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Abstract: The propagation and evolution characteristics of blast waves in confined spaces are complicated due to the
constraint of the surrounding walls, by which the enhanced reflected shock waves will cause more serious damage to the
internal structures, facilities and personnel. In order to investigate the characteristics of explosions in confined spaces,
an in—house high—resolution hydrocode was developed in this present work. The third—order WENO finite difference
scheme (weighted essentially non—oscillation scheme) was implemented in the code to capture the shock waves
generated by cylindrical explosives. The Sod shock tube problem, interacting blast wave problem and blast in air
problem were simulated to validate the code. The validated code was then used to simulate the blast waves generated by
condensed explosives in closed, vented and connected spaces. The propagation of blast waves and the characteristics of
blast load were subsequently investigated. The developed code appears to accurately predict the process of explosions
in confined spaces. This high-resolution hydrocode can be used to study the propagation paths of blast waves in
complicated spaces and evaluate the internal blast load, which can provide reliable input for the design of
explosion—resistant structures.
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0 Introduction

With the rapid development of modern anti—ship
weapons, all kinds of semi-armor—piercing an-
ti—ship missiles with high—performance have become
the main threat to the side above waterline of surface
ship. The feature of the damage to the ship is that the
missile penetrates the planking of ship side and
causes the explosion in the cabin. When the explo-
sion happens in the cabin, as the shock waves are
constrained by the surrounding walls in the process

of propagation, the shock waves with short duration
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and gradually decreasing peak as well as quasi-stat-

. . .
ic overpressure with long duration "

will be generat-
ed and cause serious damage to the cabin structure,
internal facilities and personnel. In recent years,
scholars at home and abroad have carried out a lot of
research on blast load in the cabin and confined
spaces from the aspects of test, numerical simulation
and high-resolution numerical method.

Edri et al. ™ carried out TNT explosive experi-
ments in a cuboid room with venting holes and ana-
lyzed the influence law of charge quality on the inter-

nal blast load. Wu et al. ™ carried out explosive ex-
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periments in closed space and studied the influence
law of explosive shape and detonation location on ex-
plosive shock waves. Hu et al. ® recorded the pres-
sure time history curve of blast load on the walls in
confined space of cuboid concrete with a pressure
sensor, and analyzed the distribution law of the blast
load on the walls. Hou et al.  carried out the re-
search on the load characteristics of the explosive
shock waves in the cabin. Kong et al. " studied the
influence law of corner structures on the blast load
in the cabin. Hou et al. ™ studied the load character-
istics of the explosive shock waves in the cabin
based on MSC.DYTRAN software. KONG et al.
studied the explosion and its damage effect of war-
head in the ship cabin based on MSC.DYTRAN soft-
ware. Ding et al. "” simulated the in—house blast by
Remap technology of AUTODYN commercial soft-
ware and studied the distribution of blast load on the
walls. Fan et al. " carried out the numerical simula-
tion on the propagation characteristics of blast load
in the large and typical cabin with complex structure
by using LS-DYNA software.

To sum up, the current research on blast load in
the confined spaces is mainly carried out by two
means, namely, experimental test and numerical sim-
ulation of commercial software. Considering the high
cost and risks of the explosive test, numerical stimu-
lation has become the main method to study the blast
waves'propagation and blast load characteristics.
However, the solver of current commercial softwares
including LS-DYNA, MSC.DYTRAN and AUTO-
DYN mainly adopts traditional second—order accura-
cy algorithm to simulate the blast process, such as
Euler-FCT method of finite difference and Roe meth-
od of finite volume. Due to the low accuracy of calcu-
lation, these methods seriously smooth the peak pres-
sure of explosive shock waves. The accurate predic-
tion of blast load is the basis for proper design and
evaluation of explosion-resistant structure. The cur-
rent mature high—resolution method has not been in-
tegrated into the commercial softwares, so the study
and development of high—resolution hydrocode for as-
sessment of blast load are of great engineering signifi-
cance.

For the explosion issue with high pressure ratio
and high density ratio, higher requirements are put
forward for shock wave capture schemes in the nu-
merical simulation. In this paper, Liu et al. "* pro-
posed the weighted essentially non-oscillation
scheme (WENO scheme) in 1994 and Shu et al. " "
developed this scheme. The WENO scheme per-

[16]

forms better than ENO scheme " in effectivity, flux
smoothness and stability of convergence solution. So
using WENO scheme in simulating the blast process
is a favorable choice.

Based on the FORTRAN platform and using the
third—order WENO finite difference scheme, this pa-
per aims to independently develop the high-resolu-
tion hydrocode for assessment of blast waves and
study the blast waves'propagation law and blast load
characteristics in the closed, venting and connected
spaces by the high—resolution hydrocode. The re-
search provides the reference for the later studies in
the propagation of blast waves, blast load and the de-

sign of explosion—resistant structures.

1 Program development

1.1 Euler equation

Based on the assumption of instantaneous detona-
tion, the explosive is equivalent to the gas with high
pressure and high density. The governing equation of
explosion field can be described by the three—dimen-
sional compressible Euler equation """ as follows:

%_lil + %_I)E( + aa—'; + %—f =0 (1)
where U 1is the conservative flux; E, F and G
are the numerical fluxes. They are respectively

shown by the following equations.

p pu
pu pu+p
U=|pv |, E=| puv )
pW puw
E u(E +p)
pv pW
pVU PWU
F=| pv’+p|. G=| pwv
PYW PW2+p
V(E+p) V(E +p)
E=pe+%pu2+%pvz+%pw2 (3)
p=0—-Dpe (4)

where p is the density; U, Vv and W are the veloci-
ty components in the directions of X,y and Z re-
spectively; p is the fluid pressure; E 1is the total
energy of the fluid per unit volume; e is the specific
internal energy; y is the adiabatic exponent of gas

and is set to be 1.4 in this paper.
1.2 Numerical discretization method

By using the Strang dimensional split method, Eul-
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er equation is decomposed into x, y and z directions
for solving. The numerical discretization of Euler
equation's space item is carried out by the third-or-
der WENO finite difference scheme. The specific
discretization process is as follows.
The numerical flux f. ,, of the X, ,, center
point is:
fitn= %(fi +fi) - %wo(Do -D) (5)
where f, and f, , are separately the numerical flux-
es of the X; and X, , points; @, is the nonlinear
weight; Dy=f,_ —f ;D =f -1 .

®,1in Eq. (5) can be solved by the following equation:

o
a’01_0
Z“k
s=0
ds k=0,1
Oy =7y A=Y,
K (8+ﬂk)
do=1.d,=% (6)

where ¢ is the decimal to avoid the zero denomina-
tor, which is taken as 1.0 x 10™% k is the number of
third-order WEND subtemplates; d, is the linear
weight of third—order WENO scheme; a, is the
transfer function. The two subtemplates of the
third—order WENO are {x;_,x} and {x,X,}:

P (k=0,1) is the smoothness factor and its equation

N2
{ﬂk‘Dg (7)
p=D;

The numerical discretization of Euler equation's

is as follows "*:

time item is carried out by using the third—order
TVD-RK method "\

scheme is as follows:

U =U"+AtLU"

The specific discretization

®_3 10,1 o

U= 2un+2u9+ 2au®)

n - .
where U" is the conservative flux at moment n; and

0 2 . . .
U® and U® are the intermediate variables; U"*?

is the conservative flux at moment n+ 1; At is the

time step; and L(*) is operator.
2 Calculation examples for verifi—

cation

2.1 Sod shock tube

The initial condition of this calculation example is

shown in Eq. (9) ™. The boundary condition is set as

the outflow boundary. The number of meshes is 200
and the end time of calculation is 0.18. The dimen-
sionless pressure curves at the end of the calculation
are shown in Fig. 1.
(p’uyp)T:{(l,O,l)T, T 0<x<0.5 (9)
(0.125,0,0.1)", 0.5<x<1

where p, U and p are respectively the dimension-

less density, velocity and pressure.
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Fig.1 Pressure curves calculated by the case of the sod shock tube
2.2 Interacting blast wave

The initial condition of this calculation example is
shown in Eq. (10) *". The boundary condition is set
as the reflection boundary. The number of meshes is
800 and the end time of calculation is 0.038. The di-
mensionless pressure curves at the end of the inter-
acting blast wave are shown in Fig. 2.
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(p.u,p)=41,0,0.01)", 0.1<x<0.9 (10)
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Fig. 2 Pressure curves calculated by the case of the interacting

blast wave
2.3 Blast in air

The length of the computational domain is de-

signed as 5,000 mm and the charge radius is 100
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mm. The parameters of gas with high pressure and
high density after the equivalence of instantaneous
detonation are as follows: p = 1,630 kg/m’, P =
3.057,9 x 10° Pa. Through a number of numerical
tests, the mesh size is set as 10 mm. Fig. 3 shows the
comparison of the pressure time history at typical lo-
cations (namely, 2 m and 3 m) and output results of

AUTODYN commercial program.

x10°
14 1 T T T
124 : — AUTODYN_ 2 m i
1 i —~ = Present code_2 m
10 -
© ]
=
T 8 ]
7 |
41 4
24 4
A —
0 T T T T
0 2 4 6 8 10
t/ms
(a) At typical location of 2 m
1 5
6 X 0 ) T 13 T o T T
54 \ —— AUTODYN_3 m 1

— = Present code_3 m

Pressure/Pa
(9]
1

(=}

0 2 4 6 8 10

t/ms
(b) At typical location of 3 m
Fig.3  Comparisons of pressure time history of

blast in air at typical locations

From the comparison results in Fig. 1, Fig. 2 and
Fig. 3, it can be seen that the numerical calculation
program developed in this paper has high accuracy

and certain reliability.

3 Blast in closed space

3.1 Setting of initial condition

The size of the closed space is set as 1,800 mm x
800 mm x 800 mm. There are five measuring points
(No. I1-No. 5) on the walls for outputting the explo-
sion overpressure time histories (see Fig. 4). Cylindri-
cal explosive of 500 g is placed at the center of the
closed space. The parameters of the equivalent gas
with high pressure and high density are as follows:
radius is 99 mm, height is 80 mm, p =203.75 kg/m’,

P = 3.822 x 10° Pa. The initial conditions of calcula-
tion are shown in Fig. 5(a). Considering the require-
ments of calculation time and accuracy, the number
of meshes is set as 0.144 million (90 x 40 x 40) after
several numerical tests, as shown in Fig. 5(b). The
boundary condition of the walls is set as the bound-
ary condition of rigid reflection. The coupling effects
of the shock waves and the structure are not taken in-

to consideration here.

Fig.4 Schematic diagram of closed space and arrangement

of measuring points
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Fig.5 Initial conditions and mesh distribution in closed space

3.2 Propagation process of blast wave

The pressure distribution of different moments at

early stage of explosion in the closed space is shown
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in Fig. 6. From Fig. 6, the propagation process of the

blast waves in the early stage of the explosion can be ! Pr;;S:(;‘;/Pa
analyzed. The high pressure gas first undergoes the | I6,5E+06
three—dimensional cylindrically symmetric free ex- j ggﬁigg
pansion. The regular reflection occurs when the blast 1 i:gg:gg
waves arrive at the walls for the first time (see Fig. 6 4.0E+06
(a)). Due to the constraints of surrounding walls, the ;(S)E:gg
blast waves propagate toward the end face in the lon- 2.5E+06
gitudinal direction of the closed space and form a lo- %:2332
cal pressure convergence phenomenon at the inter- ;:gg:gg

section of two walls. The local convergence pressure
peak propagates along the longitudinal direction of
the closed space (see Fig. 6(b)). When the blast

waves reach the end face of the closed space, the

Pressure/Pa

pressure convergence phenomenon occurs in the vi- 3.8E+06

. . 3.6E+06

cinity of the three—-wall corner (see Fig. 6(c)). Then 2.3?82
2B

two sides of the reflected waves propagate towards | 3.0E+06
O+

the center of the closed space in the form of approxi- %2%82
AL+

mate plane wave (see Fig. 6(d)). 2.2E+06

P ( g 6(d) 2.0E+06

. . 1.8E+06

3.3 Blast load characteristics 1.6E+06

1.4E+06

. . . © 1.2E+06

Fig. 7 shows the time history curve of the overpres- # é.g?gg
UR+

sure and impulse (I) of measuring points on the ex- I2.8E+8§
OE+

plosion walls in the closed space at different mo- 2.0E+05

ments. It can be seen from Fig. 7(a) that at early (d) 120930 5
=U. ms

Fig.6  Pressure distribution at early stage in closed space

P /P,
y oo stage, the overpressure peaks of the blast waves at

Hiéﬁ:g; different measuring points are different (see Fig. 7
* 9.0E+06 (a)) while the quasi—static overpressure peaks are al-
8.0E+06
7.0E+06
6.0E+06 which indicates that the quasi-static overpressure
5.0E+06
4.0E+06
I3.0E+06 even spatially. As can be seen from Fig. 7(b), the

most the same (see the green heavy line in Fig. 7(a)),

peak formed by the explosion in the closed space is

2.0E+06

L OE+06 time history curve of the measuring points on the ex-

plosion walls inside the confined space appears to be

a straight line through the origin and the differences

among the various measuring points are very small.
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Fig.7 Time histories of blast load at the gauging points

in closed space

4 Blast in venting space

4.1 Setting of initial conditions

The sizes and measuring points of the venting
space are the same as those in Section 3.1 and the
only difference is that there is a square venting hole
on one wall in the longitudinal direction, as shown in
Fig. 8. The length of the square venting hole is 320
mm which is taken as L320 mm in the following fig-
ures. Cylindrical explosive of 769 g is placed in the
center of the venting space. The specific parameters
of the equivalent gas with high pressure and high
density are as follows: radius is 100 mm, height is
120 mm, p = 203.75 kg/m’, p = 3.822 x 10° Pa. The
initial conditions are shown in Fig. 9. Taking into ac-
count the requirements of the calculation time and
accuracy, the number of meshes is still 0.144 million
(90 x 40 x 40) after multiple numerical tests. The
wall boundary condition is set as the boundary condi-
tion of rigid reflection and the boundary condition at

the venting hole is set as the transmission boundary.

s ‘?00

800

Fig.8  Schematic diagram of venting space and arrangement

of measuring points

Pressure/Pa

3.6E+08
3.4E+08
3.2E+08

3.0E+08
2.8E+08
 2.6E+08
2.4E+08
2.2E+08
2.0E+08
1.8E+08
1.6E+08
1.4E+08
- 1.2E+08
- 1.0E+08

8.0E+07
6.0E+07
4.0E+07

2.0E+07

Fig.9 Initial conditions in venting space

4.2 Propagation process of blast wave

The pressure distribution of different moments at
early stage of explosion in venting space is shown in
Fig. 10. It can be known from Fig. 10 that the propa-
gation process of blast wave in venting space basical-
ly follows the same law with that in closed space.
The biggest difference is that as the high pressure
gas vents from the venting hole, the pressure in the
vicinity of the venting hole is reduced (Fig. 10(a)),
but this venting process has little effect on the propa-
gation process of high—intensity blast waves at early

stage of the explosion.

Pressure/Pa

1.4E+07
1.3E+07
1.2E+07
1.1E+07

. 1.OE+07
9.0E+06
8.0E+06
7.0E+06
6.0E+06
5.0E+06
4.0E+06
3.0E+06

I 2.0E+06
1.0E+06

(a) 1=0.136 2 ms

Pressure/Pa
2.2E+07
= 2.0E+07
- 1.8E+07
1.6E+07
1.4E+07
1.2E+07
1.0E+07
8.0E+06
6.0E+06
I 4.0E+06

2.0E+06

(b) t=0.302 9 ms

downloaded from www.ship-research.com



48

Pressure/Pa
7l 1.5E+07
i I 1.4E+07
1.3E+07
1.2E+07
1.1E+07
1.0E+07
9.0E+06
8.0E+06
7.0E+06
6.0E+06
5.0E+06
4.0E+06
3.0E+06
2.0E+06
1.0E+06

Pressure/Pa
7.0E+06
6.5E+06
6.0E+06
5.5E+06

5.0E+06
4.5E+06
4.0E+06
3.5E+06

3.0E+06
2.5E+06
2.0E+06
o 1.5E+06
I 1.0E+06

5.0E+05

(d) t=0.793 8 ms

Fig.10  Pressure distribution at early stage in venting space

4.3 Blast load characteristics

Fig. 11 shows the time histories of overpressure
and impulse () of the measuring points on the explo-
sion walls in venting space. It can be seen from Fig.
11(a) that at early stage, the overpressure peaks of
the blast waves at different measuring points are dif-
ferent, while the time histories of quasi-state over-
pressure are basically the same (see the green heavy
line in Fig.11 (a)), which indicates that the qua-
si—static overpressure time history formed by the ex-
plosion in venting space is even spatially. The qua-
si—static overpressure curve follows the law of expo-
nential decay, which is consistent with the assump-
tions based on a large number of experimental data
in Ref. [22].

It can be seen from Fig. 11(b) that the impulse
time history curve of the measuring points on the ex-
plosion walls in venting space appears to be a parab-
ola through the origin and there are some differences
for the various measuring points. Nos. 1, 3 and 4
measuring points are in the same tangent plane 1
(x = 1,350), of which the impulse time histories are

basically the same; Nos. 2 and 5 are in the same tan-

gent plane 2 (x = 1,650), of which the impulse time
histories are basically the same. As the tangent
plane 1 is closer to the venting hole compared with
the tangent plane 2, the decay of the time histories in

the tangent plane 1 tends to be faster.
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Fig.11  Time histories of blast load at the gauging points

in venting space

4.4 Influence of venting hole location

This section mainly discusses the influence law of
the venting hole location on the blast load in venting
space. The sizes of the venting space are the same as
those in Section 3.1, but three different venting hole
locations are set as shown in Fig. 12: 450 mm to the
left, the middle 0 mm and 450 mm to the right of the
X direction of the half-length plane in the venting
space. Fig. 13 shows the overpressure and impulse
time histories at measuring point 3 at different vent-
ing hole locations.

It can be seen from Fig. 13 that the location of the
venting hole has little effect on the quasi—static over-
pressure load in venting space, but exerts a certain
effect on the impulse time histories. Shortening the
relative distance between venting hole and the explo-

sive can reduce the impulse.

downloaded from www.ship-research.com
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800

Fig.12 Schematic diagram of venting hole locations

in venting space
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Fig.13  Time histories of blast load at gauging point 3 for

different positions of venting hole

4.5 Influence of venting hole size

This section mainly discusses the influence law of
venting hole size on the blast load in venting space.
The sizes of the venting space are the same as those
in Section 3.1, but three square venting holes with
different lengths are set, namely, L80 mm, L.L160 mm
and L320 mm. Fig. 14 shows the overpressure time
histories at measuring point 3 for different venting

hole sizes.

It can be seen from Fig. 14 that the sizes of the
venting hole have significant influence on the qua-
si—static overpressure time history in venting space.
The longer the side length of the venting hole is, the
faster the decay of the quasi-static overpressure is
(see Fig. 14(a)). Besides, the sizes of the venting hole
have significant influence on the impulse time histo-
ry as well. Increasing the size of the venting hole can
significantly decrease the impulse (see Fig. 14(b)). It
can be seen from the analysis that this is mainly be-
cause under the same blast wave intensity, the in-
creasing length of the venting hole allows more ener-

gy to be vented from the hole in unit time.
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Fig.14  Time histories of blast load at point 3 for

different sizes of venting holes

5 Blast in connected space

5.1 Setting of initial conditions

The connected space consists of two confined
space with the same sizes and a square connecting
tube in the middle of which the length of section is
400 mm.
(No.1-No.4) on the walls for outputting the overpres-

There are four measuring points
sure time histories, as shown in Fig. 15. Cylindrical

explosive of 769 g is placed inside the left confined
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space. The specific parameters of the equivalent gas
with high pressure and high density are the same as
those in Section 4.1. The initial conditions of calcula-
tion are shown in Fig. 16(a). In the calculation pro-
cess, the orthogonal regular meshes are taken. Con-
sidering the calculation time and accuracy and based
on several numerical tests, the size of single mesh is
set as 20 mm X 20 mm X 20 mm), as shown in Fig. 16
(b). The wall boundary condition is set as reflection

boundary of rigid wall.

Fig.15 Schematic diagram of connected space and arrangement

of measuring points
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Fig.16 Initial condition and mesh distribution in connected

space

5.2 Propagation process of blast wave

Fig. 17 shows the pressure distribution at early

stage in connected space. From Fig. 17, the propaga-
tion process of the blast waves in the early stage of
the explosion can be analyzed. The high—pressure
gas first carries out the three—dimensional cylindri-
cally symmetric free expansion.

The regular reflection occurs when the blast
waves reach the walls for the first time and some
high—pressure gas vents from the venting hole to the
right confined space, which makes the pressure in
the vicinity of the venting tube lower (Fig. 17(a)).
Due to the constraints of surrounding walls, the blast
waves begin to form pressure convergence phenome-
non in the vicinity of the left confined space corner
(Fig. 17(b)). The blast waves propagate through the
venting tube to the inside of the right confined space
and propagate along the longitudinal direction (Fig.
17(c)). Then, the blast waves are reflected after arriv-
ing at the end face of the right confined space. The
pressure convergence phenomenon is formed in the
area near the corner of the right confined space. The
pressure convergence phenomenon is formed in the
corner of the left confined space due to the multiple

reflections of the blast waves (Fig. 17(d)).
5.3 Blast load characteristics

Fig. 18 respectively shows the overpressure and

impulse time histories of Nos. 1 and 2 measuring
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Fig.17 Pressure distribution at early stage in connected space

points on the explosion walls in the left confined
space (explosive space). As can be seen from Fig.
18, the blast load characteristics in the left confined
space are similar to those in the closed space in Sec-
tion 3.3. There are basically the same quasi-—static
overpressure peaks and impulse time histories for dif-
ferent measuring points.

Fig. 19 respectively shows the overpressure and
impulse time histories of Nos. 3 and 4 measuring
points on the explosion walls in the right confined
space (space admissible for blast). As can be seen
from Fig. 19, the blast load in the right confined
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Fig.18  Time histories of blast load at gauging point 1 and 2

in the left confined space

space has the same characteristic with that in closed
space of Section 3.3. The quasi—static overpressure
peaks are basically the same at different measuring
points and there are some differences of the impulse
time histories at different measuring points.

Fig. 20 shows the overpressure and impulse time
histories curves of all measuring points on the explo-
sion walls in the connected space. It can be seen
from Fig. 20(a) that the overpressure peaks of the
blast waves are different in the early stage of explo-
sion at the different measuring points of the walls,
while the quasi-—static overpressure peaks are basi-
cally the same (see the green heavy line in Fig. 20
(a)), which indicates that the quasi-static overpres-
sure peak formed by the explosion in the connected
space is even spatially. The feature is similar to that
of the explosion in closed space. However, there is a
large difference in the impulse time histories of dif-
ferent measuring points. The impulse of the internal
measuring points in the left confined space is obvi-
ously higher than that in the right confined space
(see Fig. 20(b)). The analysis shows that this is main-
ly because the explosion occurs in the left confined

space where more energy is concentrated.
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Fig.19  Time histories of blast load at gauging point 3, 4 in the

right confined space
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Fig.20 Time histories of blast load at the gauging points in

connected space
6 Conclusions

Based on FORTRAN platform, this paper uses the
third—order WENO finite difference scheme to inde-
pendently develop an in—house high—resolution hy-
drocode in confined space, carries out numerical cal-
culation of blast waves in closed, venting and con-
nected space, and analyzes the propagation process
and blast load characteristics of blast wave in con-
fined space. Through the research, the conclusions

are as follows:

1) The impulse time history curve in closed space
appears to be a straight line while that in venting
space appears to be a parabola.

2) The location of venting hole has little effect on
the quasi—static overpressure load in venting space,
but has a certain effect on the impulse time history.
Shortening the relative distance between the venting
hole and the explosive can reduce the impulse. The
size of the venting hole has significant impacts on
the blast load in the venting space. Increasing the
size of venting hole can significantly accelerate the
decay of quasi—static overpressure and decrease the
impulse.

3) The locations of the measuring points have little
effect on the quasi-static overpressure load in con-
nected space, but have significant effect on the im-
pulse time histories. The internal impulse of the con-
fined space where the explosive is located is signifi-
cantly higher than the internal impulse of the space

into which the blast waves vent.
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