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Abstract: [Objectives] The afterburning effect need to be considered when TNT explodes inside a confined space.
In order to accurately analyze the internal blast load, it is necessary to explore the relationship between the
afterburning energy value and the charge volume ratio. [Methods] The explosion experiments of 5 different masses
of TNT were performed in the confined spaces filled with air and helium. Based on three different methods of
chemical reaction analysis, energy conservation law and hypothetical isentropic process, the corresponding
afterburning energy of five different charge volume ratios is calculated. The numerical simulation of explosion in
confined space considering afterburning effect was realized by ANSYS/AUTODYN program. [Results] The
comparison between quasi-static pressure simulation results and experimental results shows that the theoretical value
of afterburning energy calculated by chemical reaction analysis method can only be used as the upper limit value, the
accuracy of energy conservation method depends on the adiabatic index of mixed gas, and the error of assumed
isentropic process method is stable between 4%-7%. Different afterburning energy release processes do not change
the final quasi-static pressure, but only the reflected shock wave pressure. [Conclusions] The research results can
provide more accurate input load for the design and damage assessment of anti-explosion structures.
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inside the cabins of ships, the form and evolution of
the blast loads differ significantly from those in the
case of explosions in open spaces since the
confined environment exerts a notable influence on

0 Introduction

Large surface vessels, due to their immense
strategic significance and substantial size, have

emerged as the primary focal points for anti-ship
missile attacks. Among the various threats they
face, the damage caused by penetrating explosions
presents a particularly grave danger to the survival
of such vessels. According to statistics, more than
20 ships in China and abroad have been damaged or
sunk by anti-ship missiles in actual combat or target
practice since the 1960s . When explosions occur
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the explosion loads ™. In addition to the initial
shock wave, the combustion of detonation products
significantly enhances subsequent reflected shock
waves and quasi-static pressures during the
explosion. Accurate and reliable analysis of
explosion loads within cabins plays a crucial role in
the structural protection design and damage
assessment of ships.
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Scholars in China and abroad have conducted a
series of experiments and numerical simulations to
study the afterburning effect on explosions in
confined spaces. Researcher Ornellast®! at the
Lawrence Livermore National Laboratory in the
United States was among the first to experimentally
demonstrate the existence of the afterburning effect.
In the experiment, he detonated 25 g of TNT inside
a 5.3 L spherical container and measured the heat
released during the explosion in a vacuum
environment and in an oxygen environment,
respectively. He observed that the total energy
released when the explosion occurred in an oxygen
environment was higher than that in a vacuum
environment. Following Ornellas' approach, a
number of researchers*® adjusted the oxygen
content of the air in confined containers and
compared the quasi-static pressure after explosives
detonate in different gas environments. Ultimately,
they all reached the same conclusion: the additional
energy released by the combustion reaction of
detonation products enhanced the internal blast load
to an extent that shall not be ignored. In the realm
of theoretical research, scholars such as Edri et
al. %1 'Wang et al. I, Zhong et al. ['1, Xu et al. 2,
and Li et al. ™% have each developed theoretical
quasi-static pressure calculation models considering
the afterburning effect on the basis of the
thermodynamic relationships between energy and
pressure. They also provided the relationships
between the quasi-static pressure and the charge-to-
volume ratio. Regarding numerical simulation-
based studies of the afterburning effect, Kuhl et
al. 4 conducted extensive work in this aspect using
self-developed programs to investigate the Kinetics
of the multi-component chemical reactions of detona-
tion products, combustion models, and turbulence
effects. Furthermore, several scholars abroad have
also conducted a numerical simulation-based study
of the combustion process of the afterburning effect

with self-developed programs [5281  Similarly,
Chinese scholars Xu et al. 121 coupled a
simplified reaction rate model into three-

dimensional two-component compressible Euler
equations and added combustion energy in the form
of a source term to approximate the afterburning
effect. Li et al. ?2 numerically simulated the energy
release patterns when thermobaric explosives
detonated in confined containers with a gas-solid
two-phase reaction flow model. In the aspect of
general finite-element software, Xin et al. 2% were

among the first to implement numerical simulations
of TNT explosions in the air considering the
afterburning effect using the software AUTODYN.
Afterward, Edri et al. ?, Cao et al. ?°], Hernandez
et al. 81 and Kong et al. 1 proposed various
numerical simulation methods that gave due
consideration to combustion energy using the
AUTODYN platform.

A summary of the current state of the research in
China and abroad mentioned above indicates that
experimental studies of the afterburning effect are
still unable to directly capture the release energy
process of the afterburning effect. Instead, they can
only assess the enhancement effect of the process
according to the final quasi-static pressure and are
limited to specific experimental conditions.
Therefore, numerical simulation remains an
effective approach for investigating internal blast
loads.  Currently, numerical simulation-based
studies of the afterburning effect can be divided
into two categories. One involves the in-depth
discussion of the combustion process with self-
developed numerical programs from perspectives
such as fluid dynamics and the kinetics of multi-
component chemical reactions. Focusing primarily
on exploring combustion mechanisms, such an
approach entails a substantial amount of
computational work and is currently inapplicable to
general finite-element software. Additionally, the
complexity of the models introduces significant
uncertainty to the results. The other category
involves  simulations  with  the  simplified
combustion energy release models provided by
general finite-element software. However, this
approach often lacks a clear explanation of the
rationale behind the addition of combustion energy.
The simplified simulation methods provided by
general finite-element software do not rely on
complex physical models. They can simulate
explosion loads as accurately as complex methods
if appropriate values of combustion energy are
added and reasonable energy release rates are
provided.

To address these issues, the authors of this study
will conduct comparative experiments on TNT
explosion loads in confined spaces providing air
and helium environments. The authors conclude
three calculation methods for combustion energy
from the previous research. Furthermore, the
software ANSYS/AUTODYN will be used to
numerically _simulate _the processes of TNT
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explosions in confined spaces. The simulation
results will be compared with experimental data to
assess the accuracy of the calculation methods.
Common military single-compound explosives are
typically explosives with negative oxygen balance.
The authors take TNT as an example for the study,
and the research methods employed are also
applicable to other CHON explosives.

1 Experiments and results

1.1 Experimental conditions

In this aspect, experiments were conducted to
study the explosion of TNT within a confined
space. The experimental setup consisted of a self-
designed square explosion chamber (Fig. 1) with
internal dimensions of 400 mmx400 mmx900 mm.
A TNT column was suspended at the center of the
explosion chamber, with its axis perpendicular to
the B-side. The initiation point was located above
the TNT column, and electric detonators were used
for initiation. The experimental conditions are
outlined in Table 1, with a focus on two variables,
namely, the charge and the gas environment.
Several wall pressure sensors designated as P1 were
positioned on the A-, B-, and C-side of the
explosion chamber to measure the internal pressure.
The coordinates of the pressure measurement point
relative to the center of the explosion chamber were
(=200, —225, 38). Reference [8] is available for
more detailed information on the experimental
scheme.

1.2 Experimental results and analysis

The typical time-history curves of the pressure
measured during the experiments are shown in Fig. 2.
After fluctuating for 5-10 ms, the shockwave
pressure gradually stabilizes and eventually reaches
a quasi-static state. In this study, the pressure in the

Fig.1 Experimental setup for explosions

Table 1 Experimental conditions

TNT column

Gas environment diameter/mm

Condition No. Charge/g

| 750 20
5 11.25 20
Air
3 1500 (oxygen content: 2.1%) %
4 22.50 25
5 30.00 30
6 7.50 20
7 11.25 20
Helium
8 1500 (oxygen content: 2.2%) =
9 22.50 25
10 30.00 30

steady state was averaged to serve as the quasi-
static pressure at the measurement point. The quasi-
static pressure results obtained under the various
experimental conditions are summarized in Table 2.
In the experiments, the pressure measured using
pressure sensors is gauge pressure, while that
obtained through theoretical derivation and
numerical simulations is absolute pressure. To
avoid any confusion, the authors uniformly describe
pressure as absolute pressure and add atmospheric
pressure to the pressure measured during the
experiments for correction.

800

Air environment
------- Helium environment

600

400

Pressure/kPa

200

0 5 10 15 20
Time/ms

Fig. 2 Time-history curves of pressure at measurement point
P1 in the case of a charge of 7.50 g

A comparison of the measurement results in
Table 2 reveals that the quasi-static pressure in the
cases of TNT explosions in an air environment is
100 to 307 kPa higher than that in a helium
environment, representing a percentage increase of
38% to 62%. It indicates that the afterburning effect
of the detonation products generated by TNT
explosions under aerobic conditions significantly
affects the explosion loads in a confined space.
Moreover, the degree of influence varies
considerably with the charge. Consequently, only
qualitative conclusions can be drawn from a limited
number of experimental results.
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Table 2 Comparison of quasi-static pressure under
different conditions

Quasi-static pressure/kPa

Percentage
Charge/g Air Helium Increase/kPa i rease/%
environment environment

7.50 360 260 100 38
11.25 448 286 162 57
15.00 521 337 184 55
22.50 690 425 265 62
30.00 817 510 307 60

The relationship between the quasi-static pressure
and the charge-to-volume ratio (W/V), where W is
the mass of the explosive and V is the volume of the
confined space, is depicted in Fig. 3. Additionally,
the results obtained from a significant number of
experiments in the Unified Facilities Criteria (UFC)
3-340-02 (hereinafter shortened to UFC) issued by
the U.S. Department of Defense [?81 are also plotted
in the figure. Clearly, the quasi-static pressure
obtained under air conditions aligns well with the
UFC results, which affirms the reliability of the
experiments conducted in this study. Furthermore,
since the UFC also provides quasi-static pressure
values corresponding to a wide range of the charge-
to-volume ratio (W/V), it can serve as a reference
for the subsequent calculation of the combustion
energy corresponding to any W/V.

104
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Fig. 3 Relationship between quasi-static pressure and W/V

2 Calculation methods for com-
bustion energy of detonation
products

The energy released during the explosion per unit
mass of an explosive in a confined space is denoted
as Q and can be divided into two components: one
is the energy released from the detonation reaction,
known as the detonation heat (Q,), and the other is
the energy released from the combustion of
combustible detonation products (Q,). This
relationship can be expressed as:

Q=040 (1)

The detonation heat (Q,) can be determined
through detonation calorimetry as specified in GJB
772A-1997 "Test Methods for Explosives.” In this
method, the explosive is detonated in an oxygen-
free environment within a calorimeter, and the
measured explosion energy is considered the
detonation heat. The detonation heat of a given
explosive is considered constant but influenced by
the charge density. Typically, a higher charge
density of the explosive leads to a slight increase in
the detonation heat 2°30 The combustion energy
(Q.,) depends on the oxygen content in the confined
space and varies with the charge-to-volume ratio
(W/V). Therefore, determining the combustion
energy Q,, corresponding to any charge-to-volume
ratio W/V is particularly important. In the following
part, three calculation methods for combustion
energy will be presented by taking TNT as an
example.

2.1 Method 1 based on chemical reactions

The chemical reaction during TNT detonation is
as follows 71:
C;HsN;0 — 3.43C +2.2CO + 1.6H,0+

15N, + 1.1CO, +0.36H, + 0.27CH, 2)
The detonation heat of TNT is calculated to be
4.47 MJ/kg from the above chemical reaction
equation by applying Hess's law. Additionally,
detonation products, such as C, CO, H,, and CH,,
can further undergo the combustion reactions in
Table 3. Theoretically, the complete combustion of
the detonation products generated from 1 kg of
TNT requires 2.58 m® of air. On this basis, the
critical W/V differentiating complete combustion
from partial combustion is determined to be 0.387
kg/m3. When W/V is smaller than 0.387 kg/m?, the
detonation products are assumed to have undergone
complete combustion. According to Table 3, the
maximum combustion energy of the detonation
products of TNT can be calculated to be 10.01 MJ/
kg. When W/V is larger than 0.387 kg/m3 an
assumption is made that the oxygen in the confined
space is insufficient and that the detonation
products undergo incomplete combustion. The
combustion energy Q,, calculated on the basis of
chemical reactions can be expressed as Eq. (3):

Qab;uax# W/V < 0.387 kg/m3
Qab = \%

W : Qab_muxy

where Qu mae = 10.01 MJ/kg; I = 2.58 m3/kg

3
W/V > 0.387 kg/m’ ®)
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Table 3 Combustion reactions and combustion heat

Combustion reaction Combustion heat/ (kJ-mol™)

C+0,—CO, 393.6

CO +0.50, — CO, 282.8

H, +0.50, —> H,0 2418
CH, + 20, — CO, + 2H,0 200.0

2.2 Method 2 based on energy conserva-
tion

The ideal gas law can be written in the following
form:
p=ply—1e 4)
where p is the gas pressure; p is the gas density; y is
the adiabatic index of the gas; e is the internal
energy per unit mass of the gas. According to Eq.
(4), the internal energy E of a gas with a volume V
in a confined space can be expressed as
B p(yp— TR )
In the case of TNT explosions in a confined
space, the energy losses caused by heat transfer and
deformation are temporarily left aside, and the post-
explosion mixed gas is assumed to satisfy the ideal
gas law. Then, the following equation can be derived

from the energy conservation relationship [%:
p plll

Po ()/no— O e
where p, = 101.3 kPa (the initial air pressure); p, is
the initial air density; y, is the adiabatic index of air
and is set to 1.4; V is the volume of the confined
space; Vg is the volume of the explosive; pe is the
density of the explosive; Q is the energy released
per unit mass of the explosive; p,, is the quasi-static
pressure of the mixed gas after the explosion; y,, is
the adiabatic index of the mixed gas; p, is the
density of the mixed gas. The first term on the left
side of Eq. (6) is the internal energy of the air in the
confined space, while the second term is the
internal energy of the explosive. Moreover, the
right side of the equation is the total energy within
the system after the explosion.

The expression of Q can be obtained by
substituting W = pVe into Eq. (6) and rewriting it:

o= +( L )/W @)
PeYo—1) \yu—1 v-1)[V

In Eq. (7), the energy Q released per unit mass of

the explosive is expressed as a function of the

charge-to-volume ratio W/V, the quasi-static

pressure p,, of the mixed gas, and the adiabatic
index y,, of the mixed gas. The adiabatic index of

PuV (6)

the mixed gas is also related to the charge-to-
volume ratio W/V, and this relationship is provided
in Reference [10] and shown in Fig. 4. Additionally,
Fig. 3 provides the relationship between the quasi-
static pressure and the charge-to-volume ratio.
Therefore, the energy Q released per unit mass of
the explosive corresponding to any charge-to-
volume ratio W/V can be calculated from Eq. (7)
with the experimentally measured quasi-static
pressure.

1.44

1.40 -

136

132+

1281

Adiabatic index 7. of mixed gas

1.24 L . . .
107 1072 107 10° 10! 10?
WiVl (kg-m)

Fig. 4 Variation in adiabatic index with W/V

2.3 Method 3 based on isentropic process
assumption

When the Jones-Wilkins-Lee(JWL) state equation
is used to simulate TNT explosions during
numerical calculations, TNT and air are considered
independent and described by respective gas state
equations. Due to this characteristic, a combustion
energy calculation method was proposed in
Reference[26]. This method involves three
important points: One is that it needs the numerical
simulation results obtained without considering
combustion energy; then, it requires a known quasi-
static pressure obtained with due consideration to
the afterburning effect, and this pressure can
generally be obtained by experiments or by
referring to the UFC curves in Fig. 3; last but not
least, it divides the explosion process into
detonation and combustion, which are discussed
separately, and assumes that the energy release
during combustion is an isentropic process.

As shown in Fig. 5, an explosion of TNT in a
confined space is simplified into three states: State
0 is the initial state when TNT has not been
detonated; State 1 is the final quasi-static state in
the absence of combustion energy; State 2 is the
final quasi-static state in the presence of
combustion energy. The transition from State 0 to
State 1 is the detonation process, which involves
the propagation and reflection of detonation waves
and is.a non-isentropic process. The transition from
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State 1 to State 2 is the combustion process, which
is relatively stable and slow compared with the
detonation process and can be considered an
isentropic process. Then, the transition of air from
State 1 to State 2 in Fig. 5 is an isentropic
compression process and thus satisfies the
following thermodynamic relationship:

PV )™ = pr- (Vi 2)™ (8)
where p, is the quasi-static pressure in the absence
of combustion energy; V,; ; is the volume of air in
the quasi-static state in the absence of combustion
energy; p, is the quasi-static pressure in the
presence of combustion energy; V;; , is the volume
of air in the quasi-static state in the presence of
combustion energy; v, is the adiabatic index of air
and is set to 1.4. Noteworthily, Eq. (8) is only
applicable to air and does not apply to the explosion
products of TNT since an isentropic process

State 1 : final quasi-static
state in the absence
of combustion energy

Status O:initial state

Detonatio
—_—

n-isentrop

requires adiabatic reversibility, but the expansion of
the detonation products of TNT is non-isentropic
due to the energy absorption during the expansion.
Furthermore, the air pressure, the gas pressure from
the detonation products of TNT, and the overall
pressure in the confined system are equal. The
values of state variables p, and V,;,_, corresponding
to State 1 can be obtained through numerical
simulation without considering combustion energy,
and the quasi-static pressure p, corresponding to
State 2 is set to its experimental value. On this
basis, Eq. (8) can be used to calculate the volume of
air V,;, , in the quasi-static state in the presence of

combustion energy. Additionally, volume
conservation can be expressed as follows:
Vair 2+ Vvt o = View (9)

Mass conservation can be presented as the
following equation:

State 2 : final quasi-static
state in the absence
of combustion energy

ombustio
—
Isentropici
(assumed

Fig.5 Process of TNT explosion in confined space

Myie = paiLZ VairﬁZ

MNT = PINT 2 VTNsz (10)
The state equation can be written as
P2 = Pair (,}/air - l)eair
2 2 ») (11)

P2 = PINT 2 (yne — l)eTNTj

Energy conservation can be described as follows:

(Qe + Qun)int + Cur oMMy = €1NT 2MINT + Co 21

(12)

The combustion energy Q,, can be obtained by
solving Egs. (8) to (12) sequentially.

Fig. 6 presents the relationship between the
combustion energy Q,, calculated by the above
three methods and the charge-to-volume ratio W/V.
In the calculations, the detonation heat Q, is
uniformly set to 4.47 MJ/kg, and the experimental

—
[\

——— Method 1

== Method 2

9r e + Method 3
NG
6

(9%
T
///
//
/

Combustion energy/(MJ-kg ™'}

=

107 107 100 10'
WiVikg m™)

Fig. 6 = Relationship between combustion energy and W/V

_
<

data used in methods 2 and 3 are taken from the
UFC curves in Fig. 3. Since the calculation process
of Method 3 is relatively complex, only five typical
values are calculated for comparison.

3 Numerical simulation of en-
hancement effect of combus-
tion on explosions in confined
spaces

The finite-element software ANSYS/AUTODYN
was utilized to numerically simulate the
experimental conditions described in Section 1. The
enhancement effect of combustion was examined
by adding additional energy to the JWL state
equation. A three-dimensional (3D) multi-material
Eulerian algorithm was used to solve the process of
explosions in confined spaces.

3.1 Finite-element model

The air domain model is shown in Fig. 7, with
dimensions of 400 mm x 400 mm x 900 mm. It was
simulated using multi-material Eulerian elements,
and the mesh size was set to ' 5 mm_ after
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convergence analysis of the mesh size. The square
explosion chamber can be considered a rigid body
since it does not deform within the design charge
range. Comparative calculation further reveals that
the change in the volume of the internal space and
the energy absorbed due to the deformation of the
square end plate have little effect on the final quasi-
static pressure. Therefore, the structural response is
temporarily left aside during the simulation. In the
experiments, the energy of the detonators was
measured in 1 g TNT equivalent. In the simulations,
the TNT charge was set to be 1 g higher than the
nominal charge specified in the experimental
conditions. The spatial distribution of the pressure
load from the shock waves generated by the
explosive column is axially symmetric. Therefore,
the pressure load from the shock waves can be
calculated by mapping it to the 3D space using its
2D axial symmetry. The mesh size for the 2D
calculations was set to 0.5mm. Noteworthily, the
2D calculations should be terminated before the
shock wave pressure reaches the sides of the
chamber. This approach ensures both high
calculation accuracy and high calculation efficiency.

Fig. 7 Air domain model

Air was described using the ideal gas law, and its
expression was similar to Eq. (4). The correspond-
ing parameters were set as follows: p=1.225 kg/ms;
y=1.4;e=2.068x10° J/Kkg.

A JWL equation as shown in Eqg. (13) was
adopted as the state equation for TNT:

p= A(l - %)e% + B(l - %)e% +wpe  (13)
where p is the pressure of the detonation products.
A, B, R;, R,, and w are constants. # = plp,; p is the
density of the detonation products. p, is the
reference density, namely, the initial charge density
of TNT; e is the internal energy per unit mass of the
detonation products, with its initial value set to the
detonation heat (e,=Q.). The material parameters of

TNT are selected by referring to Reference [29] and
are listed in Table 4.

Table 4 Parameters of JWL state equation for explosive

TNT
plgrem®  A/GPa B/GPa R, R, w e/(MI-m )
1.55 307 39 4485 079 03 6495

The five parameters A, B, R;, R,, and w in the
JWL state equation are determined by fitting using
the Kinetic data measured through standard cylinder
tests on the premise of known initial charge density
(po), detonation velocity (D), adiabatic index (y),
and detonation heat (Q.) of the explosive. The
detonation heat (Q,) is generally measured in an
oxygen-free environment. During cylinder tests, the
explosive cannot fully interact with the air.
Therefore, for explosives with negative oxygen
balance, the parameters of the JWL state equation
have certain limitations as they do not take into
account the energy released by the combustion of
the detonation products. Hence, they need to be
corrected in simulation calculations by adding
additional energy. This functionality can be fulfilled
by general finite-element programs such as
AUTODYN and LS-DYNA. In this study, the
combustion energy in the cases of explosions of
five different charges of the explosive in an air
environment was calculated by the three methods
described in Section 2, with the results listed in
Table 5.

Table 5 Combustion energy corresponding to different

charges
Detonation Combustion energy /(MJ-kg™)
Charge/g heat 2/(MJ-kg ")
Method 1 Method 2  Method 3
7.50 4.190 10.010 8.449 8.895
11.25 4.190 10.010 7.207 7.928
15.00 4.190 10.010 6.267 7.109
22.50 4.190 10.010 5.741 6.531
30.00 4.190 10.010 5.005 5.824

3.2 Comparison of simulation results with
experimental results

The quasi-static pressure is a critical damage
mechanism in the cases of explosions in confined
spaces and also describes the characteristics of
combustion energy release. In this study, the quasi-
static pressure was used as an indicator to
quantitatively analyze the simulation results. Table
6 and Fig. 8 both compare the guasi-static_pressure
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Table 6

Error between simulated and experimental quasi-static pressure

Experimental

Simulated value

Chargelg

value/kPa Method 1/kPa Error/% Method 2/kPa Error/% Method 3/kPa Error/%
7.50 360 365 1.4 339 -5.8 345 —4.1
11.25 448 467 4.3 404 -9.7 420 —6.2
15.00 521 578 11.0 468 -10.2 491 -5.7
22.50 690 810 17.4 619 -10.3 653 =53
30.00 817 1028 259 737 -9.7 778 -4.7

obtained from experiments with that obtained from
simulations by different calculation methods for
combustion energy.

The error among the simulation calculation
results of the quasi-static pressure obtained by
Method 1 and the experimental data ranges from
1% to 26% and is invariably positive. Moreover, it
gradually increases with the charge. Method 1 only
pays attention to the oxygen content when it is
employed to calculate the combustion energy on the
basis of the chemical reactions. When W/V is
smaller than 0.387 kg/m3, the combustion energy
will always be 10.01 MJ/kg. In reality, however,
whether the combustion of the detonation products
is complete depends not only on the oxygen content
but also on whether they come into full contact with
oxygen. In the experiment in Reference [6], 100 g
of TNT was detonated in a 0.5 m3 confined
container. Consequently, the quasi-static pressure
was 240 MPa in an air environment and 289 MPa in
a pure oxygen environment. This condition
corresponded to a W/V of 0.2 kg/m3, which was
below the theoretical critical value 0.387 kg/m3.
This indicates that although the oxygen content in
the air environment theoretically meets the
requirements, the combustion energy is not entirely
released. In other words, when TNT detonates in an
air environment, the actual critical value of W/V
determining the complete release of combustion
energy is smaller than the theoretical value 0.387
kg/m3. A reference to Fig. 6 reveals that the

1200

—=— Experiment
1000 b —— Method 1

Method 2
—~— Method 3

800 |

600 +

400 L

Quasi-static pressure/kPa

200

5 10 15 20 25 30 35
Chargel/g
Fig. 8 Comparison of simulation results with experimental
results

combustion energy calculated by Method 1 is
higher than the actual value. Nevertheless, it can
serve as an upper limit and is thus still of important
reference value.

The error among the simulation calculation
results of the quasi-static pressure obtained by
Method 2 and the experimental data ranges from
5% to 11% and is invariably negative. The error in
Method 2 is mainly related to the setting of the
adiabatic index y,, of the post-explosion mixed gas
in Eg. (7). Sensitivity analysis reveals that the
energy Q released by the explosive in Eq. (7) is
highly sensitive to y,,. The setting of y,, significantly
affects the magnitude of the combustion energy.
The value of y,, used by Method 2 when calculating
the combustion energy from Eq. (7) is shown in
Fig. 4. This value is a theoretical value derived
through chemical reaction analysis. However, in the
finite-element program AUTODYN, the y of air
remains 1.4, and that of the detonation products of
TNT remains 1.3. Table 7 provides two sets of
simulation results corresponding to different y,,.
The vy, for Set 1 is taken from Fig. 4. In contrast,
the one for Set 2 is the equivalent y, calculated
from Eq. (14) using the air volume V,, , and the
volume Vqyr_, of the detonation products of TNT
when the quasi-static pressure is obtained by
simulation calculation with no consideration given
to the combustion energy.

Vaig n VTNTJ _ Vil
Yar—1  yrr—1  ym—1

(14)

According to Table 7, even small variations in y,,
can result in significant differences in the final
results. The error corresponding to the y,, for Set 2
is smaller than 3%, indicating that the improved
Method 2 has a smaller error. This result also
underscores the importance of determining a reliable
7, Value to ensure the accuracy of Method 2.

Among the three calculation methods, Method 3
is the one whose results best match the
experimental values. Its _error ranges from 4% to
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Table 7 Comparison of results corresponding to different adiabatic indexes obtained by Method 2

Adiabatic Combustion energy Simulated quasi-static Error between simulated and
Charge/g index Yu O/ (MIkg™) pressure/kPa experimental values/%
7.50 1.395 8.449 339 =58
11.25 1.392 7.207 404 -9.7
Set 1 15.00 1.388 6.267 468 -10.2
22.50 1.382 5.741 619 -10.3
30.00 1.377 5.005 737 -9.7
7.50 1.354 10.474 373 3.7
11.25 1.350 8.929 441 -1.5
Set2 15.00 1.348 7.739 511 -1.9
22.50 1.345 6.981 673 -2.4
30.00 1.344 5.988 793 -29

7% and is invariably negative. As mentioned above,
the error in Method 2 can be attributed to the
uncertainty in y,,. To address this issue, Method 3
examines air and TNT separately and assumes that
the air in the absence of the combustion energy and
that in the presence of the combustion energy both
meet the conditions of isentropic compression. This
approach leads to Eq. (8), where y,;, is constant. The
combustion energy can then be calculated by
referring to the experimental data and the
conservation relationships. Avoiding the uncertainty
of y,,, Method 3 keeps the error in the final results
at around 5%. Its error can partly be attributed to
the fact that the isentropic process assumption is an
ideal case. In practice, however, this process is only
approximately isentropic and is thus not genuinely
isentropic. Additionally, the energy is not strictly
conserved when AUTODYN is employed to solve
explosion problems. An analysis of the energy
conservation  curve during the simulation
calculation process reveals that the total energy
decreases to varying degrees during the combustion
energy release under different conditions, leading to
comparatively small numerical calculation results.

4  Effect of energy release history
on pressure

The afterburning effect on explosions in confined
spaces has two key aspects: the magnitude of
energy release and the energy release history. In
AUTODYN, the addition of additional energy
prerequires not only the determination of the value
of combustion energy Q,, but also the definition of
the start time (t,) and end time (t;) of energy
release. In the numerical simulation calculation
conducted in Section 3, the t, and t, were set to 0.2

and 1 ms, respectively. Specifically, the peak
overpressure of the shock wave occurs
approximately at 0.2 ms, and this observation
serves as the basis for determining the start time of
energy release. Additionally, the shock wave
reflects after it reaches the sides, leading to multiple
peaks of the pressure curve. Moreover, these peaks,
which are significantly higher than the quasi-static
pressure, mostly occur within 1 ms, and this
observation serves as the basis for determining the
end time of energy release. In reality, the
combustion of detonation products is a highly
complex process, and its reaction time and reaction
rate are difficult to measure experimentally or
derive theoretically. To justify the energy release
time interval chosen in this study, the authors will
further explore the influence of energy release
history on pressure.

According to the way energy release history is
defined in AUTODYN, the energy release history
can be represented by the following equation:

Qab(t) = Qz\b(tl) ( =l ) (15)

h—1I
where  Qg(t;) is the energy release value
corresponding to the end time of energy release and
is also the maximum energy release value. In
AUTODYN, the energy release between the two
time points is linear by default, i.e., n=1. In this
aspect, the authors started by investigating the
influence of the energy release time, namely,
keeping n=1 and adjusting t;,. Three t;, values were
chosen for comparison. When t, is 1, 2, and 3 ms,
the corresponding curves of energy release history
are shown in Fig. 9(a). Taking the charge 7.50 g for
example, numerical simulations are performed by
adding additional energy according to the curves of
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energy release history shown in Fig. 9(a). The
curves of the pressure at measurement point P1 are
shown in Fig. 9(b). A comparison of the results in
the two figures reveals that when the energy release
value is fixed, a shorter energy release time leads to
a higher peak pressure of the reflected shock wave
and a slightly shorter time to reach the peak
pressure. However, changing the energy release
time does not alter the final result of the quasi-static
pressure.
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Fig. 9 Influence of energy release time on pressure

Different energy release rates can be achieved by
keeping t; = 2 ms while changing n. When n is set
to 1/3, 1, and 3, the corresponding curves of the
energy release history are shown in Fig. 10(a).
Specifically, n=1 suggests a constant energy release
rate; n >1 indicates a fast-to-slow energy release
process; n <1 signifies a slow-to-fast energy release
process. As mentioned earlier, the energy release
between two points of time is at a constant rate by
default in AUTODYN. To achieve the three energy
release modes shown in Fig. 10(a), the authors
needed to restart the calculation multiple times to
add additional energy piecewise during the
simulation. The curves of the pressure at
measurement point P1 in the case of a charge of
7.50 g are shown in Fig. 10(b). Clearly, a smaller n
corresponds to a higher peak pressure of the
reflected shock wave and a slightly shorter time to
reach the peak pressure. However, the final result of
the quasi-static pressure remains unchanged.
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Fig. 10 Influence of energy release rate on pressure

As shown in Fig. 11, the comparison of
simulation results with experimental results reveals
that the curves of the shock wave pressure
corresponding to two energy release modes,
namely, t;, =1 ms,n=1,and t; =2 ms, n = 1/3,
match well with the experimental data. Moreover,
the difference between these two groups of
simulation results (t, =1 ms,n=1and t, = 2 ms,
n = 1/3) is minimal. In spite of different energy
release time, these two energy release modes have
similar energy release rates within the range of 0 to
0.5 ms according to Figs. 9(a) and 10(a). As a
result, their final pressure is also close to each
other. Furthermore, the energy release rate in the
initial stage (0 to 0.5 ms) plays a dominant role in
determining the pressure of the reflected shock
wave. Specifically, a faster energy release rate in
the initial stage results in higher peak pressure of
the reflected shock wave.

800
N == Experimental value
—— ;=1 ms, n=1
5 600 ! —— (=2 ms, n=1/3
=
2 400
w
3
T
200
0 : . x
0 [ 2 3 N

Time/ms

Fig. 11 Comparison among time-history curves of simulation
and experimental results of pressure
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5 Conclusions

An afterburning effect of detonation products can
be observed when explosives with negative oxygen
balance are detonated in confined spaces. Three
calculation methods were summarized to determine
the combustion energy released per unit mass of the
explosive corresponding to different charge-to-
volume ratios. Using the combustion energy values
calculated by these three methods as input
parameters, the authors conducted simulation
calculations under five charge conditions. The
following conclusions were drawn from the
comparative analysis:

1) The comparison of the experimental results
obtained in an air environment with those reached
in a helium environment reveals that the
combustion energy released per unit mass of the
explosive varies significantly under different
charge-to-volume ratios. Therefore, the combustion
energy corresponding to different charge-to-volume
ratios needs to be calculated separately.

2) Among the three calculation methods for
combustion  energy, Method 1 calculates
combustion energy on the basis of chemical
reaction analysis and yields theoretical values that
are noticeably higher than the actual values but
serve as the upper limits. Method 2 is based on
energy conservation, and its accuracy depends on
the adiabatic index of the post-explosion mixed
gases. Method 3 is based on the isentropic process
assumption, and the error in the simulation results
corresponding to the combustion energy calculated
by this method stabilizes in the range of 4% to 7%.

3) The combustion energy release history affects
the pressure of reflected shock waves but does not
change the final quasi-static pressure. Moreover, a
faster energy release rate in the initial stage leads to
higher peak pressure of reflected shock waves.
Nevertheless, this study only provides a preliminary
investigation into the effect of energy release
history on the history of the shock wave pressure.
Further research is expected to explore the
enhancement effects of the combustion of
detonation products on the pressure of the reflected
shock waves.
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