by the
transition from the original part to the equivalent
part, does not exceed 2.5%. Furthermore, the time
required to obtain a solution with the same calcula-
tion grid parameters was 2.5 hours for the original
part and 0.5 hours for the equivalent part, which is
five times shorter.

I
7.0 4 - IS SN b
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Time, ps
Figure 3: Results of specific heat flow calculations for
the original and equivalent parts

When the shape of the part to be processed is too
complex to fit into a geometric primitive, an alterna-
tive approach can be used to construct an equivalent
part for calculating the averaged specific heat fluxes.
This approach involves creating the shape of an

equivalent part through Boolean operations with
several geometric primitives.

0100(m)

0.000 0050 0100(m)
[ Ea— —

0!
Figure 4: Creating an equivalent part using several
primitive shapes
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Figure 5: Results of specific heat flow calculations for
the original and equivalent parts

As an example, consider the sequence of con-
structing such an equivalent part for the detail pre-
viously discussed. The simplest method is to remove
certain components from the 3D model construction
tree of the original part within the CAD module pro-
ject. The sequence for building the equivalent part in
this case is as follows.
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As in the previous case, a standard CAD tool from
the 'filling’ type systems (Fig. 4, a) is used to fill the
internal cavities of the original part (Fig. 2, a). After-
ward, the links responsible for constructing the
small elements are removed from the project tree,
and the equivalent part is built using the minimum
number of geometric primitives (Fig. 4, b).

Subsequently, steps 2 and 3, as described above
for the case of an equivalent part derived from a
modified geometric primitive, are carried out to
construct the equivalent part.

Figure 5 shows the results of calculating the sur-
face-averaged specific heat flux of the original and
equivalent parts during shock wave attenuation. The
error, calculated according to expression (13) for the
considered case, was 5%. At the same time, the time
required to obtain a solution with the same grid
parameter settings for the equivalent part was 1
hour, which is 2.5 times less than the time required
for calculations of the original part.

4. Balanced Packing of 3D Objects Con-
sidering the Impact of Shock Waves

In a subsequent group of numerical experiments,
conclusions regarding the optimal conditions for the
placement of objects were validated. Specifically, the
alignment of the centers of gravity and the main
central axes of inertia for thin shells stretched over
the inner surface of the working chamber and the
surface of the placed object were examined. The
mathematical model used for the numerical experi-
ments includes a system of defining equations de-
scribed in [30]. The original and equivalent parts
were placed in the chamber with conditions (i) and
(ii) satisfied. The chamber was assumed to be filled
with gas at a specified pressure and temperature. In
the corner of the chamber, for all calculated cases, an
area of increased pressure was modeled as a quarter
of a torus with the same diameter. The problem of
shock wave propagation and attenuation was then
solved. As in the previously discussed cases, the
stopping condition for the calculation was defined by
the expression max(P)/min(P) < 1.05. During the
simulation, specific heat flows on the surfaces of the
parts were determined. The temperature of the part
walls was set as constant, while the chamber wall
was considered adiabatic. The objective of the simu-
lation was to confirm the conclusions that the opti-
mal configuration, in terms of the uniform distribu-
tion of specific heat fluxes on the chamber surface
under the impact of shock waves, occurs when the
centers of gravity and the main central axes of iner-
tia of the thin shells, stretched over the surface of the
processed part and the inner surface of the chamber,
are aligned.

To verify this, three cases were considered: the
part is positioned in the chamber according to the
formulated requirements (Fig. 6, a); the part is shift-

ed relative to the optimal position (Fig. 6, b); and the
part is rotated relative to the optimal position (Fig. 6,

c).

()
Figure 6: Calculation schemes for determining the
optimal layout of parts based on the uniformity of
specific heat flow distribution
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Figure 7: Results of the evaluation of the uniformity of

heat flow distribution under different part positioning
conditions in the chamber
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Figure 7 presents the results of estimating the
specific heat flux averaged over the surface of the
parts during shock wave attenuation. The optimality
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of the layout was assessed based on the condition of
minimizing the root-mean-square deviation of the
surface-averaged specific heat flux (1). As shown in
the dependencies in Figure 7, calculated using Eq. (1)
for the cases considered, the maximum deviation of
the surface-averaged specific heat flux during the
entire shock wave attenuation process occurred for
the configuration where the centers of gravity and
the principal central axes of inertia of the thin shells,
stretched over the part’s surface and the inner sur-
face of the chamber, coincided. This configuration
was found to be optimal.

Thus, the described technique extends the equiv-
alent chamber method presented in [20] and enables
the calculation of the energy parameters of thermal
energy treatment (including the averaged specific
heat flux and shock wave decay time) with a signifi-
cant reduction in computational costs.

5. Conclusions

The paper demonstrates that the problem of deter-
mining the position of a part with a complex shape
during thermal energy treatment can be addressed
by combining the centers of gravity and the principal
central axes of inertia of thin shells. These axes coin-
cide with the outer surface of the part and the inner
surface of the working chamber. The example test
cases show that this arrangement is optimal for en-
suring a uniform distribution of specific heat flux
over the surface of the processed part. If such an
alignment is not possible, the position of the pro-
cessed part must be determined by aligning the prin-
cipal central axes and the coordinates of the centers
of gravity individually.

The equivalent chamber method, proposed in
[20] for thermal energy treatment of complex-
shaped parts, has been further developed. Unlike
previous approaches, it is demonstrated that to ap-
ply this method, alignment of the centers of gravity
and the principal central axes of inertia of thin shells
- coinciding with the surfaces of the original and
equivalent parts - is necessary. The dimensions of
the equivalent part are determined by minimizing
the central moments of inertia of the shells relative
to the central moments of inertia of the original part,
using an inversely proportional ratio of their areas.
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