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NUMERICAL ANALYSIS OF BLAST WAVE PROPAGATION IN A GASEOUS MEDIUM
SEPARATED BY A RIGID PARTITION

Abstract. The article considers numerical modelling of a blast disturbance in a compressible ideal gas within a
closed two-dimensional domain separated by an internal partition. The aim of the study is to investigate the spatio-
temporal redistribution of the main gas-dynamic parameters and to evaluate the response of a rigid partition, represent-
ed in the model as a rigid plate, under the action of a shock wave as a baseline case for subsequent comparison with a
deformable partition. The mathematical model is based on solving the Euler equations, which describe the conservation
laws of mass, momentum, and energy for a compressible ideal gas, using the ideal-gas equation of state. The numerical
implementation is performed by the finite element method with Euler time integration and stabilization by the Lax-
Friedrichs scheme. For the computational experiment, C# software was developed.

The simulation results showed that an absolutely rigid partition completely localizes the blast disturbance in the
chamber containing the explosion source and does not allow the transfer of energy, gas motion, pressure changes, or
density changes into the adjacent chamber. It is shown that, after the initial arrival of the shock wave at the partition, the
pressure and energy maxima shift to its left face and then split into two symmetric branches propagating toward the
upper and lower supports. The relative-density field additionally revealed the formation of compaction zones near the
plate and rarefaction in the central part of the chamber, while the velocity field made it possible to trace the kinematics of
the shock-wave front and its subsequent reflection from the outer boundary. The integral analysis showed that the max-
imum response of the partition itself occurs at the early stage of the primary impact, whereas the greatest total force
response of all reflecting surfaces forms later, after the outer boundaries of the domain become involved in the wave
process. The obtained results can be used as a baseline computational scenario for assessing blast loads on rigid pro-
tective and isolating structures, as well as a stage in the development of a software and computational framework for
solving problems related to the assessment of blast-protection barriers and the propagation of impact loads in closed
volumes.
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1. Introduction

In general, an explosion is understood as the rapid release of a significant amount
of energy within a limited volume over a very short time interval. As a result, a re-
gion with sharply increased pressure and temperature is formed in the gaseous medi-
um and expands intensively. This expansion is accompanied by compression of the
surrounding gas and the formation of a shock wave - a thin region within which the
parameters of the medium (pressure, density, temperature, and velocity) change al-
most discontinuously. Unlike ordinary sound waves, a shock wave is a nonlinear
phenomenon and carries considerable energy, which determines its decisive influence
on surrounding objects [1, 2].

The propagation of a shock wave in a compressible gas is characterized by the
fact that the gas ahead of the front is almost at rest, whereas behind the front it moves
at high velocity and has elevated pressure. As the wave moves away from the explo-
sion source, it gradually weakens and its front expands. The classical theoretical de-
scription of this process is the Taylor-von Neumann-Sedov self-similar solution,
which is used for strong explosions in an ideal gas [3, 4].

The interaction of a shock wave with solid surfaces is of particular importance.
When the wave reaches, for example, a plate, it cannot continue to propagate freely

as it does in gas, and reflection occurs. In this case, the gas velocity in the direction
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normal to the surface decreases to zero, and part of the wave energy returns to the
gaseous medium in the form of a reflected shock wave. A zone of increased pressure
forms near the surface, and the post-reflection pressure may substantially exceed the
pressure in the incident wave [1, 5]. Depending on the interaction conditions, differ-
ent modes of wave reflection are possible.

The action of an explosion on a solid body manifests itself as a short-duration but
intense impulse load. This load is characterized not only by the maximum pressure
value, but also by the duration of its action and by an integral quantity - the impulse.
It is the impulse that is one of the determining parameters in assessing the response of
structures to blast loading [2, 6].

The problem of an explosion near a plate is characterized by the superposition of
incident and reflected waves, which leads to a complex spatiotemporal flow pattern
and local pressure amplification near the surface. The magnitude and nature of the
load depend on the distance to the explosion source, the gas parameters, and the me-
chanical properties and stiffness of the plate. The complex and nonlinear nature of
these processes necessitates the use of numerical methods for their detailed investiga-
tion [7-12].

The relevance of such studies is determined by a wide range of engineering and
applied problems in which the action of blast loads on structures must be taken into
account [8, 13, 14]. In particular, blast waves generate short-duration but extremely
intense impulse loads that determine the stability and reliability of structures. Under
modern conditions, there is an increasing need for the calculation of protective struc-
tures and shelters, for assessing the stability of critical infrastructure, and for analys-
ing accidental and technological explosions. The results of numerical blast modelling
that accounts for interaction with structures can be used in such fields as civil and
military construction (design of protective structures, shelters, and blast-resistant
structures); mining and underground construction (assessment of the effect of explo-
sions on workings, tunnels, and supports); energy and critical infrastructure (analysis
of accidental explosions and their consequences); and biomechanics and human safe-
ty (studies of the effects of shock waves on the human body and protective equip-
ment). In addition, numerical models are widely used to optimize structures without
conducting expensive full-scale tests [14].

In this context, the aim of this study is to perform a numerical analysis of the pro-
cesses occurring during an explosion in a gaseous medium separated by a rigid parti-
tion, taking wave reflection into account in order to determine the load on the parti-
tion.

To achieve this aim, the following tasks were formulated:

- to model an explosion in a gaseous medium and the interaction of the shock
wave with a rigid partition represented as a rigid plate;

- to analyse changes in the fields of energy, gas pressure, density, and gas veloci-
ty in the investigated domain;

- to analyse the level of loading on the partition during the investigated time in-
terval.
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2. Methods
To investigate these processes, numerical modelling was performed, making it

possible to reproduce the spatiotemporal evolution of the parameters of the gaseous
medium while accounting for the nonlinear nature of shock waves and their interac-
tion with solid boundaries. The problem statement is based on solving the gas-
dynamics equations for a compressible ideal gas in a two-dimensional domain (Fig.
1) separated by a rigid partition. Reflection of waves from the domain boundaries and
interaction with the partition are taken into account; the partition is represented in the
computational model as an absolutely rigid, stationary, non-deformable plate.

Q

Explosion
center

Q — gas domain; Qs — rigid partition
Figure 1 — Computational domain

The conservation equations of mass, momentum, and energy for an ideal gas (Eu-
ler equations) [15, 16]:

8(,§Eu)+v (pfuu)+%:0,
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where r; is the gas density, kg/m?; t is time, s; U is the flow-velocity vector, m/s; u
and v are the projections of the velocity vector on the x and y axes, m/s; p is the gas
pressure, Pa; E is the specific energy, J/mé,

Total energy:
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where y is the adiabatic index y = cp/c,, for a monatomic gas, y =1.67, and for air,

y~=1.4; ¢, and c, are the specific heat capacities at constant pressure and constant vol-
ume, respectively.
Ideal-gas equation of state:

p:(7_1)(E_%Pf (u? +v2)j-

The transition to the variational form is performed by multiplying the equations
by a test function and integrating over the domain:
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where v, ¢, ¢,, y are test functions; S denotes the domain boundary.

The finite element method (FEM) [17] with triangular finite elements was used to
solve the problem.

Time integration is performed by the Euler method. To suppress oscillations in
shock-wave calculations, SUPG (Streamline Upwind Petrov-Galerkin) methods or
artificial viscosity may be used. In this study, the required numerical dissipation is
obtained by selecting the local Lax-Friedrichs scheme [18, 19]. When determining
the numerical flux at the boundary between two states UL and UR, the following
function is used:

F*:%(F(UL)_'_ F(UR))_%’I(UL ~Us).

where A = max(Ju| + ¢) is the maximum wave-propagation speed, m/s; c is the speed
of sound, m/s; UL and UR are the vectors of conservative gas variables on the left
and right sides of the computational boundary where the numerical flux is determined
(for an internal boundary between adjacent elements, they correspond to the gas
states on both sides of that boundary; on a reflective boundary or on the surface of a
rigid plate, the external state is specified in accordance with the impermeability con-
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dition, that is, with the zero normal component of gas velocity at the boundary taken
into account).
Speed of sound:

- [®
Prs

The dissipative term E)L(UL —U,) acts as numerical artificial viscosity, smooth-

ing high-frequency oscillations and suppressing unstable “noise” at the shock-wave
front. This approach effectively stabilizes hyperbolic discontinuities and ensures the
symmetry and stability of the solution.

Initially, an undisturbed state was prescribed throughout the entire gas domain,
including the left and right chambers, except for the local region of the blast energy
disturbance:

2t (% ¥,0)=po; P(x,y,0)=p,;

u(x,y,0)=0; v(x,y,0)=0;
E(Xl’yl’o): E,.

where (X1, y1) are the explosion coordinates, m; px is the initial gas density, kg/m3; po
is the initial gas pressure, Pa; E is the explosion energy, J/m®.

Reflective boundary conditions corresponding to an absolutely rigid stationary
boundary were used on the external boundaries of the computational domain and on
the surface of the internal partition:

(p)-fi=0; ((E+p)u)-fi=0,

where is the unit vector normal to the surface.

For numerical modelling of the explosion in the gaseous medium, C# software
was developed to perform the computational experiment, visualize spatiotemporal
distributions of gas parameters, and export results for further analysis [20]. Initial
conditions: domain size — 80 x 80 m; plate coordinates x = [47; 48]; time step
At = 0,001 s; simulation time — 0,2 s; explosion-centre coordinates (40.0; 40.0); ex-
plosion energy £, =300,0 J/m?,

3. Results and discussion

3.1 Analysis of changes in the energy field

Figure 2 shows the distributions of energy values in the investigated domain.

In the case of an absolutely rigid partition, the energy process is completely local-
ized in the left chamber, where the explosion source is located. The right chamber
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remains in the background state throughout the entire computational interval, indicat-
ing complete blocking of energy transfer through the partition. Under these condi-
tions, the rigid plate represents the limiting case of maximum reflecting capacity: it
does not allow the disturbance to penetrate into the adjacent space, but only redistrib-
utes energy within the explosion chamber, forming a complex pattern of reflections
and local concentrations near its supports.

At t = 0.002 s, the energy field is almost axisymmetric with respect to the explo-
sion centre (40; 40). The global maximum E = 288.3 J/m® is localized in the near-
centre region, while the disturbance front has not yet lost the character of radial prop-
agation. At the same time, an intensive increase in energy toward the plate is already
observed at this stage: on its left face at x = 47 m, values reach approximately
159.9 J/m®, whereas immediately behind the plate, at x = 48-49 m, the energy re-
mains at the background level (Fig. 3). This means that, even at the early stage, the
plate acts as an absolutely impermeable boundary at which the front is interrupted
and partially accumulates before the obstacle.

b)"!

e)" )
a)t=0.002s;b)t=0.015;¢c)t=0.035;d)t=0.055;e)t=0.13s;f)t=0.25
Figure 2 — Distributions of energy E in the investigated domain

At t = 0.01 s, the energy maximum shifts directly to the left face of the plate and
reaches E = 204.6 J/m?® at the point (47; 39), Figs. 2b and 3. This is the clearest mani-
festation of the primary energy build-up in front of the rigid partition. Compared with
the previous moment, the maximum is no longer associated with the explosion centre
itself but is localized in the contact zone between the wave and the obstacle. Thus, at
this stage, not merely the approach of the front to the plate occurs, but the actual for-
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mation of the main energy-concentration zone in front of it. The sharp jump from
high values at x = 47 m to the background level at x = 48-49 m (Fig. 3) directly indi-
cates complete blocking of energy transfer into the adjacent chamber.

At t = 0.03 s, a qualitative restructuring of the energy field becomes characteristic
(Fig. 2c). The continuous central maximum zone in front of the plate splits into two
symmetric regions located along its left face above and below the explosion axis.
Global maxima of E = 128.7 J/m? are recorded near the points (47; 26) and, symmet-
rically, (47; 53). This means that, after the primary impact on the rigid obstacle, ener-
gy no longer concentrates in the central part but is redirected along the plate toward
the upper and lower supports. This stage best demonstrates that the rigid partition acts
not only as a screen but also as a guiding surface for the redistribution of wave ener-

agy.
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Figure 3 — Energy-wave shape at different time moments

At t = 0.05 s, the local maxima shift further toward the ends of the plate. The
highest values, E = 107.0 J/m?, are observed near the points (47; 19) and (47; 60).
This indicates the further development of two reflected energy branches propagating
along the partition toward the upper and lower boundaries of the domain. The central
part in front of the plate has already lost its dominant role, and the main concentration
zones become the regions approaching its supports. Thus, energy in the left chamber
begins to concentrate not in front of the entire plate but mainly in its end zones.

Att=0.13 s (Fig. 2e), the stage of energy focusing at the junctions between the
plate and the upper and lower boundaries of the domain occurs. Global maxima of
E ~101.3 J/m? are localized directly at the points (47; 0) and (47; 79). This means
that the reflected waves, which had previously slid along the plate, reached the rigidly
fixed ends of the partition and formed zones of the highest energy concentration
there. Physically, this corresponds to the superposition of two factors: directed energy
transfer along the plate and its subsequent reflection in geometrically closed junc-
tions. These points should therefore be regarded as the most heavily loaded in the en-
ergy sense for the case of an absolutely rigid partition.

At the late stage, t = 0.2 s, the global maximum has already left the plate itself and
shifts toward the upper-left and lower-left parts of the chamber. The highest value,
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E~ 73.1 J/m?, is observed near (17; 0) and symmetrically in the lower part of the
domain (Fig. 2f). This means that, after focusing at the support points, the waves are
reflected from the upper and lower boundaries; at the same time, reflection of the
primary wave already appears near the left boundary because it reaches the outer wall
att = 0.14 s. At this moment, the energy on the plate itself is already lower than dur-
ing the phase of local accumulation near its ends; therefore, the active role of the par-
tition as a zone of maxima gradually changes into the role of a source of secondary
reflections in the closed domain.

3.2 Analysis of changes in the relative gas-pressure field

In the case of a rigid partition, the relative pressure field p/po is the basic reference
scenario of maximum reflecting capacity. At the early stage t = 0.002 s (Fig. 4a), an
almost axisymmetric shock front forms with a maximum p/po = 115.3 in the near-
centre region around (39-40; 39-40). At the same time, a strong pressure increase
toward the plate is already visible at this stage: on its left face at x = 47 m along the
central section, the value reaches approximately 63.9, whereas farther to the right the
pressure is already equal to the background level (Fig. 5). This means that the front
rapidly approaches the obstacle and begins to form a pressure build-up zone in front
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Figure 4 — Distributions of relative gas pressure p/po in the investigated domain

At t = 0.01 s, the pressure maximum shifts directly to the left face of the plate and
reaches p/po = 81.8 at the points (47; 39—-40), Figs. 4b and 5. This moment corre-
sponds to the primary reflection of the shock wave from the rigid partition. A local
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compression zone forms in front of the plate, where the normal component of gas
motion is blocked and transformed into an increase in pressure. Behind the plate, the
pressure does not change, which confirms the complete separation of the right cham-
ber from the wave process.

At t = 0.03 s, the continuous zone of maximum compression in the central part in
front of the plate splits into two symmetric regions (Fig. 4c). Global maxima of
p/po = 44.0 are localized near the points (47; 27) and (47; 52). This means that, after
the primary impact, the wave energy no longer concentrates in the centre in front of
the partition (Fig. 5), but is redistributed along its surface into two reflected branches
directed toward the upper and lower supports. Thus, the plate acts not only as a rigid
screen but also as a guiding boundary along which the wave field is restructured.
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Figure 5 — Change in relative gas pressure p/po over time

At t = 0.05 s, this tendency intensifies (Fig. 4d). The pressure maxima p/po = 32.6
shift even farther along the plate — toward the regions (47; 19) and (47; 60). The cen-
tral zone in front of the plate has already lost the role of the main compression region.
This indicates further movement of the two reflected waves toward the upper and
lower boundaries of the domain. Thus, at the intermediate stage of the process, the
rigid plate not only reflects the front but effectively redirects the wave action toward
Its own support nodes.

At t = 0.13 s, the most representative stage of local pressure concentration occurs.
Global maxima of p/po = 40.1 arise directly at the junctions between the plate and the
upper and lower boundaries of the domain (Fig. 4e), that is, near (47; 0) and (47; 79).
This means that the reflected waves, which had previously propagated along the par-
tition, reached its rigidly fixed ends and focused in geometrically constrained nodes.
These points prove to be the most highly loaded in terms of pressure in the case of an
absolutely rigid plate. Also, at t = 0.13 s, the annular zone of increased pressure ap-
proaches the left boundary of the chamber (Fig. 4e).

At the late stage, t = 0.2 s, the maximum p/po = 25.5 shifts toward the upper-left
and lower-left parts of the domain, approximately around x =~ 18 m. At the same time,
reflection of the primary wave already appears near the left boundary because it
reaches the outer wall at t = 0.14 s. Thus, at this stage the plate is no longer the im-
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mediate location of the global maximum, but its previous role in redirecting the
waves determines the entire subsequent pattern.

The absence in the calculations of a pronounced rarefaction phase with pressure
below the initial level is associated with the adopted problem statement. The explo-
sion is modelled as a positive local energy disturbance in a closed two-dimensional
domain, and all boundaries, including the internal partition, are specified as rigid re-
flecting surfaces. Under these conditions, compression and wave-reflection processes
dominate in the computational domain, whereas a rarefaction phase below the back-
ground pressure does not appear within the implemented model.

3.3 Analysis of changes in relative gas density

For the relative density field (Fig. 6), the pattern differs from that of the pressure
field. If pressure within the implemented model remained nowhere below the back-
ground level, density demonstrates both compression zones o/ > 1 and pronounced
rarefaction zones o/ < 1. This does not contradict the previous results: the density
field reflects redistribution of gas mass, whereas pressure in this formulation is large-
ly maintained by the positive energy disturbance and by multiple reflections of com-
pression waves. Therefore, for the case of a rigid plate, the o/ o field is especially
informative for identifying where gas accumulates and where, from the computation-
al standpoint, a mass-depleted region forms.

n
0 - .

a)t=0.002s;b)t=0.015;¢)t=0.035;d)t=0.055;e)t=0.13s5;f)t=0.25

Figure 6 — Distributions of relative gas density o/ po

At the initial stage, t = 0.002 s, density changes are still insignificant (Fig. 6a): the
global maximum is only o/ = 1.013, and the minimum is p/p = 0.988. Even at this
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stage, an important feature is observed: a slight increase in density is concentrated
near the left face of the plate, with a maximum near (47; 39-40), whereas a weak
density-decrease zone appears around the explosion center. Thus, even at the early
stage, the model shows not merely axisymmetric compression but the onset of mass
transfer from the central region toward the rigid obstacle, in front of which primary
gas accumulation forms.

At t = 0.01 s, this tendency becomes much more pronounced. The maxima
olpo = 1.173 are no longer localized at the centre but at two symmetric points on the
left face of the plate, approximately at y ~ 31 m and y = 48 m. At the same time, a
distinct rarefaction zone forms in the near-centre region, with a minimum
olpo=0.743 (Fig. 7). This means that, as the blast process develops, the gas mass
does not accumulate at the source centre but is displaced from it toward the plate,
where local compaction regions arise because normal motion is blocked. It is precise-
ly at t = 0.01 s that the density field clearly loses axisymmetry and begins to show
division into a central depleted region and two accumulation zones near the rigid par-
tition (Fig. 6b).

At t = 0.03 s, the density distribution acquires an even more pronounced two-
lobed structure (Fig. 6¢). Global maxima of o/ = 1.905 are observed near (47; 23)
and (47; 56), that is, they shift upward and downward along the plate relative to the
explosion axis. At the same time, a deep rarefaction zone develops in the left-central
part of the domain, with a minimum o/ ;p = 0.400 (Fig. 7), localized near (35; 39-40).
This is a highly indicative result: after the primary reflection, the wave not only forms
increased density in front of the plate but redistributes the gas mass into two symmet-
ric flows along the partition, whereas behind these moving fronts a sharply density-
depleted zone remains in the inner part of the left chamber.
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Figure 7 — Change in relative gas density p/ oo over time

At t = 0.05 s, this process becomes even more intense. The maxima o/ = 2.516
shift toward the regions (47; 17) and (47; 62), that is, even closer to the upper and
lower supports of the plate, Fig. 6d. The minimum decreases to o/ = 0.298 (Fig. 7)
and remains in the central-left part of the domain. Physically, this means that the gas
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mass flows increasingly actively toward the zones where the wave process “rests
against” geometric constraints. In this case, the rigid plate not only screens the adja-
cent chamber but also determines the direction of mass transfer toward its own ends,
forming two regions of intensive compaction near the upper and lower parts of its left
face.

At t = 0.13 s, the most pronounced stage of density concentration occurs. Global
maxima of o/ pp =~ 4.881 arise directly at the junctions between the plate and the upper
and lower boundaries of the domain, that is, near (47; 0) and (47; 79), Fig. 6e. The
annular compression zone with a maximum of pp = 2.365 reaches the left boundary of
the chamber (Fig. 7). At the same time, the deepest rarefaction zone forms on the
plate itself in its middle part, near (47; 39-40), where p/py = 0.140 (Fig. 7). This
means that, by this moment, the gas mass has been displaced as much as possible
from the central part of the left chamber and concentrated in the nodes of geometric
confinement. These points are the most loaded in terms of local compaction of the
gaseous medium. Unlike the pressure field, where focusing at the supports was also
observed at this stage, the density field additionally very clearly shows the “deple-
tion” of the central region in front of the plate.

At the late stage, t = 0.2 s, the global density maxima have already shifted from
the plate-support nodes toward the upper-left and lower-left parts of the domain (Fig.
6f). The highest values, o/ =~ 4.781, are observed near (15; 0) and (15; 79). At the
same time, reflection of the primary wave is already visible near the left boundary
(Fig. 6f), since it reaches the outer wall at t = 0.14 s. Because, at this stage, reflection
from the left boundary has not yet interacted with reflections from the upper and low-
er boundaries, the pattern has no interference character. Meanwhile, the central part
of the left chamber remains sharply rarefied: the minimum is o/pp = 0.121 near (36;
39-40). Thus, at the late stage, the model already demonstrates a stable spatial divi-
sion into peripheral mass-accumulation zones and an internal depleted region.

3.4 Analysis of gas velocity

For |V|, the pattern differs fundamentally from the pressure, energy, and density
fields. If p/po, E and ol o best indicate zones of accumulation, compression, and local
concentration, the velocity magnitude primarily reflects moving gas fronts. There-
fore, the maxima of |V| do not coincide with the pressure maxima on the plate or at its
supports. On the contrary, in zones of direct abutment against the rigid boundary, the
velocity decreases because kinetic motion is converted into compression. For this
reason, the |V| field should be interpreted as an indicator of disturbance transfer rather
than as a map of the greatest loading.

At t = 0.002 s, the velocity field has an almost axisymmetric character (Fig. 8a).
The maximum |[V| = 0.891 m/s forms not at the explosion point itself but on an annu-
lar front around it, approximately within x, y = 33—46 m. This corresponds to the ini-
tial radial acceleration of the gas away from the explosion source. The velocity al-
ready increases toward the plate, but to the right of it there is no motion.

Att=0.01s, the maximum increases to |V| = 3.46 m/s (Fig. 9); however, it is still
localized not on the plate but in the moving frontal zone of the left chamber (Fig. 8b),
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approximately near the points (36; 32), (32; 36), and the points symmetric to them. In
front of the left face of the plate, the velocity is already substantial, but directly in the
impact zone it does not reach the highest values. This is an important physical obser-
vation: at the stage of primary contact with the rigid obstacle, the gas motion begins
to decelerate, which is why the |V| maxima do not coincide with the pressure maxima
that are already forming on the plate at this moment.

0" )" f

a)t=0.002s;b)t=0.015;¢)t=0.035;d)t=0.055;e)t=0.13s5;f) t=0.25
Figure 8 — Distributions of gas-velocity magnitude |V|

At t = 0.03 s, the pattern acquires a clear two-lobed shape (Fig. 8c). Global maxi-
ma of |V| = 5.33 m/s are localized immediately to the left of the plate, but not in its
middle; rather, they occur in two symmetric zones approximately near (44; 26) and
(44; 53). This means that, after the primary impact on the rigid obstacle, the most in-
tense gas motion is concentrated in two reflected branches that slide along the plate
toward the upper and lower supports. The central zone in front of the partition is no
longer the region of the highest velocity, because the motion there is partly decelerat-
ed and transformed into compression.

At t = 0.05 s, these two maximum zones shift farther along the plate (Fig. 8d) —
approximately to (42; 20) and (42; 59), while the maximum velocity is |V| = 5.06 m/s.
This corresponds to further movement of the two high-velocity fronts toward the up-
per and lower support nodes. Thus, the rigid plate not only blocks the normal dis-
placement of gas but also redirects the motion into two symmetric flows along its
own surface (Fig. 8d).
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Figure 9 — Change in gas-velocity magnitude |V| over time

At t = 0.13 s, the velocity maximum has already left the immediate vicinity of the
plate. The highest values, |V| = 3.28 m/s, are observed near the points (33; 4) and (33;
75), that is, in the upper and lower parts of the left chamber. This means that, after the
wave process focuses near the plate supports, the velocity fronts continue to propa-
gate along the upper and lower parts of the domain toward the left boundary. At
t = 0.13 s, the annular zone of maximum velocities corresponding to the propagating
shock-wave front touches the left boundary of the chamber. The maximum velocity
values at the level y = 40 m are slightly lower, |V| = 2.93 m/s (Fig. 9). In the central
part directly in front of the plate, the velocity at this stage is already much lower, which
agrees well with the previous conclusions for pressure and density: accumulation and
redistribution of compression dominate here rather than intense motion.

At t = 0.2 s, the global maxima |V| = 2.47 m/s are localized in the upper-left and
lower-left parts of the chamber near (10; 5) and (10; 74), Fig. 8f. This corresponds to
further propagation of the primary velocity fronts after they have been redirected
from the plate toward the upper and lower boundaries. At the same time, reflection is
already observed near the left boundary, but at this stage interference with other re-
flections has not yet occurred. Thus, for the interval up to 0.2 s, the |V| field reflects
the sequential development of individual stages of the wave process: radial propaga-
tion, reflection from the plate, redirection of motion toward its supports, further prop-
agation along the upper and lower parts of the chamber, and reflection from the left
boundary.

3.5 Analysis of the loading level on the partition

The fields E, p/po, p/po and |V| show the spatial pattern of the process, whereas the
reflection force Fpartition Characterizes the integral force response of the rigid partition
over time:

I:partition = .[ (p - po)ds ;

Ip

where T, is the surface (face) of the plate representing the partition.
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This indicator makes it possible to quantitatively assess the overall load level on
the partition. In addition to Fparition, the total reflection force from all faces of the do-
main, Fiotar, Will also be considered:

I:total = .[ (p - po)ds )

Tside+I'p

where Tsige denotes the upper and lower reflecting faces of the chamber.
The change in Fpartition and Frotar OVer time is shown in Fig. 10.

100

—TFtotal

80 —Fpartition

60

40

Reflection force, N/m
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Figure 10 — Change in reflection force over time

Up to t = 0.10-0.11 s, almost the entire force response of the system is concen-
trated on the partition, since Fiota = Fparition. This means that, at the early stage, the
partition is the main reflecting surface that receives the integral wave load. Beginning
approximately at t = 0.11-0.12 s (Fig. 10), the curves diverge sharply: the partition
reaction no longer increases but instead slowly decreases, whereas the total reaction
of all reflecting surfaces increases rapidly. This directly indicates that the wave pro-
cess enters a stage in which the decisive contribution to the force response is already
provided by the external boundaries of the left chamber rather than by the internal
partition itself.

For Fparition, an early maximum is clearly visible. The integral reaction of the par-
tition increases from 24.423 N/m at t = 0.002 s to a maximum of 39.819 N/m at
t=0.02 s (Fig. 10). This peak should be associated with the initial arrival of the
shock wave at the plate and the most intense stage of its direct reflection. Then
Fpartition decreases monotonically: to 15.971 N/m at t = 0.1 s and to 11.726 N/m at
t=0.2 s. Thus, after the initial impact, the total load on the partition itself does not
increase again but gradually weakens. This agrees well with the previous spatial
analysis: the pressure and density maxima first form in front of the plate and shift
along it toward the supports, but later the leading role in the total reflecting response
passes from the partition to the external boundaries of the chamber.
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For Futal, by contrast, a two-stage evolution is observed. Initially, this quantity in-
creases to the same early maximum of 39.819 N/m at t = 0.02 s, then decreases to a
minimum of 15.786 N/m at t = 0.11 s, and subsequently begins to increase rapidly
again, reaching the global maximum of 79.638 N/m at t = 0.18 s. Therefore, the
greatest total force response of the system is formed not at the moment of the primary
Impact on the partition but later, when the wave, after redistribution near the plate,
reaches the external reflecting boundaries of the chamber. This is an important con-
clusion: for the entire system of reflecting surfaces, the most dangerous moment does
not coincide with the maximum load on the plate itself.

If the difference Fiotal — Fparition 1S COnsidered, it effectively shows the contribution
of the external boundaries. Up to t = 0.1 s, this contribution is practically zero. At
t=0.12 s it is already approximately 8.78 N/m, at t = 0.14 s it is 40.79 N/m, and at
t=0.18 s it is 66.82 N/m. Thus, after t = 0.12 s, the external faces become the domi-
nant source of the integral reaction. The share of the partition in the total force re-
sponse decreases very sharply: from almost 100% at the early stage to approximately
37.4% att=0.13s,21.3% att=0.15s,and only 15.5% att = 0.2 s.

From the physical point of view, the pattern can be interpreted as follows. At the
first stage, the wave initiated by the explosion reaches the partition, and it is the parti-
tion that forms the integral force response of the system. At the second stage, the
wave process reflected from the plate is redistributed within the left chamber and then
reaches the external reflecting faces. At this moment, the total reaction of the entire
system increases sharply, although the force acting only on the partition no longer
increases. Thus, the partition is the main reflecting surface at the early stage, but it
does not determine the global maximum of the total system reaction at the later stage.

The presence of two maxima on the Fa(t) curve indicates the two-stage nature of
the formation of the total force response. The first maximum (t = 0.02 s) reflects the
stage of direct interaction between the shock wave and the internal partition, when
the partition contribution to the total reaction of the system is decisive. The second
maximum (t = 0.18 s) forms at a later stage, when the wave process covers the exter-
nal reflecting boundaries, as a result of which the total reaction of all surfaces sub-
stantially exceeds the reaction of the partition itself. Thus, the time history of Fiotal
reflects the sequential transition from local reflection at the internal obstacle to the
dominance of the response of the outer contour of the computational domain.

4. Conclusions

A mathematical model of blast-disturbance propagation in a compressible ideal
gas within a closed two-dimensional domain with an internal rigid partition was de-
veloped. The model is based on solving the Euler equations by the finite element
method with numerical stabilization using the Lax-Friedrichs scheme and makes it
possible to account for wave reflection from external boundaries and the interaction
of the gaseous medium with an absolutely rigid, stationary, and non-deformable parti-
tion. The proposed formulation is suitable for studying the spatiotemporal redistribu-
tion of the main gas-dynamic parameters and can be used as a baseline model for
subsequent comparison between rigid and deformable partition cases.
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The analysis of the energy, relative pressure, relative density, and velocity-
magnitude fields showed that the rigid partition not only performs a shielding func-
tion but also determines the character of wave-process redistribution in the domain:
after the primary impact of the front on the partition, the energy and pressure maxima
shift to its left face, then split into two symmetric branches and move toward the up-
per and lower supports. The density field additionally showed the formation of com-
paction zones near the plate and simultaneous rarefaction in the central part of the left
chamber, while the velocity field confirmed that the highest velocity values are asso-
ciated with moving frontal zones rather than with regions of maximum compression.

The integral analysis showed that the greatest response of the partition itself oc-
curs at the early stage of the primary impact, whereas the maximum total force re-
sponse of all reflecting surfaces forms later, when the wave process reaches the ex-
ternal boundaries of the computational domain. Therefore, the rigid partition is the
determining element of the early reflection stage, but it is not the only factor forming
the late total force response of the closed system.

The obtained results can be used as a baseline computational scenario for as-
sessing blast loads on rigid protective and isolating structures. In the mining industry,
they are suitable for assessing the influence of blasting operations on supports, isolat-
ing stoppings, and protective barriers, as well as for predicting the loads on and effec-
tiveness of such structures. The obtained dependencies should be used in the design
of blast-protection structures while accounting for the trade-off between their rigidity
and their ability to reduce peak loads. The developed software application can be ex-
tended to solve problems related to the assessment of blast-protection barriers and the
propagation of impact loads in closed volumes.
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YUCENbHWN AHANI3 MOLLUMPEHHS BUBYXOBOI XBWUII B TA30BOMY CEPE[IOBMLL,
PO3JINEHOMY XXOPCTKOK NMEPErOPOOKOIO
Kpykoecbkut [.0.

AHoTaujf. Y cTaTTi po3rnsHyTO Y1cenbHe MoaentoBaHHs BUBYXOBOTO 3BypeHHs B CTUCIIMBOMY ideanibHOMY rasi B
3aMKHEHiI JBOBUMIPHIA 0b6nacTi, po3aineHin BHYTPILHLOK neperopoakoto. MeTow poboTn € 4OCHimKEHHS NPOCTOPOBO-
4acoBOro Nepepo3mnoAiny OCHOBHWX ra3oAMHaMIYHINX MapaMeTpiB i OLiHKa peakLii )XOPCTKOT MacTMHM nig Aieto yoapHoi
XBUni ik 6a30BOro BUNaaKy Ans noganbLUOro MOPIBHAHHS 3 NEPEropoaKoto, Lo AeopmyeTbes. MaTemaTnyHa Mofernb
PDYHTYETECS Ha PO3B'A3aHHi piBHSHb Ennepa, WO ONMUCYIOTb 3akOHWM 30epeeHHs Macu, iMnynbCy Ta eHeprii gns
CTUCNMBOIrO ifeanbHOro rasy, i3 BUKOPUCTaHHAM PIBHSHHS CTaHy igeanbHoro rasy. YucenbHa peanisauis BUKOHaHa
METOLOM CKIHYEHHMX €NEMEHTIB Ha TPWKYTHIN CiTUi 3 iHTerpyBaHHsSM Y 4aci metogom Einepa Ta crabinisauieto 3a
cxemoto Jlakca-Opigpixca. [Ans npoeeaeHHs 0B4NCMIOBANBHOTO EKCEPUMEHTY po3pobneHo nporpamHe 3abesneyeHHs
MoBoto C# 3 rpachivyHnM iHTepdeiicom, BidyanisaLlieto pesynbTaTiB Ta eKCnopTOM AaHuX.

3a pesynbTatamu MOLENOBAHHSA BCTAHOBEHO, LU0 aBCOMITHO XOpCTka NnacTuHa NOBHICTIO nokaniye Bubyxose
30ypeHHs B kamepi 3 mKepenom BUOyXy Ta He Aonyckae nepegadi eHeprii, pyxy rasy, 3MiH TUCKY i FyCTUHW B CYCiOHIO
kamepy. MokasaHo, WO Micns NEepPBUHHOTO MPUXOAY YOAPHOI XBWMI 4O NEPEropoakM MakCUMyMW TUCKY M eHeprii
3MILLYIOTBCA Ha il NiBY rpaHb, a Aani Po3LWEnionTbCA Ha 4B CUMETPUYHI iMku, SKi MOLUMPIOOTLCS 0 BEPXHLOro Ta
HWXHBOTO 3aKpinneHb. [one BigHOCHOI LWiNbHOCTI 4OAATKOBO BUSABMIO (DOPMYBaHHS 30H YLLiNbHEHHS 6ins NnacTuHu Ta
PO3YLWiNIbHEHHS B LieHTpasbHi YacTuHI kaMepu, a none LWBWMAKOCTI 4ano 3MOry NpOCTEXWUTU KiHEMATWUKYy (OPOHTY
yAapHoi XBuni Ta 1oro noganblue BigOMTTSA Big 30BHILUHbOI MEXi. HTerpanbHuin aHanis nokasas, WO MaKkcMMarbHa
peakuisi camoi NNacTUHK peanis3yeTbCs Ha PaHHii CTagii NepBUHHOMO yOapy, TOAi SK HAMbINbLUMIA CYMapHWUA CUIOBUIA
BiAryK yCix BigOMBHMX NOBEPXOHb (HOPMYETLCS Mi3HiLLE, NICNs 3anmyYeHHs 30BHILLHIX MEX 00M1acTi y XBUMbOBMIA MPOLEC.
OtpumaHi pe3ynbTat MOXYTb OyTM BMKOPWUCTaHI NPy OUiHUI BMOYXOBMX HaBaHTaXeHb HA 3aXMCHi Ta i30JTHOHOMI
KOHCTPYKUii. Po3pobneHuii nporpamHWMiA  3aCTOCYHOK MOxe OyTW pO3LUMpEHWi [Ons pO3B'Si3aHHS 3adav  OLiHKM
BMOYX03axuncHUX 6ap’epiB | NOWMPEHHS YAAPHUX HABAHTAXEHb Y 3aMKHEHNX 06’emax.

KnioyoBi cnoBa: BubyxoBa XBuns; BigbuTTS XBWUIMb; yOapHe HaBaHTaXEHHS; YMCENbHEe MOLENMOBAHHS; METO
CKIHYEHHMWX ENEMEHTIB.
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